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PREFACE 

pandemic /-dē’mik/ [Gk, pan + demos, people],  

(of a disease) occurring throughout the population of a country, a people, or the world. 

A pandemic, as defined above, is usually associated with an infectious disease (such as the 

coronavirus disease (COVID-19)); however, Dorsey and colleagues suggested that the definition 

may also be applied to Parkinson’s disease (PD) (Dorsey et al., 2018a; Dorsey & Bloem, 2018) – 

though known, non-infectious and non-contagious, the fastest growing neurological condition 

globally in age-standardized rates of prevalence, disability and death (Dorsey et al., 2018b; Feigin 

et al., 2017). Indeed, the lifetime risk of PD is 1 in 15 (Driver et al., 2009; Elbaz et al., 2002) – 

including for the reader of this thesis. Hence, the PD pandemic and a call to action! 

*** 

To answer the call to action, this thesis entitled Synthesis and evaluation of chalcones and 

structurally related compounds as adenosine A1 and/or A2A receptor antagonists for the potential 

treatment of neurological conditions is submitted in article format, comprising of five (5) published 

original articles, in accordance with the General Academic Rules (5.1.1.2) of the North-West 

University (NWU). Permission to reproduce these articles are included as annexures. A signed 

letter of permission from all co-authors as well as the share of all co-authors in the research 

follows the preface. All scientific research for this thesis was conducted by Ms. H.D. Janse van 

Rensburg at the NWU. 
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ABSTRACT 

Parkinson’s disease (PD) is now the fastest growing neurological condition worldwide, and 

regrettably, no drug stops, or at least, slows the neurodegeneration underlying this disease. 

Fortunately, coffee intake is associated with lower incidence of PD. Caffeine’s mechanism of 

action is non-selective adenosine receptor (AR) blockade, and as such; A1 and/or A2A AR 

antagonists hold promise for the potential treatment of PD. 

The flavonoids are a family of phytochemicals which are even more widespread in the human diet 

than the xanthine derivative caffeine. There is growing interest in this family of phytochemicals 

based on their health-related benefits. Notably, many flavonoids possess inhibition constant (Ki) 

values against ARs in the micromolar-range. As such, extended family members of the flavonoids, 

namely chalcones and the structurally related benzylidene indanones, -tetralones and benzoyl 

benzofurans may be a starting point for the design of non-xanthine based A1 and A2A AR 

antagonists. 

In order to identify novel AR ligands based on the chalcone scaffold; herein the synthesis, 

characterization and evaluation of almost 100 chalcones and structurally related compounds are 

reported. 

The degree and type of binding affinity that the test compounds showed toward rat (r) A1 and/or 

A2A ARs were determined via radioligand binding assays and GTP shift assays, respectively. The 

effect of selected test compounds on the viability of cultured Vero cells were assessed by means 

of an AlamarBlue®/resazurin assay. The pharmacokinetics, drug-likeness and medicinal 

chemistry friendliness of the selected test compounds were computed with SwissADME, a free 

web tool used to evaluate the key parameters of small molecules. 

The chalcone based benzocycloalkanone derivatives (2-benzylidene-1-indanones) showed A1 

and A2A AR affinity in the nanomolar-range and acted as A1 AR antagonists; namely (E)-2-(3-

hydroxybenzylidene)-4-methoxy-2,3-dihydro-1H-inden-1-one (2c: A1Ki (r) = 41 nM; A2AKi (r) = 97 

nM) and (E)-2-(3,4-dihydroxybenzylidene)-4-methoxy-2,3-dihydro-1H-inden-1-one (2e: A1Ki (r) = 

42 nM; A2AKi (r) = 78 nM). However, reactive compound substructures (α,β-unsaturated ketone 

system, catechol) are present in chalcones and some of the structurally related benzylidene 

indanones and -tetralones. 

Structure-affinity relationships showed that C4 methoxy-group substitution on ring A in 

combination with meta (C3’) hydroxy-group or meta (C3’) and para (4’) dihydroxy-group 

substitution on ring B of the 2-benzylidene-1-indanone scaffold increased both A1 and A2A AR 
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affinity (A1 & A2A Ki (r) <100 nM) in comparison to other chalcones and structurally related 

benzylidene tetralones and benzoyl benzofurans (A1 & A2A Ki (r) >100 nM). Upon in vitro and in 

silico evaluation, these compounds (2c and 2e in Chapter 4) may be considered lead-like, and 

thus, of value in the design of novel A1 and/or A2A AR antagonists. Furthermore, these lead-like 

compounds may be converted into either isoxazole or pyrazole derivatives among other (thus 

eliminating the α,β-unsaturated ketone system, while retaining the necessary substituents on ring 

A and phenyl ring B). 

Graphical abstract: 

Chalcone based benzocycloalkanone derivatives
(2-Benzylidene-1-indanones)

2c: R1 = OCH3; R1' = OH; R2'= H: A1Ki (r) = 41 nM; A2AKi (r) = 97 nM

2e: R1 = OCH3; R1' = R2'= OH: A1Ki (r) = 42 nM; A2AKi (r) = 78 nM

A1 & A2A Ki <100 nM

O

R1

R2'

R1'




4'

3'
4

A C

B

Ring B

R1' = OH; R2'= H or R1' = R2'= OH
increased A1 and A2A affinity

Ring A

R1 = OCH3

increased A1 and A2A affinity

 

Key terms: 

• Chalcone 

• Benzylidene indanone 

• Benzylidene tetralone 

• Benzoyl benzofuran 

• Aldol condensation 

• Claisen-Schmidt condensation 

• Rap-Stoermer condensation 

• Adenosine A1 and/or A2A receptor antagonists 

• Neurological conditions 
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OPSOMMING 

Parkinson se siekte (PD) is tans die vinnigste groeiende neurologiese toestand wêreldwyd, en 

ongelukkig, stop of rem geen geneesmiddel die onderliggende neurodegenerasie nie. Gelukkig, 

word die inname van kaffeïen met ‘n afname in die voorkoms van PD verbind. Kaffeïen se 

meganisme van werking is nie-selektiewe adenosien reseptor (AR) blokkade; dus toon A1 en A2A 

AR antagoniste belofte vir die behandeling van PD. 

Die flavonoïede is a familie van fitochemikalieë wat selfs meer algemeen in die mens se diëet 

voorkom as die xantien derivaat kaffeïen. Daar is toenemende belangstelling in hierdié 

chemikalieë gebaseer op hul gesondheidsvoordele. Kenmerkend van hierdie fitochemikalieë is 

dat baie van die flavonoïede inhibisie konstante (Ki) waardes teen AR in die mikromolaar-reeks 

besit. Dus, kan uitgebreide familie van die flavonoïede, naamlik chalkoon en struktureel verwante 

bensilideenindanoon, -tetraloon en bensoïelbensofuraan derivate ‘n goeie beginpunt wees vir die 

ontwerp van nie-xantien gebaseerde A1 en A2A AR antagoniste. 

Hierdié tesis handel dus oor die ontwerp, sintese, karakterisering en evaluering van ongeveer 

100 chemiese verbindings wat op die chalkoon raamwerk gebaseer is as A1 en A2A AR ligande. 

Die mate van en tipe bindingsaffiniteit wat die toetsverbindings teen rot (r) A1 en/of A2A ARe besit, 

is deur radioligand bindingstoetse en GTP verskuiwingstoetse, afsonderlik, bepaal. Die invloed 

wat geselekteerde toetsverbindings op die lewensvatbaarheid van Vero selle het, is deur middel 

van ‘n AlamarBlue®/resazurin toets bepaal. Die farmakokinetika, geneesmiddel eienskappe en 

medisinale chemie vriendelikheid van geselekteerde toetsverbindings is deur SwissADME (‘n 

gratis web hulpmiddel wat die sleutel parameters van klein molekules bepaal) geëvalueer. 

Die chalkoon gebaseerde bensosikloalkanoon derivate (2-bensilideen-1-indanoon) besit A1 en 

A2A AR affiniteit in die nanomolaar-reeks en tree as A1 AR antagoniste op; naamlik (E)-2-(3-

hidroksiebensilideen)-4-metoksie-2,3-dihidro-1H-inden-1-oon (2c: A1Ki (r) = 41 nM; A2AKi (r) = 97 

nM) and (E)-2-(3,4-dihidroksiebensilideen)-4- metoksie -2,3-dihydro-1H-inden-1-oon (2e: A1Ki (r) 

= 42 nM; A2AKi (r) = 78 nM). Ongelukkig is reaktiewe verbinding substrukture (α,β-onversadigde 

ketoon sisteem, katesjol) in chalkoon en van die struktureel verwante bensilideenindanoon en -

tetraloon derivate teenwoordig. 

Struktuur-affiniteitsverwantskappe het gewys dat C4 metoksie-groep substitusie op ring A in 

kombinasie met meta (C3’) hidroksie-groep of meta (C3’) en para (4’) dihidroksie-groep 

substitusie op ring B van die 2-bensilideen-1-indanoon raamwerk ‘n toename in beide A1 en A2A 

AR affiniteit (A1 & A2A Ki (r) < 100 nM) in vergelyking met die ander chalkoon en struktureel 
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verwante bensilideentetraloon en bensoïelbensofuraan (A1 & A2A Ki (r) > 100 nM). Na evaluasie 

van hierdie verbindings, mag hul as leidraadverbindings geklassifiseer word vir die ontwerp van 

nuwe A1 en A2A AR antagoniste. Verder, kan hierdié leidraadverbindings na isoksasool of pirasool 

derivate omgeskakel word om sodoende die α,β-onversadigde ketoon sisteem te verwyder, terwyl 

die nodige substituente op ring A en fenielring B behoue bly. 

Grafiese opsomming: 

Chalkoon gebaseerde bensosikloalkanoon derivate
(2-bensilideen-1-indanoon)

2c: R1 = OCH3; R1' = OH; R2'= H: A1Ki (r) = 41 nM; A2AKi (r) = 97 nM

2e: R1 = OCH3; R1' = R2'= OH: A1Ki (r) = 42 nM; A2AKi (r) = 78 nM

A1 & A2A Ki <100 nM

O

R1

R2'

R1'
4

3'

4'




A C

B

Ring B

R1' = OH; R2'= H or R1' = R2'= OH
toename in A1 en  A2A affiniteit

Ring A

R1 = OCH3

toename in A1 en A2A affiniteit

 

Sleutelterme: 

• Chalkoon 

• Bensilideenindanoon 

• Bensilideentetraloon 

• Bensoïelbensofuraan 

• Aldol kondensasie 

• Claisen-Schmidt kondensasie 

• Rap-Stoermer kondensasie 

• Adenosine A1 en/of A2A antagoniste 

• Neurologiese toestande 
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CHAPTER 1: INTRODUCTION 

A CALL TO ACTION ISSUED 

Parkinson’s disease (PD) is now the fastest growing neurological condition globally in age-

standardized rates of prevalence, disability and death (Dorsey et al., 2018b; Feigin et al., 2017), 

and consequently, a call to action is issued! 

1.1 Caffeine, adenosine and its receptors 

No drug stops, or at least, slows the neurodegeneration underlying this disease; however, coffee 

intake has been associated with a significantly lower incidence of PD (Ascherio & Schwarzschild, 

2016; Ascherio et al., 2001; Cunha, 2016; Nefzger et al., 1968; Powers et al., 2008; Ross et al., 

2000; Sääksjärvi et al., 2008). Coffee is the major dietary source of caffeine; one of the most 

widely consumed psychoactive drugs (Renda & De Caterina, 2020). 

Extraordinarily, the discovery of caffeine was the result of an encounter between a writer and a 

chemist (Weinberg & Bealer, 2001); at the request of the famous German writer Johann Wolfgang 

von Goethe, the young German chemist Friedlieb Ferdinand Runge first isolated caffeine from 

coffee beans in 1819 (Anft, 1955). Goethe gave Runge some rare Arabian coffee beans and 

asked him to study the essence of these beans; suggesting that the seeds of the coffee plant may 

well produce interesting chemical results (Anft, 1955; Weinberg & Bealer, 2001). Runge returned 

to his laboratory and successfully extracted and purified caffeine (Anft, 1955; Weinberg & Bealer, 

2001). “He was right,” Runge said later with reference to Goethe’s confidence in the rare Arabian 

coffee beans, “for soon after I discovered in these beans the caffeine that has become so famous” 

(Weinberg & Bealer, 2001). In Goethe’s tragic work Faust, the title character sold his soul to the 

devil in exchange for jeunesse (youth or youthfulness), and perhaps, Goethe anticipated the use 

of coffee, and thus, caffeine to treat age-related disease (such as PD) (Ribeiro & Sebastiao, 

2010)? The chemical structure of the xanthine based caffeine was later elucidated by another 

German chemist Hermann Emil Fischer, and interestingly, it is similar to that of adenosine (Figure 

1–1) (Fredholm, 2010; Ribeiro & Sebastiao, 2010). 
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Figure 1-1: The chemical structures of caffeine and adenosine. 

Caffeine’s main mechanism of action is non-selective adenosine receptor (AR) antagonism 

(Fredholm, 1985; Renda & De Caterina, 2020; Ribeiro & Sebastiao, 2010). The xanthine based 

caffeine is a prototypic, albeit weak, AR antagonist (Jacobson et al., 1992). Thus, the necessity 

to identify other classes of AR antagonists with higher affinity (Ji et al., 1996). Of the four 

adenosine receptor subtypes (A1, A2A, A2B and A3) only the A1 and A2A subtypes possess the 

necessary high affinity to be activated by endogenous adenosine under physiological conditions 

(Dunwiddie & Masino, 2001); therefore, these subtypes are most probably responsible for the 

function of adenosine in the central nervous system (CNS) (Stockwell et al., 2017). ARs are 

members of the G-protein coupled receptor (GPCR) superfamily (Fredholm et al., 1994; Fredholm 

et al., 2001; Fredholm et al., 2011); where the A1 subtype preferentially couples to inhibitory 

GPCRs and the A2A subtype to stimulatory GPCRs (Palmer & Stiles, 1995). The A1 and A2A 

subtypes are abundantly expressed (though distinctly distributed) in the CNS (Fredholm et al., 

1994; Fredholm et al., 2001; Fredholm et al., 2011; Svenningsson et al., 1999). By means of AR 

blockade, caffeine removes the adenosine tonus in the CNS, and in so doing, modulates brain 

function, and even, dysfunction (Ribeiro & Sebastiao, 2010). Therefore, targeting approaches that 

involve ARs may well improve the odds to correct brain dysfunctions and disease, through A1 

and/or A2A AR antagonism. (Chapter 2 elaborates on the role adenosine and its receptors 

(specifically A1 and A2A subtypes) play in PD and the potential treatment of the disease.) 

1.2 Flavonoids 

Albert Szent-Györgyi was one of the first to investigate adenosine, and coincidentally, also the 

flavonoids (Drury & Szent-Györgyi, 1929; Szent-Györgyi, 1936); a family of phytochemicals which 

are even more widespread in the human diet than the xanthines (for example caffeine) (Karton et 

al., 1996). Members of the flavonoid family include flavones, flavonols, flavanones, flavanonols, 

flavanols or catechins, anthocyanins and even chalcones (known as open chain flavones) (Figure 

1–2). Flavonoids are distinguished based on variances in the aglycon ring and state of oxidation 

and/or reduction (Ayaz et al., 2019). Flavonoids have attracted attention from both chemical 

(biosynthesis and synthesis) and biological standpoints (due to diverse biological activities) (Ayaz 
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et al., 2019; Jucá et al., 2018; Spencer, 2008). There is a growing interest in this family of 

phytochemicals based on the health-related benefits of this class of compounds (Jucá et al., 

2018); in fact, flavonoids have a long history of being medically useful (Rice-Evans & Packer, 

2003). Among the biological activities of this family of phytochemicals are antioxidant, anti-aging, 

anti-inflammatory, immunomodulatory, cardioprotective, antimicrobial, antibacterial, antifungal, 

antiviral and antiparasitic activities (Cushnie & Lamb, 2005; Galati & O'brien, 2004; Marder & 

Paladini, 2002; Middleton et al., 2000). In the case of PD, some flavonoids reduce the risk of 

developing the disease (Gao et al., 2012), and thus, may be neuroprotective (Braidy et al., 2017; 

Datla et al., 2001; Datla et al., 2007; de Andrade Teles et al., 2018; Magalingam et al., 2015; Ren 

et al., 2016). 

 

Figure 1-2: The flavonoid family tree. 

Extended family of the flavonoids, specifically the flavones and chalcones include the aurones 

(Figure 1–2). Chemical structures containing an α,ß-unsaturated carbonyl system (Figure1–3) 

are frequently denoted as chalcones; making the chalcone family structurally diverse and may 

possibly be a synthon in future drug discovery (Zhuang et al., 2017). 

O





 

Figure 1-3: The α,ß-unsaturated carbonyl system present in chalcones. 
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Aurones comprise of fused 6- and 5-membered rings (benzofuranone) linked to a phenyl group 

by a carbon-carbon exocyclic double bond (Alsayari et al., 2019). Aurones, like the other members 

of the flavonoid family (Jacobson et al., 2002; Ji et al., 1996; Van der Walt & Terre'Blanche, 2018), 

similarly hold A1 and/or A2A AR affinity (Jacobson et al., 2002) and served as inspiration for 

chalcone based benzocycloalkanone derivatives (2-benzylidene-1-tetralone derivatives)  

(Figure 1–4) – bringing about compounds with micromolar-range A1 and/or A2A AR affinity (Janse 

van Rensburg et al., 2017; Legoabe et al., 2018). 

O

O

R1

R2

R1'

R2'

R3 O

R1'

R2'

R1

aurones

R1 = H; R2 = R3 = R1' = R2' = OH
A1Ki (r) = 13 µM; A2A specific binding > 20%

 

R1 = R1' = R3 = H; R2 = R2' = OH
A1Ki (r) = 0.35 µM; A2AKi (r) = 53 µM

R1 = R2 = R1' = R2' = OH; R3 = H
A1Ki (r) = 3.5 µM; A2AKi (r) = 9.4 µM

R1 = R3 = H; R2 = R1' = R2' = OH
A1Ki (r) = 4.4 µM; A2AKi (r) = 28 µM

benzylidene tetralones

R1 = OH; R1' = R2' = H
A1Ki (r) = 5.9 µM; A2AKi (r) = 2.9 µM

R1 = R1' = OH; R2' = H
A1Ki (r) = 1.6 µM; A2AKi (r) = 5.5 µM

R1 = R2' = OH; R1' = H
A1Ki (r) = 1.6 µM; A2AKi (r) = 9.9 µM

 

Figure 1-4: Aurones and benzylidene tetralones with adenosine A1 and/or A2A receptor 
affinity. 

Interestingly, many flavones possess inhibition constant (Ki) values against ARs in the 

micromolar-range (Jacobson et al., 2002; Ji et al., 1996; Van der Walt & Terre'Blanche, 2018) 

(Figure 1–5), and thus, just as the potential of the xanthine based caffeine was observed before 

its interaction with adenosine and its receptors was suspected, the possibility is raised that the 

flavones are another class of compounds with biological activity due to antagonism of ARs 

(Ribeiro & Sebastiao, 2010). As such, the open chain flavones (chalcones) and other extended 

family members (aurones and benzylidene tetralones) may be a starting point for the design of 

non-xanthine based A1 and A2A AR antagonists. 
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flavones

R1 = R2 = R3 = R1' = R2' = H
A1Ki (r) = 3.3 µM; A2AKi (r) = 3.5 µM

R1 = OH; R2 = R3 = R1' = R2' = H
A1Ki (r) = 2.2 µM; A2AKi (r) = 6.2 µM

R3 = OH; R1 = R2 = R1' = R2' = H
A1Ki (r) = 3.0 µM; A2AKi (r) = 2.7 µM

R1 = R3 = R2' = OH; R2 = R1' = H
A1Ki (r) = 3.0 µM; A2AKi (r) = 7.6 µM

R1 = OH; R3 = CH3; R2' = OCH3; R2 = R1' = H

A1Ki (r) = 3.4 µM; A2AKi (r) = 28 µM

R1 = R3 = OH; R2 = OCH3; R2' = OH; R1'=  H

A1Ki (r) = 1.6 µM; A2AKi (r) = 6.5 µM

R1 = OH; R2 = R3 = OCH3; R2' = OH; R1'=  H

A1Ki (r) = 1.2 µM; A2AKi (r) = 3.0 µM  

Figure 1-5: Flavones with adenosine A1 and/or A2A receptor affinity. 

1.3 Hypothesis 

Based on the literature (Jacobson et al., 2002; Ji et al., 1996; Van der Walt & Terre'Blanche, 

2018), it is hypothesised that structural modifications to members of the flavonoid family, 

specifically the aurones (Jacobson et al., 2002) and benzylidene tetralones (Janse van Rensburg 

et al., 2017; Legoabe et al., 2018) with micromolar affinity (Figure 1–4) may be a starting point to 

obtain analogues with nanomolar affinity (for example benzylidene indanones or benzoyl 

benzofurans (Figure 1–6)) as novel lead-like or even drug-like AR antagonists for the potential 

treatment of neurological conditions, such as PD. 

O

O

O

benzylidene indanone scaffold benzoyl benzofuran scaffold  

Figure 1-6: The benzylidene indanone and benzoyl benzofuran scaffolds. 

1.4 Aims and objectives 

The aims of this thesis are briefly the identification of a non-xanthine scaffold, and hopefully, a 

lead- or even drug-like compound from the chalcones and structurally related compounds as A1 

and/or A2A AR antagonists for the potential treatment of neurological conditions. 
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The aims will be achieved by the following objectives: 

The design of chalcones and structurally related compounds (2-benzylidene-1-indanone 

derivatives and 2-benzoyl-1-benzofuran derivatives, among other) – drawing inspiration from 

members of the flavonoid family (specifically aurones and benzylidene tetralones) – as well as 

the synthesis, characterization (NMR, MS, HPLC, DSC and other melting points) and in vitro 

evaluation (radioligand binding assays (affinity and activity) and AlamarBlue®/resazurin assay 

(cytotoxicity)) as well as in silico evaluation (SwissADME (key parameters of small molecules)) of 

the designed compounds as a non-xanthine based approach to A1 and/or A2A AR blockade. 

1.5 Answering the call to action 

Herein (Chapter 1), a call to action is issued and a brief introduction to the thesis entitled 

Synthesis and evaluation of chalcones and structurally related compounds as adenosine A1 

and/or A2A receptor antagonists for the potential treatment of neurological conditions is given. The 

reader is referred to Chapter 2 for a literature review on the role adenosine and its receptors 

(specifically A1 and A2A subtypes) play in PD and the potential treatment of the disease, explaining 

why and how this call to action must be answered. Then, for the most important part of this thesis; 

Chapters 3–7 contain published original articles about chalcones (Chapter 6) and structurally 

related 2-benzylidene-1-indanone, -tetralone (Chapters 3–5) and 2-benzoyl-1-benzofuran 

derivatives (Chapter 7) as adenosine A1 and/or A2A receptor antagonists for the potential 

treatment of neurological conditions. (Please note that each original article contains a detailed 

rationale for the research done.) Finally, in Chapter 8, a conclusion from all five original articles 

is drawn, and hopefully, the call to action issued here, will be answered. 
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CHAPTER 2: LITERATURE REVIEW 

WHY AND HOW TO ANSWER THE CALL TO ACTION 

2.1 Parkinson’s disease 

Neurological conditions are now the leading cause of disability globally, and of these conditions, 

Parkinson’s disease (PD) is the fastest growing (Dorsey et al., 2018b; Feigin et al., 2017). PD is 

a neurodegenerative disorder characterized by both motor and non-motor symptoms (Obeso et 

al., 2017) (the latter, often undiagnosed, and thus, untreated (Shulman et al., 2002)). The classic 

parkinsonian motor symptoms (specifically bradykinesia (hallmark, present in all patients) (Obeso 

et al., 2017)) (Table 2–1) are a result of the gradual loss of pigmented dopaminergic neurons in 

the substantia nigra pars compacta (SNpc) (Figure 2–1) and the subsequent loss of dopaminergic 

input to the dorsal striatum ultimately leading to increased inhibitory activity of the indirect 

striatopallidal pathway (Surmeier et al., 2007). Moreover, neuronal loss is not restricted to the 

pigmented dopaminergic neurons in the SNpc and is most probably the cause of some non-motor 

symptoms (Table 2–1) which can appear before (during the prodromal or preclinical phase of PD) 

or after the onset of motor symptoms (Park & Stacy, 2009). 

Table 2-1: Common motor and non-motor symptoms of Parkinson's disease 

Motor symptoms Non-motor symptoms 

• bradykinesia  
(slowness of movement) 

• rigidity  
(resistance to movement) 

• resting tremor  
(rhythmic back and forth motion of thumb 
and forefinger at three beats per second, 
“pill rolling”) 

• postural instability  
(impaired balance and coordination) 

• neuropsychiatric symptoms  
(anxiety, depression, mild cognitive impairment 
(MCI) and dementia) 

• sleep disorders  
(Rapid Eye Movement (REM) sleep behaviour 
disorder and excessive daytime somnolence 
(EDS)) 

• autonomic symptoms  
(orthostatic hypotension, urinary dysfunction and 
constipation) 

• sensory symptoms  
(pain and hyposmia) 

• other symptoms such as  
fatigue, diplopia, blurred vision, seborrhoea and 
weight loss 
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Figure 2-1: (A) Transverse hemisection of the midbrain of a control without Parkinson’s 

disease (PD) (left) and a patient with clinical PD (right), showing the marked 

reduction of in the pigment within the substantia nigra region. (B & C) Haematoxylin 

and eosin stained section of the ventrolateral region identified by the box in A 

showing at higher magnification the pigmented neurons of the substantia nigra in 

a control without PD (B) and a patient with clinical PD (C). Reproduced with 

permission from John Wiley and Sons. 

2.2 Limitations of current symptomatic treatment options for Parkinson’s disease 

The current symptomatic treatment options for PD still rely on dopamine replacement therapy – 

typically the amino acid l-3,4-dihydroxyphenylalanine (otherwise known as levodopa and l-dopa)  

(Table 2–2) – that only elevates the concentrations and/or effects of dopamine in the brain (Fox 

et al., 2018; Seppi et al., 2011). L-dopa indicated for the treatment of parkinsonian motor 

symptoms is, unfortunately, associated with various adverse effects (acute: nausea, drowsiness, 

orthostatic hypotension and chronic: motor fluctuations and dyskinesias that worsen with the 

sustained use of l-dopa) (Rascol et al., 2003). Although the price (it is relatively inexpensive) and 

improved life expectancy associated with l-dopa use is considered as advantageous, the 

disadvantages are that several motor symptoms (together with speech, gait, posture, and 

balance) do not respond to l-dopa and deteriorate over time despite optimal l-dopa therapy 

(Rascol et al., 2003). Furthermore, it does not better but rather exacerbate non-motor symptoms 

such as hallucinations, cognitive impairment and orthostatic hypotension (Rascol et al., 2003). 

Additionally, l-dopa might hasten neuronal degeneration by means of its oxidative metabolism, 

granting this is debatable (Rascol et al., 2003). In addition to l-dopa (in combination with a 

peripheral decarboxylase inhibitor, for example benserazide or carbidopa), other drugs like 
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dopamine agonists (that directly activate dopamine receptors), monoamine oxidase type B (MAO-

B) and catechol-O-methyltransferase (COMT) inhibitors (that inhibit the metabolic enzymes of 

dopamine or dopamine precursors) (Table 2–2), either alone or in combination and in a range of 

delivery forms, are used to control the motor symptoms of the disease (Fox et al., 2018). Of the 

said drugs, l-dopa is the most effective drug for the treatment of parkinsonian motor symptoms 

(considered the gold standard for more than 50 years now) (Jenner et al., 2009). Dopamine 

replacement therapy alleviates the parkinsonian motor symptoms in the early stages of the 

disease; however, later stages are accompanied by adverse effects that worsen over time (due 

to treatment and disease progression), and sooner or later, motor and non-motor symptoms 

resistant to dopamine replacement therapy as well as drug-related adverse effects (motor 

fluctuations (on-off and wearing-off phenomenon), dyskinesias and hallucinations) are present 

(Rascol et al., 2003). Besides dopamine replacement therapy, non-dopaminergic drugs to treat 

parkinsonian motor symptoms are anticholinergics and amantadine (a glutamate antagonist that 

blocks N-methyl-D-aspartate (NMDA) receptors) (Table 2–2) and to treat non-motor symptoms 

are atypical antipsychotics, anxiolytics, antidepressants and cholinesterase inhibitors; however, 

the safety and efficacy of these drugs are inadequate (Rascol et al., 2003). Neither dopaminergic 

nor non-dopaminergic drugs in use stop, or at least, slow the neurodegeneration underlying the 

disease (Fox et al., 2018; Rascol et al., 2003), and perhaps, that is the most important limitation 

of current antiparkinsonian treatment. 

Table 2-2: Pharmacological treatment options for parkinsonian motor symptoms 

Pharmacological treatment options 

Dopaminergic drugs Examples Chemical structures 

Dopamine precursor • l-3,4-dihydroxyphenylalanine  

NH2

OH

O

HO

HO

l-3,4-dihydroxyphenylalanine  

Dopamine agonists Non-ergot: 

• pramipexole 

• ropinirole 

• rotigotine 

• piribedil 

Ergot: 

• bromocriptine 
• dihydroergocryptine 

• cabergoline 

• pergolide 

S

N

H
N

NH2

pramipexole  
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Monoamine oxidase type B  
(MAO-B) inhibitor 

• rasagiline 

• selegiline 

NH

rasagiline  

Catechol-O-methyltransferase 
(COMT) inhibitors 

• entacapone 

• tolcapone 

entacapone

OH

OHN
O

O

N

ON

 

Non-dopaminergic drugs Examples Chemical structures 

Anticholinergics • benztropine 

• biperiden 

• diphenhydramine 

• ethopropazine 

• orphenadrine 

• procyclidine 

• trihexyphenidyl 

O

N

benztropine  

Glutamate antagonist that blocks 
N-methyl-D-aspartate (NMDA) 
receptor 

• amantadine NH2

amantadine  

 

2.3 Major unmet medical needs of Parkinson’s disease 

The major unmet medical needs of PD are first and foremost, to stop, or at least, slow the 

neurodegeneration underlying the disease. Secondly, the safe and effective treatment of 

parkinsonian motor symptoms (including speech, gait, posture and balance) without adverse 

effects such as motor fluctuations (on-off and wearing-off phenomena), dyskinesias and 

hallucinations often associated with dopamine replacement therapy. Thirdly, the safe and 

effective treatment of non-motor symptoms or comorbidities of PD (such as neuropsychiatric, 

sensory and autonomic symptoms as well as sleep disorders). Lastly, an “all-in-one” drug (in order 

to avoid polypharmacy) would be ideal. 
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2.4 Non-dopaminergic approach to the treatment of Parkinson’s disease 

It is undisputable that dopamine replacement therapy (typically l-dopa) revolutionized the 

treatment of parkinsonian motor symptoms; yet, it is associated with significant unmet medical 

needs, regarding both effect and adverse effect, prompting researchers to search for and 

hopefully, find a drug – beyond the dopaminergic system – to satisfy these needs (from 

neurodegeneration to motor and non-motor symptoms). One such approach is the modulation of 

adenosine and its receptors which is the topic highlighted in this literature review. 

2.5 Adenosine A1 and/or A2A receptors as a drug target for Parkinson’s disease 

In the human body, adenosine takes part in both physiologic and pathophysiologic processes and 

most, if not all, of these actions are mediated by four cell surface receptors denoted A1, A2A, A2B 

and A3, additionally, these adenosine receptors (ARs) are members of the G-protein coupled 

receptor (GPCR) superfamily (Fredholm et al., 1994; Fredholm et al., 2001; Fredholm et al., 

2011). A1 and A3 ARs preferentially couple to inhibitory G-proteins and A2A and A2B ARs to 

stimulatory G-proteins (Palmer & Stiles, 1995). Only the A1 and A2A ARs possess the necessary 

high affinity (unlike the low affinity A2B and A3 ARs) to be activated by endogenous adenosine 

under physiological conditions (Dunwiddie & Masino, 2001); therefore, these subtypes are most 

probably responsible for the function of adenosine in the central nervous system (CNS) (Stockwell 

et al., 2017). While A1 ARs are expressed and distributed throughout the CNS (cerebral cortex, 

cerebellum, hippocampus, thalamus, brainstem and spinal cord) as well as some peripheral 

organs, A2A ARs are concentrated in the striatum, nucleus accumbens, and olfactory tubercle 

(Fredholm et al., 1994; Fredholm et al., 2001; Fredholm et al., 2011; Svenningsson et al., 1999). 

2.6 Potential treatment of parkinsonian motor features  

As stated, the classic parkinsonian motor features are due to the over-activation of the indirect 

striatopallidal pathway (regulated by dopamine D2 receptors) due to the gradual loss of pigmented 

dopaminergic neurons in the SNpc and the subsequent loss of dopaminergic input to the striatum 

(more so in the putamen than the caudate) (Obeso et al., 2017).  

In rodents, non-human primates and humans, ARs are concentrated in the striatum (specifically 

on dopamine D2 containing striatopallidal neurons) (Chen & Cunha, 2020). Based on the close 

relationship (with regards to anatomy and functionality) between these receptors, agonists and 

antagonists of A2A ARs produce cellular, neurochemical and behavioural effects parallel to 

antagonists and agonists of dopamine D2 receptors, correspondingly, in the indirect striatopallidal 

pathway (Ferré et al., 2001; Pinna et al., 2018) most probably via adenosine A2A-dopamine D2 

receptor-receptor heteromerization (Canals et al., 2003). Blockade of A2A ARs also modulate 
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cholinergic, glutamatergic and GABAergic functions in the CNS (Mathew et al., 2019). Indeed, a 

selective A2A AR agonist produce motor deficits in rodents and non-human primates, which are in 

turn ameliorated by antagonists of the said receptor (Ferré et al., 1991; Kanda et al., 1998).  

Numerous xanthine and non-xanthine based selective A2A AR antagonists (with high affinity and 

selectivity for the A2A subtype) have been evaluated in preclinical studies for the treatment of 

parkinsonian motor symptoms. The effects of selective A2A AR antagonists on motor control were 

observed either alone or in combination with l-dopa or dopamine agonists in rodents and non-

human primates (Hodgson et al., 2009; Koga et al., 2000; Kuwana et al., 1999; Pinna et al., 2005; 

Tronci et al., 2007), suggesting the use of selective A2A AR antagonists as adjunctive treatment 

for parkinsonian motor symptoms (Jenner, 2014). These preclinical studies confirmed the validity 

of A2A ARs as a novel drug target for the potential treatment of PD and prompted clinical studies, 

eventually leading to the approval of the xanthine derivative istradefylline (Nouriast®/Nourianz®) 

(Chen & Cunha, 2020) (Figure 2–2). 

N
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O

istradefylline (Nouriast®/Nourianz®)  

Figure 2-2: The chemical structure of istradefylline (Nouriast®/Nourianz®). 

The xanthine scaffold was the starting point for the development of various selective A2A AR 

antagonists (as stated in Chapter 1, xanthine derivatives such as caffeine and theophylline are 

the prototypic, albeit weak, AR antagonists). These efforts were not only directed at identifying a 

potent and selective A2A AR antagonists but also at improving the poor aqueous solubility typical 

of xanthines (Chen & Cunha, 2020). The screening of various 1,3,8-substituted xanthine 

derivatives identified, among others, istradefylline as a potent and selective A2A AR antagonist 

(Chen & Cunha, 2020). Additionally, istradefylline has little or no affinity for dopamine, 

noradrenaline, serotonin and acetylcholine receptor subtypes (Fuxe et al., 2003; Saki et al., 2013). 

The styryl-group in the E-configuration at the C8 position of these xanthine derivatives is essential 

to A2A AR selectivity (Müller et al., 1997; Nonaka et al., 1993). For rapid photoisomerization of the 

acyclic alkene of istradefylline (from the E- to the Z-isomer) after exposure to daylight in dilute 

solutions had been observed (Fuxe et al., 2003; Hockemeyer et al., 2004; Nonaka et al., 1993), 

and notably, the Z-isomer of 8-styrylxanthine derivatives possess much lower affinity for the A2A 

AR than the E-isomer (Müller et al., 1997; Nonaka et al., 1993). 
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This xanthine derivative was developed by the Japanese company Kyowa Hakko Kirin and 

manufactured and marketed in Japan as NOURIAST®; a novel antiparkinsonian agent for the 

wearing-off phenomena associated with levodopa treatment (Kyowa Hakko Kirin, 2013). A post-

marketing surveillance study conducted in Japan verified the safety and efficacy of istradefylline; 

it is mostly well tolerated, even with dyskinesias and hallucinations as common adverse effects 

(Takahashi et al., 2018). The United States Food and Drug Administration (US FDA) also 

approved istradefylline (NOURIANZ®) as an add-on drug to treat off episodes in adults with PD 

after more than two decades of preclinical and clinical studies; in fact, istradefylline is the first 

non-dopaminergic drug approved by the US FDA for PD in the last two decades (Chen & Cunha, 

2020). Discussions on the clinical studies of istradefylline are found in comprehensive literature 

reviews (Chen et al., 2013; Pinna, 2014; Torti et al., 2018; Zheng et al., 2018) and meta-analysis 

(Sako et al., 2017). 

Nevertheless, the approval of the xanthine derivative istradefylline is revolutionary and allows for 

the exploration of A2A AR antagonists for the potential treatment of non-motor symptoms of PD 

as well as the neurodegeneration underlying the disease (Chen & Cunha, 2020). Perhaps, other 

neurological conditions (such as Alzheimer’s disease (AD)) may benefit from this milestone too 

(Chen & Cunha, 2020). 

2.7 Potential treatment of parkinsonian non-motor features 

PD is generally considered a movement disorder and the non-motor symptoms of the disease are 

often undiagnosed, and thus, untreated (Shulman et al., 2002). These non-motor symptoms are 

common and influence the health and quality of life of the patient (Pandya et al., 2008). Non-

motor features of PD that may be alleviated by A1 and/or A2A AR antagonists are categorized as 

neuropsychiatric symptoms (depression, anxiety), autonomic symptoms and sensory symptoms 

(Chaudhuri et al., 2006). 

2.7.1.1 Neuropsychiatric symptoms 

Neuropsychiatric symptoms such as depression and anxiety are present in approximately 40% of 

patients suffering from PD and can appear before (during the prodromal or preclinical phase of 

PD) or after the onset of motor symptoms (Schrag, 2004; Tolosa et al., 2007). 

While A2A ARs are highly concentrated in the striatum, these receptors are also localized in the 

nucleus accumbens and olfactory tubercle (Fredholm et al., 1994; Fredholm et al., 2001; 

Fredholm et al., 2011; Svenningsson et al., 1999) that are associated with higher function, and is 

of importance to the neuropsychiatric symptoms of PD such as anxiety and depression (Cunha 

et al., 2008). A1 ARs are ubiquitous within the central nervous system, with the highest density in 
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the cerebral cortex, cerebellum, hippocampus, thalamus, brainstem and spinal cord (Dixon et al., 

1996; Reppert et al., 1991). These receptors are localized in the active zone of the presynaptic 

nerve terminal (Rebola et al., 2003; Swanson et al., 1995). This is a highly specialized region of 

the cytoplasm that directly faces the synaptic cleft (Sankaranarayanan & Ryan, 2007), and at 

these presynaptic nerve terminals, A1 ARs play a role in the release of neurotransmitters 

(Dunwiddie, 1985). Adenosine acts by inhibiting cholinergic transmission, among others, via A1 

ARs (Phillis, 1991). The cholinergic system has been associated with a number of cognitive 

functions (for example learning and memory) as well as emotion. 

2.7.1.1.1 Depression 

Adenosine and its analogues have been known to cause behavioural despair in animal models 

relevant to depression and the A2A, rather than the A1, AR is involved in depression; based on 

evidence from pharmacology and A2A AR knockout mice (Yacoubi et al., 2001). Indeed, over-

stimulation of the A2A AR encourages depressive-like behaviour (Coelho et al., 2014), whereas 

A2A AR inhibition averts and reverts depressive-like behaviour in rodents (Kaster et al., 2015). 

Additionally, polymorphisms of the A2A AR is associated with depression (Oliveira et al., 2019). 

Already in preclinical studies with rodents and non-human primates, the selective A2A AR 

antagonist istradefylline showed potential as an antidepressant; seeing as it was active in relevant 

behavioural animal models of depression (forced swim test, tail suspension test and learned 

helplessness) (Yamada et al., 2013; Yamada et al., 2014). In clinical studies, istradefylline 

improved the neuropsychiatric symptom depression independently of its effects on parkinsonian 

motor symptoms; however, this must be established by a double-blind placebo-controlled trial 

(Aarsland et al., 2012; Nagayama et al., 2019). 

The said neuropsychiatric symptom of PD generally does not respond well to classical 

antidepressants (Jenner, 2014; Rascol et al., 2003). Interestingly, the selective A1 AR antagonist 

1,3-dipropyl-8-cyclopentylxanthine (DPCPX) (Figure 2–3) enhanced the antidepressant effects 

of selective serotonin re-uptake inhibitors (SSRIs) imipramine, escitalopram and reboxetine in 

mice behavioural tests (Szopa et al., 2018). Nevertheless, the effects of atypical antidepressants 

agomelatine and tianeptine were increased, not by DPCPX, but by the selective A2A AR antagonist 

3,7-Dimethyl-1-propargylxanthine (DMPX) (Szopa et al., 2019) (Figure 2–3). 
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Figure 2-3: The chemical structures of DPCPX and DMPX. 

2.7.1.1.2 Anxiety 

Just as modulation of the A2A AR is associated with depression, over-stimulation of the A2A AR 

also encourages anxiety in rodents (Coelho et al., 2014), and again, polymorphisms of the A2A 

AR is associated with anxiety (Hohoff et al., 2010). In preclinical studies the selective A2A AR 

antagonists istradefylline showed activity in the rat elevated plus maze test and suppressed 

anxiety and enhanced fear extinction in the rat conditioned fear stress test; suggesting the 

anxiolytic effect of the drug (Jenner, 2014). 

The A1 AR also modulates anxiety and anxiolytic agents and blockade of the A1 AR results in 

anxiolytic actions (Maemoto et al., 2004). The A1 AR agonist N-[(2R)-1-phenyl-2-

propanyl]adenosine (R-PIA) (Figure 2–4) aggravated the effects of ethanol withdrawal, while the 

A1 AR antagonist 8-cyclopentyltheophylline (CPT) (Figure 2–4) improved these anxiogenic 

effects in the elevated plus maze and light/dark test, relevant behavioural animal models of 

anxiety (Gatch et al., 1999). These results advocate that A1 AR antagonists, at some doses, may 

be beneficial to ameliorate the anxiogenic effects produced by ethanol withdrawal, even though 

it does not seem useful for reducing ethanol consumption (Gatch et al., 1999). Furthermore, the 

widely used anxiolytic agents, benzodiazepines, block adenosine uptake (Noji et al., 2004) and 

decreased A1 AR binding capacity in vivo at doses of clinical relevance (Kaplan et al., 1992). As 

with the adenosine system and its effects on learning and memory, there is controversy: DPCPX 

did not affect the anxiety state of mice in the elevated plus maze test (Jain et al., 1995) and A1 

AR knockout mice showed signs of increased anxiety in the light/dark test (Johansson et al., 

2001). 
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Figure 2-4: The chemical structure of R-PIA and CPT. 

2.7.1.2 Mild cognitive impairment and dementia 

Another debilitating non-motor feature of PD is cognitive dysfunction in the form of either mild 

cognitive impairment or dementia (Chaudhuri et al., 2006). At present, no safe and effective 

treatment for mild cognitive impairment in PD exists (Chen & Cunha, 2020); however, A2A AR 

antagonists improved working memory (Zhou et al., 2009), reversal learning (O’Neill & Brown, 

2007), set-shifting (Mingote et al., 2008), goal-directed behaviour (Li et al., 2016) and Pavlovian 

conditioning (Wei et al., 2014) in normal animals, and additionally, reversed working memory 

impairments in animal models of PD (Ko et al., 2016). 

As stated, A1 ARs play a role in the release of neurotransmitters at presynaptic nerve terminals 

(Dunwiddie, 1985) and inhibits cholinergic transmission (Phillis, 1991). Interaction between the 

adenosine and cholinergic system, is regrettably, controversial. On the one hand, administration 

of a selective A1 AR agonist (e.g. N6-cyclopentyladenosine (CPA) (Figure 2–5)) caused learning 

and memory deficits, which may be prevented by a selective A1 AR antagonist (e.g. DPCPX) 

(Normile & Barraco, 1991). On the other hand, the said antagonist also caused learning and 

memory deficits (Vollert et al., 2013)! Moreover, it was found that chronic treatment with A1 AR 

modulators resulted in behavioural effects unlike those observed ensuing acute administration; 

therefore, particular caution is required in development of adenosine-based strategies for the 

chronic treatment of neurodegenerative or cognitive disorders (Von Lubitz et al., 1993). Other 

studies advocated the use of A1 AR antagonists and considered the A1 AR an interesting drug 

target for the development of cognitive enhancers based on the observation that A1 AR 

antagonism positively modulated memory process (Maemoto et al., 2004; Normile & Barraco, 

1991; Pitsikas & Borsini, 1997; Suzuki et al., 1993). 
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Figure 2-5: The chemical structure of CPA. 

2.7.1.3 Other non-motor features 

Istradefylline improved the sleep disorder excessive daytime somnolence (Matsuura et al., 2018; 

Suzuki et al., 2017) as well as the autonomic symptom urinary dysfunction (Kitta et al., 2018). 

Additionally, other selective A2A AR antagonists may be beneficial to the sensory symptom 

hyposmia; seeing as these antagonists improved the odour recognition deficits displayed by aging 

rats (Prediger et al., 2005) and ethanol-intoxicated rats (Prediger et al., 2005; Prediger & 

Takahashi, 2003). 

2.8 Potential treatment of parkinsonian neurodegeneration 

As stated, epidemiological studies showed that coffee, and thus, caffeine intake is associated 

with a decreased risk of PD (Ascherio & Schwarzschild, 2016; Ascherio et al., 2001; Cunha, 2016; 

Powers et al., 2008; Ross et al., 2000; Sääksjärvi et al., 2008). Caffeine’s primary mechanism of 

action is AR antagonism (Renda & De Caterina, 2020). Based on evidence from pharmacology 

and knockout mice (Chen et al., 2001; Kachroo & Schwarzschild, 2012), the A2A AR is linked to 

neuroprotection apparent in PD (Chen et al., 2001) as well as other neurological conditions such 

as spinocerebellar ataxia (Gonçalves et al., 2013), epilepsy (Canas et al., 2018), stroke (Chen et 

al., 1999), traumatic brain injury (Li et al., 2009) and AD (Canas et al., 2009). The neuroprotective 

properties of selective A2A AR antagonists are attributable to increased glutamate uptake induced 

by A2A ARs (Cerri et al., 2014; Yu et al., 2008), and thus, preventing excitotoxicity (Matos et al., 

2013; Matos et al., 2012). Importantly, this does not rule out other possible mechanisms of action. 

In animal models of PD istradefylline protected dopaminergic neurons against degeneration and 

inhibited microglia activation (Ikeda et al., 2002; Kalda et al., 2006; Pierri et al., 2005). It is, 

regrettably, problematic to demonstrate neuroprotection by A2A AR antagonists in humans; as to 

date, there is no way to assess neurodegeneration in humans, and thus, no drug is labelled as 

disease modifying (Franco & Navarro, 2018). Fortunately, the US FDA approved istradefylline 

and this now permits the continued monitoring of the disease course in order to evaluate the 
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neuroprotective effects of istradefylline on the neurodegeneration underlying PD (Chen & Cunha, 

2020). 

2.9 To dual or not to dual 

Whether a selective A2A AR antagonist or a dual A2A and A1 AR antagonist is the best approach 

towards treating the symptoms of PD between treatment is unclear (de Lera Ruiz et al., 2013; 

Shook & Jackson, 2011). Based on published preclinical and clinical data, it seems that most 

researchers are searching for selective A2A AR antagonists in order to minimize possible 

cardiovascular effects caused by interaction with the A1 AR (Sollevi, 1986). Other consider A1 AR 

antagonism a necessary feature to address unmet medical needs of PD (such as mild cognitive 

impairment and dementia) (Mihara et al., 2007; Shook et al., 2010). For instance, the dual A2A 

and A1 AR antagonists ASP5854 and JNJ-40255293 (Figure 2–6) showed promising effects in 

animal models of PD neurodegeneration (A2A) and motor symptoms (A2A), as well as cognitive 

dysfunction (A1) (Atack et al., 2014). 
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Figure 2-6: The chemical structures of ASP5854 and JNJ-40255293. 

2.10 Xanthine- versus non-xanthine based adenosine receptor antagonists 

Generally, AR antagonists are categorized as either xanthine or non-xanthine based derivatives. 

While diverse classes of A1 and A2A AR antagonists have been documented, most of these 

compounds were derived from xanthine based derivatives which, in some cases, showed poor 

water solubility and oral bioavailability, central nervous system penetration and considerable 

species differences in terms of receptor binding affinity (Müller & Jacobson, 2011). As stated, 

even the first in class selective A2A AR antagonist istradefylline (a xanthine based compound) 

showed low photostability (Fuxe et al., 2003; Hockemeyer et al., 2004; Nonaka et al., 1993). Due 

to these undesirable physical-chemical properties of xanthine based derivatives, the focus has 

shifted from xanthine to non-xanthine based heterocycles (de Lera Ruiz et al., 2013). 

The xanthine scaffold is present in almost all compounds discussed above, and although 

xanthines are the classical AR antagonists, it is necessary to identify additional classes of A1 

and/or A2A AR antagonists (Ji et al., 1996). 
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A variety of non-xanthine based scaffolds have been reported with interesting structure-activity 

relationships (SAR) (de Lera Ruiz et al., 2013; Shook & Jackson, 2011). As discussed in 

Chapter 1, the flavonoids (Jacobson et al., 2002; Ji et al., 1996) and the extended family of the 

flavonoids, specifically the chalcones (Vazquez‐Rodriguez et al., 2013). The chalcone chemical 

structure (that contains an α,ß-unsaturated carbonyl system) is structurally diverse (Zhuang et 

al., 2017). Aurones, like the other members of the flavonoid family, also possess A1 and/or A2A 

AR affinity (Jacobson et al., 2002) and served as inspiration for chalcone based 

benzocycloalkanone derivatives (2-benzylidene-1-tetralone derivatives), generating compounds 

with A1 and/or A2A AR affinity in the micromolar-range (Janse van Rensburg et al., 2017; Legoabe 

et al., 2018). Therefore, structural modifications to members of the flavonoid family, specifically 

the aurones and benzylidene tetralone analogues with micromolar affinity may be a starting point 

to obtain compounds with nanomolar affinity as novel lead-like or even drug-like AR antagonists 

for the potential treatment of neurological conditions. As such, Chapters 3–7 will focus on the 

non-xanthine based chalcones and structurally related compounds (2-benzylidene-1-indanone, -

tetralone and 2-benzoyl-1-benzofuran derivatives) as A1 and/or A2A receptor antagonists for the 

potential treatment of neurological conditions, specifically PD. 
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CHAPTER 8: CONCLUSION 

A CALL TO ACTION ANSWERED 

A call to action was issued, and herein, answered; almost 100 chalcones and structurally related 

compounds were synthesised, characterized and evaluated as adenosine A1 and/or A2A receptor 

antagonists for the potential treatment of the neurological condition Parkinson’s disease (PD). 

Indeed, just as the potential of the xanthine based caffeine was observed before its interaction 

with adenosine and its receptors was suspected, the extended family of the flavonoids (a group 

of phytochemicals which are even more widespread in the human diet than the xanthines), namely 

chalcones and structurally related compounds are another class of compounds with biological 

activity due to adenosine receptor (AR) blockade. 

The aims of this thesis (set out in Chapter 1) were achieved by the design of chalcones and 

structurally related compounds as well as the synthesis, characterization and evaluation of these 

designed compounds as a non-xanthine approach to A1 and/or A2A AR blockade (as seen 

throughout Chapters 3–7). The hypothesis was proven correct; undeniably, structural 

modifications to members of the flavonoid family, specifically the aurones and benzylidene 

tetralone derivatives with micromolar affinity was a good starting point to obtain analogues with 

nanomolar affinity as novel lead-like AR antagonists for the potential treatment of neurological 

conditions. 

This culminated in the publication of five (5) original articles; with the focus on 2-benzylidene-1-

indanone, and to a lesser extent, -tetralone derivatives (Chapters 3–5), chalcones (Chapter 6) 

and 2-benzoyl-1-benzofuran derivatives (Chapter 7). The standout compounds of these almost 

100 chalcones and structurally related compounds were the 2-benzylidene-1-indanone 

derivatives 2c and 2e in Chapter 4; seeing as these compounds possessed nanomolar affinity 

against both A1 and A2A ARs. The chalcones yielded some selective A1 AR antagonists, with the 

best affinity in the series from compound 38 in Chapter 6 (Figure 8–1). The benzoyl benzofuran 

derivatives yielded a compound with both A1 and A2A affinity below 10 and 1 µM, respectively, 

namely compound 3j in Chapter 7 (Figure 8–1). (Additionally, the said benzoyl benzofuran (3j) 

showed low cytotoxicity.) 
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A1Ki (r) = 6.9 µM; A2AKi (r) = 0.16 µM  

Figure 8-1: The chemical structures and inhibition constant (Ki) values against adenosine A1 
and/or A2A receptors of compounds 38 (Chapter 6) and 3j (Chapter 7). 

Yet, none of the chalcones or structurally related 2-benzoyl-1-benzofuran derivatives yielded a 

compound with nanomolar affinity. Therefore, the focus of the conclusions drawn will be on the 

chalcone based benzocycloalkanones (2-benzylidene-1-indanones) 2c and 2e in Chapter 4. 

Various 2-benzylidene-1-indanone derivatives were designed with different substituents and 

substituent patterns on ring A and benzylidene ring B (as discussed in Chapters 3–5). Overall, 

two novel chalcone based benzocycloalkanone derivatives (or 2-benzylidene-1-indanones), 

namely 2c and 2e in Chapter 4 (Figure 8–2) showed A1 and A2A AR affinity in the nanomolar-

range and acted as A1 antagonists (and are the most potent of all chalcones and structurally 

related compounds from Chapters 3 to 7). 

O

OH
O

2c

A1Ki (r) = 41 nM; A2AKi (r) = 97 nM 

O

OH

OH

O

2e

A1Ki (r) = 42 nM; A2AKi (r) = 78 nM  

Figure 8-2: The chemical structures and inhibition constant (Ki) values against adenosine A1 
and/or A2A receptors of compounds 2c and 2e (Chapter 4). 

Structure-affinity relationships (SAR) showed that C4 methoxy-group substitution on ring A in 

combination with either meta (C3’) hydroxy-group or meta (C3’) and para (C4’) dihydroxy-group 

substitution on ring B of the 2-benzylidene-1-indanone scaffold increased both A1 and A2A affinity, 

compared to other substitution patterns. Additionally, a 5-membered ring C (as is the case with 

the benzylidene indanone scaffold) is preferred to a 6-membered ring C (benzylidene tetralone). 

Figure 8–3 illustrates the evolution of the chalcone based benzocycloalkanones; from 

benzylidene tetralones to the potent benzylidene indanones 2c and 2e. 
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Figure 8-3: Structure-affinity relationships of chalcone based benzocycloalkanone derivatives.
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The following deduction may be made from the 2-benzylidene-1-indanone derivatives: Ring A 

prefers substitution at the C4 position to the C5 position (Figure 8–4). Additionally, of the 

substituents C4 methoxy-group substitution is preferred to either hydroxy or morpholine 

substituents (C4 OCH3 > C4 OH > morpholine). 
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Figure 8-4: Substitution position C4 versus C5 on ring A of 2-benzylidene-1-indanones. 
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Furthermore, for A1 AR affinity ring B of the 2-benzylidene-1-indanone derivatives prefers 

substitution at the C3’ position (C3’ > C3’ & C4’ > C4’) and for A2A AR affinity substitution at the 

C3’and C4’ position is preferred (C3’ & C4’ > C3’ > C4’) (Figure 8–5). Therefore, the position and 

type of the substituent on ring A and benzylidene ring B is of the utmost importance. 
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Figure 8-5: Substitution position C3’ versus C4’ on ring B of 2-benzylidene-1-indanones. 

Thus far, the open chain flavone (i.e. chalcone) chemical structure has been a privileged scaffold 

in medicinal chemistry; due to the diverse chemistry and biology of this α,ß-unsaturated carbonyl 

system. However, the said system may be troublesome (it is perceived as a potential Michael 

acceptor). Yet, it easily allows for structural modification and introduction of a heterocyclic ring 

system (such as isoxazoles and pyrazoles among other heterocycles) (Figure 8–6) and may 

possibly be a synthon in future drug discovery. For example, the conversion of the 2-benzylidene-

1-indanone derivatives 2c and 2e to either isoxazole or pyrazole derivatives; thus, eliminating the 

reactive chemical substructure, while retaining the substituents on rings A and B as well as the  

5-membered ring C. The positions and type of substituents on both ring A and B as well as the 

size of ring C were shown to be important to attain both A1 and A2A AR affinity in the nanomolar-

range. 
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Figure 8-6: The chemical structures of isoxazole and pyrazole derivatives. 
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In addition to the future synthetic medicinal chemistry endeavours, future biological endeavours 

may include determination of the affinity of these compounds against other AR subtypes (A2B and 

A3) as well as dopamine, noradrenaline, serotonin and acetylcholine receptor subtypes. It would 

also be interesting to compare the affinities of the compounds against human ARs; seeing as at 

present rat brain membranes were used. After the cytotoxicity of these compounds are 

determined, in vivo evaluation of the promising test compounds in behavioural animal models 

relevant to PD, and even, other neurological conditions could follow. 

Based on the limitations of current PD treatment and the fact that istradefylline is the first and only 

selective A2A antagonists approved by the United States Food and Drug Administration (US FDA) 

and the first non-dopaminergic treatment to be approved in the last 20 years, the need is great 

for the design, synthesis and evaluation of novel compounds as adenosine A1 and/or A2A receptor 

antagonists with the potential for further development as agents for the non-dopaminergic 

treatment of PD. Perhaps, these compounds could satisfy the unmet medical needs of the 

disease; from neurodegeneration to motor symptoms and non-motor symptoms. As Dorsey and 

colleagues said, “the Parkinson pandemic is preventable, not inevitable” (Dorsey et al., 2018a; 

Dorsey & Bloem, 2018) and researchers must continue to answer the call to action. 
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(2E)-1-(3-aminophenyl)-3-(2-chlorophenyl)prop-2-en-1-one (39) 

1H NMR spectrum
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1-(3-{(E)-[(2-hydroxy-4-methoxyphenyl)methylidene]amino}phenyl)ethan-1-one (42) 

1H NMR spectrum

 

13C NMR spectrum
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1-(3-{(E)-[(2-hydroxy-5-methoxyphenyl)methylidene]amino}phenyl)ethan-1-one (43) 

1H NMR spectrum 

 

13C NMR spectrum

  



 

265 

MS

 

  



 

266 

1-(3-{(E)-[(3-bromo-5-chlorophenyl)methylidene]amino}phenyl)ethan-1-one (44) 

1H NMR spectrum
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1-(3-{(E)-[(5-chloro-2-hydroxyphenyl)methylidene]amino}phenyl)ethan-1-one (45) 

1H NMR spectrum 
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1-{3-[(E)-{[4-(diethylamino)-2-hydroxyphenyl]methylidene}amino]phenyl}ethan-1-one (46) 

1H NMR spectrum
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1-(3-{(E)-[(2H-1,3-benzodioxol-5-yl)methylidene]amino}phenyl)ethan-1-one (47) 

1H NMR spectrum
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1H NMR spectrum 
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(6-methoxybenzofuran-2-yl)(3-methoxyphenyl)methanone (3a) 
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(4,6-dimethoxybenzofuran-2-yl)(3-methoxyphenyl)methanone (3d) 

1H NMR spectrum 
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(4,6-dimethoxybenzofuran-2-yl)(4-methoxyphenyl)methanone (3e) 

1H NMR spectrum 
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(4-chlorophenyl)(4,6-dimethoxybenzofuran-2-yl)methanone (3f) 
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(2,4-dichlorophenyl)(4,6-dimethoxybenzofuran-2-yl)methanone (3g) 

1H NMR spectrum 
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(4-bromophenyl)(4,6-dimethoxybenzofuran-2-yl)methanone (3h) 

1H NMR spectrum 
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(5,6-dimethoxybenzofuran-2-yl)(3-methoxyphenyl)methanone (3i) 

1H NMR spectrum 
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(6,7-dimethoxybenzofuran-2-yl)(3-methoxyphenyl)methanone (3j) 

1H NMR spectrum 
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(6,7-dimethoxybenzofuran-2-yl)(4-methoxyphenyl)methanone (3k) 

1H NMR spectrum 
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(4-chlorophenyl)(6,7-dimethoxybenzofuran-2-yl)methanone (3l) 

1H NMR spectrum 
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(4-bromophenyl)(6,7-dimethoxybenzofuran-2-yl)methanone (3m) 

1H NMR spectrum 
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1H NMR spectrum 

 

13C NMR spectrum 
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