
The	characterization	of	pharmacokinetic	properties	and	evaluation	of	in	vitro	

drug	combination	efficacies	of	novel	antimalarial	compounds.	

LIZAHN	LAING	

Thesis	presented	for	the	degree	of	

DOCTOR	OF	PHILOSOPHY	

In	the	Division	of	Clinical	Pharmacology	

UNIVERISTY	OF	CAPE	TOWN	

March	2020	

Supervisor:	Assoc.	Prof.	Lubbe	Wiesner	

Co-supervisors:	Dr.	Liezl	Gibhard	

Prof.	Richard	Haynes	(North-West	University)	

Univ
ers

ity
 of

 C
ap

e T
ow

n



 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 

Univ
ers

ity
 of

 C
ap

e T
ow

n



 

The	 copyright	 of	 this	 thesis	 vests	 in	 the	 author.	 No	 quotation	 from	 it	 or	 information	

derived	from	it	is	to	be	published	without	full	acknowledgement	of	the	source.	The	thesis	

is	to	be	used	for	private	study	or	non-commercial	research	purposes	only.		

	

Published	by	 the	University	of	Cape	Town	 (UCT)	 in	 terms	of	 the	non-exclusive	 license	

granted	to	UCT	by	the	author.	



i 

Plagiarism	Declaration	

This	thesis,	“The	characterization	of	pharmacokinetic	properties	and	evaluation	of	in	vitro	

drug	combination	efficacies	of	novel	antimalarial	compounds”	has	been	submitted	to	the	

Turnitin	module	and	I	confirm	that	my	supervisor	has	seen	my	report	and	any	concerns	

revealed	by	such	have	been	resolved	with	my supervisor. 

Name:	Lizahn	Laing	

Student	number:	LNGLIZ003	

Signature:	

Date:	29	March	2020	



 
ii 

Acknowledgements	
This	PhD	would	not	have	been	possible	on	my	own	and	I	would	like	to	convey	my	sincere	

gratitude	to	those	who	assisted	and	supported	me	throughout	this	journey:	

Assoc	 Professor	 Lubbe	Wiesner,	 as	 supervisor,	 thank	 you	 for	 your	 expert	 guidance	

throughout	every	aspect	of	my	PhD	journey.	I	greatly	appreciate	the	time	and	resources	

you	 have	 invested	 into	my	work,	 as	well	 as	 the	motivation	 and	 faith	 you	 had	 in	me	 –	

without	it,	this	thesis	would	not	have	materialised.	

To	Dr	Liezl	Gibhard	as	co-supervisor	who	from	my	first	day	at	Pharmacology	made	the	

transition	into	the	lab	much	easier.	I	am	grateful	for	the	knowledge	you	shared	and	always	

being	available	to	discuss	data	and	being	a	sounding	board	for	my	thoughts.	Thank	you	

for	your	constant	support,	advice	and	encouragement	during	the	writing	phase.	

Prof	 Richard	 Haynes	 as	 second	 co-supervisor	 who	 was	 always	 available	 to	 provide	

support	and	offer	valuable	insights	on	results	as	well	as	the	reading	and	editing	of	this	

thesis.	Thank	you	for	the	opportunity	to	be	a	part	of	the	MRC	Flagship	project.		

My	colleagues	from	the	Division	of	Pharmacology:	Sumaya	Salie	and	Virgil	Verhoog,	

for	the	initial	activity	and	toxicity	screening	of	the	compounds,	as	well	as	always	being	

available	to	assist	with	anything	TC	related.	Mr	Trevor	Finch,	for	his	assistance	with	every	

early-morning	mouse	experiment.	Dr	Jill	Combrinck,	for	her	support,	motivation	and	the	

time	spent	reading	and	editing	chapters	of	my	thesis.	Alicia	Evans,	for	her	encouragement	

and	 interesting	 toxicology	 talks.	 You	were	 always	 available	 to	 assist	 with	 instrument	

issues	and	share	your	knowledge	and	experience,	 thank	you.	My	cheerleaders	Devasha	

and	Daniel,	for	their	genuine	friendship	and	with	whom	I	am	grateful	to	have	shared	in	

the	daily	struggles	of	this	PhD	experience.	

Most	 of	 all,	 I	would	 like	 to	 thank	my	 family	 for	 their	 unconditional	 love	 and	 support	

throughout	 this	 process,	 and	 constantly	 reminding	 me	 of	 God’s	 love,	 grace	 and	

faithfulness	 to	His	 children.	 To	my	parents,	 Johann	and	Elizna,	 and	my	sister	Richelle,	

thank	you	for	always	believing	 in	me	and	providing	everything	I	needed	to	pursue	my	

ambitions.	To	my	husband,	Marco,	for	the	love	and	patience	you	have	shown	every	step	

of	the	way	throughout	this	challenging	time.	The	 late-night	pep	talks	meant	more	than	

you’ll	ever	know.	I	am	deeply	grateful	to	have	you.	



 
iii 

Lastly,	 I	 am	 very	 grateful	 for	 the	 financial	 support	 received	 from	 the	 following	

organisations:	National	Research	Foundation	for	providing	scholarship	support	through	

the	NRF-DAAD	 Scholarship	 (Grant	number	 101613),	 as	well	 as	 the	University	of	 Cape	

Town	and	Department	of	Clinical	Pharmacology	for	additional	scholarship	funding.	

	

	 	



 
iv 

	

	

	

	

	

	

	

	

	

			 	 	 	 	 	Soli	Deo	gloria	

	

	 	



 
v 

Conference	Proceedings	
	

2016	 The	H3D	Symposium	2016	held	at	Goudini,	Cape	Town	on	23–26	November	2016.	Poster:	

Evaluation	of	Efficacies	and	Pharmacokinetics	of	Novel	Antimalarial	Compounds	

	

2017	 The	 South	African	 Society	 for	 Basic	 and	 Clinical	 Pharmacology	 Conference	 held	 at	 the	

University	of	the	Free	State	(Department	of	Pharmacology),	Bloemfontein	on	1–4	October	

2017.	 Poster:	 Evaluation	 of	 Efficacies	 and	 Pharmacokinetics	 of	 Novel	 Antimalarial	

Compounds	

	

2018	 Keystone	Symposia:	The	21st	Century	Drug	Discovery	and	Development	for	Global	Health	

held	 at	 the	 Hotel	 Palace	 Berlin,	 Berlin,	 Germany	 on	 17–20	 October	 2018.	 Poster:	

Evaluation	of	Efficacies	of	Novel	Antimalarial	Combinations	

	

	

	 	



 
vi 

Abstract	
Relief	of	the	global	malaria	burden	relies	on	the	management	and	application	of	effective	

therapies.	Unfortunately,	 the	continuous	development	of	resistance	to	 therapies	by	the	

deadliest	parasite	strain,	Plasmodium	falciparum,	has	made	the	treatment	and	control	of	

malaria	 much	 more	 difficult.	 Derivatives	 of	 the	 Chinese	 peroxidic	 antimalarial	 drug	

artemisinin	primarily	used	in	first-line	combination	therapy	for	treatment	of	P.	falciparum	

malaria	have	proved	to	be	highly	effective.	However,	their	use	also	is	now	compromised	

by	the	development	of	resistance	by	the	parasite	to	the	artemisinin	derivative	in	the	drug	

combination.	 This	 event	 emphasizes	 the	 need	 for	 ongoing	 development	 of	 new	 and	

effective	drug	combinations.		

This	 research	 aimed	 to	 identify	 efficacious	 combinations	 selected	 from	 a	 group	 of	

compounds	 known	 to	 induce	 oxidative	 stress	 by	 redox	 cycling	 combined	 with	 an	

artemisinin,	 which	 as	 an	 oxidant	 drug	 also	 induces	 oxidative	 stress	 but	 is	 unable	 to	

undergo	redox	cycling.	Combination	of	the	artemisinin	with	a	redox-active	compound	is	

expected	to	both	enhance	and	maintain	oxidative	stress	within	the	parasite’s	proliferative	

environment.	 These	 combinations	 should	 be	 used	 together	 with	 a	 third	 drug	 with	 a	

completely	different	mode	of	action,	such	as	a	quinolone.		

Selected	 amino	 artemisinins	 and	 redox	 active	 phenothiazines,	 phenoxazines,	

thiosemicarbazones,	and	quinolone	derivatives	were	 screened	 for	antimalarial	 activity	

and	mammalian	toxicity.	These	were	found	to	be	potently	active	(<100	nM)	against	NF54	

chloroquine-sensitive	(CQS)	and	Dd2	chloroquine-resistant	(CQR)	parasite	 strains,	and	

relatively	non-toxic	(>11	μM)	to	Chinese	Hamster	ovarian	(CHO)	cells.	The	compounds	

are	 thus	highly	selective	 for	P.	 falciparum,	as	revealed	by	 the	selectivity	 indices	(SI)	of	

>270.		

The	in	vitro	absorption,	distribution,	metabolism,	and	elimination	(ADME)	properties	of	

the	compounds	were	also	determined	through	the	application	of	specific	assays.		

In	 vivo	 pharmacokinetic	 (PK)	 profiling	 was	 also	 carried	 out	 by	 intravenous	 and	 oral	

administration	of	the	individual	compounds	to	healthy	C57BL/6	mice.	Biological	samples	

were	 analysed	 via	 liquid	 chromatography-tandem	 mass	 spectrometry	 (LC-MS/MS)	

bioanalytical	 methods,	 which	 were	 validated	 according	 to	 the	 fit-for	 purpose	
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recommendations	 by	 the	 FDA.	 Evaluation	 of	 the	 in	 vitro	 and	 in	 vivo	 profiles	 thereby	

facilitated	the	identification	of	suitable	combination	candidates.	

The	 phenoxazine	 and	 phenothiazine	 derivatives	 were	 identified	 as	 the	 best	 potential	

redox	partners	and	were	each	 investigated	in	combination	with	the	amino-artemisinin	

artemisone	through	fixed	ratio	isobole	analysis.			A	substantial	synergistic	interaction	was	

observed.		

Overall,	 the	 investigation	 enabled	 the	 identification	 of	 drug	 combinations	 that	 are	

potently	active	in	vitro.	This	synergistic	interaction	strongly	supports	the	redox	cycling	

rationale	 for	 identifying	 new	 antimalarial	 therapies	 and	 further	 suggests	 that	 such	

combinations	in	chemotherapy	may	delay	the	onset	of	resistance	to	the	new	agents.	The	

results	 strongly	 encourage	 further	 investigation	 of	 the	 in	 vivo	 pharmacokinetic	 and	

pharmacodynamic	(PK/PD)	relationships	of	these	combinations	in	the	humanized	murine	

model	of	P.	falciparum.	
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1.1 Project	Introduction	
The	high	global	prevalence	of	malaria	infection	remains	problematic	and	highlights	the	

persistent	 need	 for	 improved	 control	 and	 treatment	 measures,	 especially	 in	 endemic	

countries.	 Unfortunately,	 the	 effective	 control	 of	 malaria	 is	 hampered	 by	 increasing	

tolerance	 to	 first-line	 artemisinin-based	 combination	 therapies.	 Continuing	 efforts	 are	

underway	 at	 both	 academic	 institutions	 and	 industries	 to	 find	 new	 and	 effective	

compounds	in	the	hope	of	slowing	the	progression	of	drug	resistance	and	to	maintain	the	

progress	which	has	already	been	made	in	the	fight	against	the	elimination	of	malaria.		

In	this	project,	it	is	proposed	that	newer,	more	stable,	artemisinin	derivatives	should	be	

combined	 with	 a	 redox-active	 compound	 to	 counter	 the	 progression	 of	 the	 parasite’s	

tolerance	towards	artemisinin	therapies.	This	proposal	is	based	on	evidence	that	suggests	

artemisinins	 function	 as	 intracellular	 oxidants.	 Amplification	 of	 this	 action	 by	 a	 redox	

partner	can	overwhelm	intrinsic	parasite	mechanisms	that	maintain	redox	homeostasis.	

The	effect	of	redox	 cycling	may	be	assessed	by	 the	known	redox	drug	methylene	blue	

(MB).	 The	 rapid	 oxidation	 by	 intracellular	 oxygen	 of	 the	 reduced,	 colourless	 form	

leucomethylene	 blue	 (LMB)	 back	 to	 MB	 provides	 a	mechanism	 to	 preserve	 oxidative	

stress	in	the	presence	of	an	artemisinin	derivative.	In	this	project,	new	compounds	are	

identified	as	potential	redox-combination	partners	with	an	artemisinin	derivative	using	

biological	screening	methods.	Their	ADME	properties	are	predicted	from	in	vitro	assays	

and	then	evaluated	in	a	murine	model.	
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1.2 Background	of	the	disease	
1.2.1 The	global	malaria	burden	in	2019	

Malaria	is	caused	by	the	protozoan	Plasmodium	parasite	and	is	responsible	for	millions	of	

infections	occurring	predominantly	in	tropical	and	sub-tropical	regions	of	the	globe.	Five	

different	 species	 of	 Plasmodium	 can	 infect	 humans,	 namely	 P.	 falciparum,	 P.	 vivax,	 P.	

malariae,	P.	ovale	and	P.	knowlesi.	The	highest	prevalence	of	malaria	infections	outside	of	

Africa	arise	from	P.	vivax,	occurring	mainly	in	South-East	Asia,	the	Western	Pacific	and	

some	 parts	 of	 the	 Americas.1	 However,	 falciparum	 malaria	 has	 the	 widest	 global	

distribution.	It	is	most	prevalent	in	Africa	and	results	in	the	highest	mortality	rates.2,3		

According	 to	 the	 World	 Health	 Organisation	 (WHO)	 2019	 World	 Malaria	 Report,	 an	

estimated	 228	million	 cases	 (95%	 CI:	 206–258	million)	 of	 malaria	 occurred	 in	 2018	

(Figure	1-1),	compared	to	231	million	cases	(95%	CI:	211–260	million)	in	2017.1	Of	these,	

an	estimated	213	million	(93%)	occurred	in	the	WHO	African	region.	The	remainder	was	

made	up	of	cases	in	the	WHO	South-East	Asia	Region	(3.4%),	WHO	Eastern	Mediterranean	

Region	(2.1%),	Western	Pacific	region	(0.8%),	and	the	Americas	(0.4%).	Encouragingly,	

the	 global	 estimated	 deaths	 from	 malaria	 per	 year	 was	 reported	 to	 have	 decreased	

considerably	from	585	000	in	2010	to	405	000	in	2018.	Children	under	the	age	of	5	are	

particularly	 susceptible	 to	 the	 disease	 and	 constituted	 272	000	 deaths	 in	 2018.	

Unfortunately,	there	are	still	many	challenges	to	overcome	in	accomplishing	the	goals	that	

the	WHO	has	 set	out	 in	 their	Global	Technical	Strategy	 for	Malaria	 for	2016–2030,	 for	

achieving	 malaria	 elimination.	 Of	 these,	 the	 goals	 to	 eliminate	 malaria	 transmission	

within	 countries	 and	 the	 prevention	 of	 re-establishment	 of	malaria	 from	malaria-free	

countries	are	important	focus	points	of	research	in	drug	discovery	and	development.1	In	

order	to	preserve	sustainable	drug	discovery	and	development	of	antimalarial	drugs,	new	

alternative	therapies	with	the	best	prospects	for	being	developed	should	be	prioritised.4	
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1.2.2 Biology	and	clinical	features	of	Plasmodium	falciparum	

The	 prokaryotic	 parasite	 P.	 falciparum	 is	 transmitted	 by	 the	 female	 mosquito	 of	 the	

species	complex	Anopheles	and	causes	the	vector	borne	disease	malaria.5	The	lifecycle	of	

P.	falciparum	requires	two	hosts	and	encompasses	three	major	developmental	stages	-	the	

mosquito,	liver,	and	blood	stages.6	The	lifecycle	begins	when	sporozoites	from	an	infected	

mosquito	 are	 injected	 into	 the	 human	 host	 during	 a	 blood	 meal	 (Figure	 1-2a).	

Development	and	replication	within	the	human	can	be	divided	 into	the	liver	stage	and	

blood	stage	cycles	(Figure	1-2b).	The	blood	stage	parasites	are	responsible	 for	disease	

manifestation	and	the	production	of	gametocytes.	The	lifecycle	continues	in	the	mosquito	

vector	 once	 a	 mosquito	 takes	 a	 blood	 meal	 from	 an	 infected	 human,	 which	 initiates	

gamete	 maturation	 during	 the	 sporogonic	 cycle.	 Mature	 oocysts	 rupture	 and	 release	

sporozoites	which	initiate	a	new	proliferation	cycle.7,8	 

	

	

	

Figure	1-1:	Map	of	malaria	cases	per	1000	population	at	risk	by	country	in	2018.	Image	
reproduced	from	the	WHO	World	Malaria	Report	2019.1			
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Clinical	 manifestation	 of	 malaria	 infection	 occurs	 during	 the	 blood	 stage	 and	 is	

categorized	as	either	uncomplicated	or	severe	malaria.	The	general	symptoms	of	malaria	

infection	 are	 described	 as	 nonspecific	 and	 flu-like,	 and	 may	 include	 fever,	 headache,	

fatigue,	 jaundice	and	 gastrointestinal	disturbances.10	As	 result	of	 this,	 diagnosis	of	 the	

malaria	 infection	 is	 sometimes	 overlooked,	 which	 causes	 a	 delay	 in	 treatment	 and	

escalation	of	the	severity	of	the	infection.	Fatal	complications	my	arise	in	the	case	where	

the	 diagnosis	 and	 treatment	 are	 not	 promptly	 initiated.	 This	 is	 referred	 to	 as	 severe	

malaria	in	which	P.	falciparum	can	cause	obstruction	and	eventual	rupture	of	the	small	

capillaries	of	the	brain	by	sequestered	parasites.7		Severe	malaria	is	frequently	found	in	

young	 children	 and	 presents	 more	 serious	 symptoms	 such	 as	 multiple	 convulsions,	

impaired	 consciousness,	 respiratory	 distress,	 spontaneous	 bleeding	 and	 pulmonary	

oedema.10	A	patient	is	diagnosed	with	malaria	if	positive	parasitological	diagnostic	tests	

confirm	the	symptoms	of	malaria.	The	traditional	method	of	diagnosis	is	by	observation	

of	Giemsa-stained	infected	erythrocytes	under	light	microscopy	(Figure	1-3).11		

Figure	1-2:	The	two-phase	parasitic	lifecycle	of	Plasmodium	in	a)	the	Anopheles	vector	
and	 b)	 the	 human	 host.	 Reprinted	 from	 Trends	 in	 Parasitology,	 35(6),	 Maier	 A.G,	
Matuschewski	K.,	Zhang	M.	and	Rug	M.,	Plasmodium	falciparum,	1-2,	Copyright	(2019),	
with	permission	from	Elsevier.9  

a	 b	
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1.2.2.1 Life	cycle	in	the	mosquito	

Mature	male	and	female	gametocytes	are	taken	up	by	the	mosquito	during	a	blood	meal.12	

Plasmodium	parasites	within	the	mosquito	vector	(Figure	1-2a)	undergo	maturation	and	

DNA	replication	to	form	microgametes	(male)	and	macrogametes	(female).13,14	Gametes	

travel	 to	 the	 midgut	 of	 the	 mosquito	 and	 fuse	 to	 form	 a	 zygotes	 which	 mature	 into	

ookinetes.	Ookinetes	 cross	 the	 epithelial	 cell	wall	 of	 the	mid-gut	 and	 become	 oocysts,	

containing	sporozoites.15	The	mosquito	life	cycle	is	complete	when	the	oocysts	rupture,	

releasing	 sporozoites	after	which	 they	migrate	 to	 the	 salivary	 glands	 of	 the	mosquito.	

Transmission	of	the	parasite	can	occur	at	the	next	blood	meal.16	

	

1.2.2.2 Life	cycle	in	humans	

Sporozoites	 contained	 in	 the	 salivary	 glands	 of	 mosquitoes	 are	 injected	 into	 the	

circulatory	system	of	a	human	host	during	a	blood	meal.	This	initiates	the	exoerythrocytic	

stage	whereby	the	uninucleate	sporozoites	invade	the	liver	parenchymal	cells	5–21	days	

after	 the	 bite	 from	 an	 infected	 mosquito	 (Figure	 1-2b).	 During	 its	 time	 in	 the	 liver,	

sporozoites	develop	into	spherical	multinucleate	schizonts,	each	containing	thousands	of	

merozoites.	The	merozoites	are	released	into	the	bloodstream	upon	rupture	of	schizonts	

and	enter	the	red	blood	cells	(RBCs).	This	marks	the	start	of	the	blood	stage	where	the	

cyclical	production	of	merozoites	is	followed	(asexual	development),	or	the	formation	of	

Figure	 1-3:	 Thin	 blood	 smears	 of	 Plasmodium	 falciparum	 infected	 erythrocytes	
stained	with	Giemsa;	a)	small	ring	stage	trophozoites	and	b)	mature	trophozoites.	
Reproduced	 from	 [ACP	 Broadsheet	 no	 148.	 July	 1996.	 Laboratory	 diagnosis	 of	
malaria,	Warhurst	D.C,	Williams	J.E.,	49(7):533-8,	1996]	with	permission	from	BMJ	
Publishing	Group	Ltd.11			

a	 b	
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gametocytes	(sexual	development)	takes	place.17	Upon	entry	of	merozoites	into	the	RBC,	

small	ring-stage	parasites	develop	to	trophozoites	through	DNA	replication	and	mature	

into	schizonts	(Figure	1-4).	These	schizonts	rupture	from	the	RBC	and	can	release	8–36	

merozoites	 which	 may	 then	 infect	 new	 RBCs	 and	 start	 the	 blood	 stage-schizogony	

again.6,17	 This	 recurring	 cycle	 of	 invasion	 and	 rupture	 manifests	 as	 the	 clinical	

presentation	of	the	disease,	which	results	in	intervals	of	fever.	Merozoites	that	do	not	go	

on	to	form	trophozoites	and	schizonts	become	uninucleate	gametocytes,	the	sexual	stage	

of	the	blood	stage	that	forms	male	and	female	gametocytes.	A	certain	portion	of	asexual	

blood	stage	parasites	circulating	 in	the	human	peripheral	blood	develop	into	male	and	

female	gametocytes	which	are	then	transmitted	to	the	mosquito	during	a	blood	meal.14,8,18	

	

	

1.2.3 Antimalarial	therapy	today	

Malaria	prevention	and	control	relies	greatly	on	collective	efforts	which	according	to	the	

WHO,	 should	 include	better	diagnostic	 tools	 for	early	detection	and	prompt	 treatment	

with	 effective	 drug	 combinations.	 The	 risk	 of	 infection	 is	 reduced	 by	 indoor	 residual	

spraying,	 long-lasting	 insecticide-treated	 mosquito	 nets	 and	 intermittent	 preventive	

therapy	 for	 pregnant	 women.1,19	 Development	 of	 vaccines	 against	 malaria	 have	 also	

featured	in	malaria-control	interventions	and	recently	the	vaccine	candidate	RTS,S/AS01	

Figure	1-4:	Giemsa	stains	of	the	major	morphological	stages	throughout	the	
intraerythrocytic	developmental	cycle.6				
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has	 been	 developed.	However,	Phase	 III	 clinical	 trials	 showed	 only	modest	 protection	

against	 infections.20	 Although	 the	 need	 is	 urgent	 for	 a	 vaccine	 that	 can	 provide	 long-

lasting	 sterile	 protection,	 the	 RTS,S/AS01	 vaccine	 candidate	 may	 still	 offer	 valuable	

protection	 in	conjunction	with	current	 therapies.21	Thus,	 the	search	continues	 for	new	

drugs	that	can	be	used	to	treat	and	effectively	prevent	the	spread	of	malaria	infections.	

A	review	by	Hooft	Van	Huijsduijnen	and	Wells	in	2018	highlighted	antimalarial	drugs	in	

early	and	clinical	development	that	are	mainly	active	against	blood	stage	schizonts.22	The	

blood	stage	parasites	are	the	primary	target	 for	drug	development,	because	this	 is	 the	

stage	of	the	disease	responsible	for	symptoms	and	patient	death.	In	the	last	decade,	the	

generation	of	new	compounds	targeting	previously	overlooked	molecular	targets	at	the	

blood	 stage	 has	 benefitted	 from	 collaboration	 between	 academic	 institutions	 and	

industry.	 These	 efforts	 have	 delivered	 leading	 compounds	 that	 are	 currently	 being	

evaluated	 in	 clinical	 trials.	 Examples	 include	 the	 spiroindolone	 KAE609	 developed	 by	

Novartis	which	targets	the	sodium	channel	PfATP4,23,24	the	imidazolopiperazine	KAF156	

developed	 by	Novartis25	 and	MMV390048	 developed	 by	 the	 University	 of	 Cape	Town	

which	targets	PfPI4-kinase.26		

	

1.2.3.1 Treatment	and	control	efforts	

Clinical	 treatment	 of	 malaria	 infections	 depend	 on	 several	 different	 classes	 of	 drugs	

designed	 to	 target	 specific	 phases	 of	 the	malaria	 life	 cycle.8	 As	 previously	mentioned,	

blood	stage	parasites	are	the	most	common	drug	target	and	the	focus	of	current	therapies.	

The	most	common	classes	used	for	antimalarial	treatment	include	quinoline	derivatives,	

antifolates,	artemisinins,	arylamino	alcohol	derivatives	and	some	antimicrobials	(Table	

1-1).27,28	 Some	 tetracycline	 and	 erythromycin	 antibiotics,	 like	 doxycycline	 and	

azithromycin,	 are	 considered	 useful	 against	 malaria	 and	 are	 mainly	 used	 for	

chemoprophylactic	 therapy.29	Although	slow	acting,	 they	 can	be	 clinically	useful	when	

combined	 with	 artemisinin	 derivatives	 or	 quinolones	 for	 the	 follow-up	 treatment	 of	

severe	malaria.30,31	Many	of	these	compounds	have	been	used	in	combination	therapy.	For	

example,	the	arylamino	alcohol	derivative	lumefantrine	is	co-formulated	with	artemether	

as	 CoartemÒ	 and	 administered	 in	 current	 first-line	 artemisinin-based	 combination	

therapy	 (ACT)	 regimens.	Figure	1-5	 summarises	 the	 chemical	 structures	of	 commonly	

used	drugs.	
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Table	1-1:	Examples	of	available	antimalarial	drugs	used	today.	

Class	 Category	 Drug	

Quinoline	derivatives	 4-amino	quinoline	

Chloroquine	

Amodiaquine	

Piperaquine	

	 8-amino	quinoline	 Primaquine	

	 Quinoline	methanol	

Quinine		

Quinidine	

Mefloquine	

	
Arylamino	alcohol	

derivatives	
Lumefantrine	

Antifolates	
Folate	antagonists;	

sulfadoxine	combination	

Pyrimethamine/	

Sulfadoxine	

	
Naphthoquinone;	folate	

antagonist	combinations	
Atovaquone/	Proguanil	

Artemisinin	and	

derivatives	

Sesquiterpene	

endoperoxides	

Artesunate	

Artemether	

Dihydroartemisinin	

Antimicrobials	 	

Tetracycline	

Doxycycline	

Clindamycin	

Azithromycin	

Table	adapted	from	Mishra	et	al.28		
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Figure	 1-5:	 Structural	 representation	 of	 clinically	 applied	 antimalarial	
drugs.		
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Quinoline	derivatives	
The	 quinoline	 derivative	 chloroquine	 (CQ)	 was	 once	 the	 most	 widely	 used	 of	 all	

antimalarial	drugs.	However,	due	to	widespread	 resistance	to	CQ,	 treatment	shifted	 to	

other	drugs.32,33	The	4-aminoquinolines	are	highly	active	against	the	blood	stage	of	the	

malaria	parasite	lifecycle	and	their	mechanism	of	action	is	proposed	to	selectively	inhibit	

haemoglobin	 (Hb)	 degradation	 by	 the	 parasite	 and	 thereby	 interfering	 with	 haem	

detoxification	(Figure	1-6).34,35		

	

	

Figure	1-6:	Haemozoin	formation	and	inhibition	by	CQ.	

	

Hb	is	transported	from	the	RBC,	though	the	parasite	cytosol	(PC)	and	into	the	digestive	

vacuole	 (DV).	Hb	 is	 digested	 to	 haem	 and	 peptides	by	 proteases.	 Fe(II)	 haem	 is	 auto-

oxidised	to	toxic	Fe(III)	haematin.	Haematin	is	sequestered	to	inert	haemozoin	crystals.	

The	dimerization	process	of	haematin	is	inhibited	by	quinoline	drugs	such	as	CQ.		
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Another	 quinoline	 derivative	 that	 has	 been	 used	 with	 considerable	 success	 is	 the	 8-

aminoquinoline	primaquine.	Currently,	 it	is	used	mainly	as	prophylactic	treatment	and	

for	the	radical	cure	of	P.	ovale	and	P.	vivax	infections,	or	as	a	single	dose	gametocytocide.36–

38	The	addition	of	primaquine	to	an	ACT	has	been	shown	to	shorten	estimated	gametocyte	

circulation	 times	 and	 thus	 hinder	 malaria	 transmission.39,40	 Tafenoquine,	 a	 newer	 8-

aminoquinoline,	 has	 greatly	 improved	 in	 vitro	 activity	 and	 in	 vivo	 half-life	 over	

primaquine.	 Concerns	 exist	 regarding	 the	 use	 of	 high	 doses	 of	 primaquine	 and	

tafenoquine	in	populations	with	glucose-6-phosphate	dehydrogenase	(G6PD)	deficiency,	

as	 the	 high	 dosages	 of	 these	 drugs	 may	 cause	 haemolytic	 toxicity	 in	 these	 deficient	

individuals.38,41	 Further	 demonstration	 of	 haemolytic	 toxicity	 was	 found	 in	 a	 study	

completed	by	Chu	et	al.,	where	the	standard	high	dose	of	piperaquine	(0.5	mg/kg	or	1.0	

mg/kg	per	day	 for	14	or	7	days,	 respectively)42,43	was	administered	 to	 investigate	 the	

radical	cure	efficacy	of	P.	vivax	malaria	on	the	Thai-Myanmar	border.42	However,	Bancone	

et	 al.	 recently	 reported	 the	 gametocytocidal	 potency	 of	 low	 dose	 (0.25	 mg	 base/kg)	

primaquine	without	clinically	relevant	haemolysis	in	G6PD	deficient	populations.44,45	

The	mechanism	of	action	of	8-aminoquinolines	was	poorly	understood,	but	very	recently	

it	has	been	shown	in	the	case	of	primaquine	that	gametocytocidal	efficacy	is	explicitly	due	

to	the	generation	of	reactive	oxygen	species	(ROS)	formed	by	redox	cycling	of	a	quinone-

imine	metabolite	generated	from	the	primaquine	in	vivo.46,47	Camarda	et	al.	demonstrated	

that	primaquine	exhibits	a	two-step	biochemical	pathway	through	CYP2D6	and	CYP450	

nicotinamide	 adenine	 dinucleotide	 phosphate	 (NADPH)	 oxidoreductase,	 which	 is	

essential	for	its	gametocytocidal	efficacy.	This	process	allows	oxidation	of	primaquine	by	

CYP2D6	to	hydroxy-primaquine.	Subsequent	oxidation	results	in	quinone-imine	and	the	

generation	of	 hydrogen	peroxide	 (H2O2).	 Quinone-imine,	 in	 turn	 is	 a	 substrate	 for	 the	

reducing	activity	by	CYP450	NADPH	oxidoreductase	and	results	in	H2O2	build-up.46	In	this	

sense,	the	conversion	of	primaquine	into	the	quinone-imine	metabolite	that	undergoes	

redox	cycling,	in	fact	mimics	the	behaviour	of	the	redox-active	drugs	indicated	above.	

	

Antifolates	
Antifolates	 are	 made	 up	 of	 two	 classes	 of	 drugs:	 dihydropteroate	 synthase	 (DHPS)	

inhibitors	(Class	I)	and	dihydrofolate	reductase	(DHFR)	inhibitors	(Class	II).	Sulfa	drugs	

are	 inhibitors	 of	DHPS	which	 inhibit	de	 novo	 folate	 synthesis	 in	 the	 parasite,	whereas	

DHFR	 inhibitors	 affect	 activity	 of	 the	 parasite's	 bifunctional	 DHFR-thymidylate	
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synthetase	 protein.	 Drugs	 of	 these	 two	 classes	 interact	 synergistically	 and	 are	 co-

formulated.48	 Examples	 of	 co-formulations	 include	 FansidarÒ	 (sulfadoxine	 +	

pyrimethamine)	or	MalaroneÒ	 (atovaquone	+	proguanil),	among	others.	 Sulfadoxine	+	

pyrimethamine	 are	 often	 used	 in	 combination	 with	 other	 drugs.	 In	 Uganda,	 triple	

combinations	 of	 sulfadoxine	 +	 pyrimethamine	 with	 CQ	 showed	 improved	 efficacy	

outcomes.49	 Combinations	 with	 amodiaquine	 or	 mefloquine	 was	 used	 as	 low-cost	

alternative	 and	effective	 treatment	 in	African	 regions	 of	 high	 CQ	resistance.	However,	

widespread	resistant	mutations	in	parasites	from	eastern	and	southern	Africa	have	since	

led	 to	 the	 efficacy	 surveillance	 of	 populations	 receiving	 those	 combinations	 and	 the	

implementation	 of	 ACT.50	 Today,	 the	 WHO	 recommends	 that	 sulfadoxine	 +	

pyrimethamine	 be	mainly	 used	 as	 intermittent	 preventative	malaria	 treatment	 during	

pregnancy.	It	is	also	provided	for	infants	in	moderate-to-high	transmission	areas	in	Africa.	

Sulfadoxine	 +	 pyrimethamine	 combinations	 with	 amodiaquine	 are	 prescribed	 for	

seasonal	malaria	chemoprevention	in	children	aged	3	–	59	months.51	

	

1.2.3.2 Artemisinins:	background	and	resistance	

The	most	effective	drug	class	is	based	on	the	peroxidic	compound	artemisinin.	These	have	

been	shown	to	be	fast	acting	and	are	currently	the	most	potent	antimalarial	drugs	against	

P.	 falciparum	malaria.52	Because	of	 their	 short	half-lives,	 their	use	as	monotherapy	 for	

uncomplicated	malaria	is	prohibited	by	the	WHO,	as	it	may	jeopardize	their	efficacy	by	

increasing	the	potential	for	emergence	of	resistance.53		

	

Background	
Traditional	Chinese	medical	 literature	describes	various	applications	of	 the	 traditional	

Chinese	 medicinal	 herb	 qinghao	 (Artemisia	 annua)	 that	 included	 treatment	 of	 fevers,	

jaundice,	itching,	and	usage	for	detoxifying	blood.54	In	the	late	1960’s	qinghao	and	other	

traditional	herbal	medicines	were	selected	 for	examination	against	malaria	by	Chinese	

scientists.	The	extracts	of	qinghao	were	 found	to	possess	antimalarial	activity.55,56	The	

active	principle	was	then	isolated	and	purified	in	1972	and	named	‘qinghaosu’,	the	'active	

principle	 of	 qinghao'.54	 Clinical	 trials	 were	 launched	 as	 early	 as	 1974	 and	 the	

pharmacology	 of	 artemisinin	 as	 an	 antimalarial	 drug	 was	 published	 by	 1979	 in	 the	

Chinese	Medical	Journal.57	As	resistance	against	previously	effective	drugs	such	as	CQ	had	
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begun	 to	 spread,	 the	 introduction	 of	 artemisinin	 was	 particularly	 timely,	 and	 by	 the	

1990’s	 it	 was	 widely	 used	 in	 Thailand,	 Burma,	 and	 Vietnam.	 Many	 derivatives	 of	

artemisinin	 have	 been	 developed	 over	 the	 years	 in	 order	 to	 optimise	 and	 maintain	

therapeutic	efficacy.55	

	

Mechanism	of	action		
Forty	years	after	publication	of	its	use	as	an	antimalarial	drug,	the	exact	mechanism	of	

how	artemisinin	elicits	its	antimalarial	effect	is	yet	to	be	defined.	However,	many	different	

theories	have	been	proposed.58,59	According	to	a	review	by	Edikpo	et	al.,	theories	on	the	

antimalarial	 activity	 of	 artemisinin	 fall	 in	 two	 categories:	 radical-dependent	 toxic	 and	

inhibitory	effects	of	artemisinin	on	vital	parasite	macromolecules,	and	interference	with	

the	parasite	Hb	degradation	and	haem	detoxification	pathways.60	Despite	 the	different	

theories,	 one	 fact	 is	 clear:	 the	 peroxide	 in	 the	 1,2,4-trioxane	 (Figure	 1-7)	 in	 the	

artemisinins	is	essential	for	antimalarial	activity,61–63	and,	therefore,	artemisinins	may	be	

classed	as	antimalarial	peroxide	drugs.		

	

	

Figure	1-7:	 The	 structure	of	 artemisinin	where	 the	1,2,4-trioxane	 is	 indicated	by	 the	
shaded	area.	

	

Increased	levels	of	ROS	occur	once	the	parasite	enters	the	host	RBC.	Oxidative	damage	to	

the	 RBC,	 resulting	 from	 the	 increased	 generation	 of	 lipid	 peroxides,	 leads	 to	 an	

unfavourable	environment	for	parasite	proliferation.64	The	parasite	is	presumably	able	to	

withstand	these	severe	conditions	during	its	intra-erythrocytic	proliferation	by	utilizing	

two	 inherent,	 highly-elaborate	 redox	 (reduction/oxidation)	 systems.	 The	 thioredoxin	
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(Trx)	 and	 glutathione	 (GSH)	 redox	 systems,	 among	 other	 additional	 mechanisms,	 are	

thought	to	play	a	pivotal	role	in	active	redox	defence.65		

These	 redox	 systems	 are	 dependent	 on	 a	 constant	 supply	 of	 NADPH.	 In	P.	 falciparum	

parasites,	NADPH	is	supplied	by	G6PD	and	6-phosphogluconolactonase	for	downstream	

redox	 reactions.66–69	 As	 shown	 in	 Figure	 1-8a,	 the	 presence	 of	 NADPH	 allows	 GSH	

reductase	(GR),	Trx	reductase	(TrxR),	and	other	flavin	disulfide	reductases70	 to	reduce	

flavin	 cofactors	 such	 as	 flavin	 adenine	 dinucleotide	 (FAD)	 and	 flavin	 mononucleotide	

(FMN).70–72	The	reduced	FAD	and	FMN	are	then	able	to	provide	electrons	for	the	reduction	

of	 oxidised	GSH	 (GSSG)	 and	Trx-disulfide	 (TrxS2)	 to	GSH	 and	 reduced	Trx	 (Trx(SH)2),	

respectively.	 This	 step	 essentially	 intercepts	 ROS	 and	 thereby	 maintains	 intracellular	

redox	homeostasis.73–75		

Artemisinins	have	been	shown	to	rapidly	oxidise	FADH2,	FMNH2,	and	other	reduced	flavin	

cofactors	 (Figure	 1-9).	 As	 further	 illustrated	 in	 Figure	 1-8b,	 this	 action	 will	 prevent	

downstream	 reduction	 of	 GSSG	 and	 TrxS2,	 interrupts	 the	 parasite’s	 cycle	 of	 redox	

homeostasis,	and	leads	to	potentiation	of	ROS.	It	is	this	production	of	ROS	that	is	believed	

to	 be	 responsible	 for	 parasite	 death.	 Therefore,	 artemisinins	 can	 act	 as	 exogenous	

peroxides	enhancing	the	generation	of	ROS,	which	overwhelms	the	delicately-balanced	

parasite	 antioxidant	 defence	 system.76	 Additionally,	 supply	 of	 	 NADPH	 via	 the	 G6PD-

catalyzed	 step	has	 to	be	enhanced	 in	 the	 infected	erythrocyte.	This	however	 is	 a	 rate-

limiting	 step,	 and	 the	 supply	 is	 unable	 to	 meet	 the	 demand	 for	 additional	 reducing	

equivalents	required	to	control	the	increased	oxidative	stress.72	
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Artemisinin-based	combination	therapy	
Currently,	the	WHO	recommends	that	artemisinins	only	be	used	in	ACT	for	uncomplicated	

malaria.79	 ACTs	 combinations	 became	 the	 first-line	 treatment	 regimens	 for	

uncomplicated	malaria	due	to	high	resistance	in	endemic	countries.	Since	the	first	ACT	

(artesunate	 +	 mefloquine)	 was	 released	 in	 Thai-Myanmar	 in	 1994,	 there	 have	 been	

multiple	other	combination	regimens	explored	which	include	an	artemisinin.80	According	

Figure	1-9:	Artemisinin	is	irreversibly	reduced	by	reduced	conjugates	of	flavin	cofactors	
FAD,	 FMN,	 and	 other	 reduced	 flavins,	 e.g.,	 riboflavin	 (RF),	 to	 the	 inert	
deoxyartemisinin.77,78		

	

Figure	 1-8:	Management	 of	 redox	 homeostasis	within	 the	 parasite.	 a)	 The	mechanism	of	
NADPH-modulated	 active	 redox	 defence	 in	 the	 Plasmodium	 parasite,	 which	 results	 in	
intracellular	 redox	 homeostasis.	 b)	 The	 addition	 of	 artemisinin	 disrupts	 efficient	 redox	
homeostasis	 and	 results	 in	 oxidative	 stress.	 Upon	 exhaustion	 of	 artemisinin,	 the	 redox	
homeostasis	 is	 re-established	 and	 maintained	 by	 the	 parasite.	 Fre,	 Flavin	 reductase.	
(Adapted	from	Haynes	et	al.,	2012)77		
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to	the	WHO	Guidelines	there	are	five	main	combinations	currently	in	use.	These	include:	

artemether	 +	 lumefantrine,	 artesunate	 +	 amodiaquine,	 artesunate	 +	 mefloquine,	

dihydroartemisinin	(DHA)	+	piperaquine,	and	the	triple	combination	of	artesunate	with	

sulfadoxine-pyremethamine.30	ACT	combinations	offer	the	advantage	of	a	highly	potent	

artemisinin	component	with	a	short	plasma	half-life	which	is	able	to	rapidly	reduce	the	

parasite	burden,	while	a	more	slowly	eliminated	drug	protects	formation	of	resistance	to	

the	artemisinin	and	clears	remaining	parasites	after	the	initial	drug	action.81	While	this	

approach	 has	 been	 effective,	 there	 has	 been	 increasing	 evidence	 of	 resistance	 being	

formed	against	the	partner	drug,	as	in	the	case	with	DHA	+	piperaquine	or	artesunate	+	

mefloquine	combinations.82,83	It	has	been	suggested	that	triple	ACT	(TACT)	therapies	may	

offer	 effective	 treatment	 and	 preserve	 artemisinin	 efficacy	 in	 efforts	 to	 mitigate	 the	

spread	 of	 resistance.84	 According	 to	 a	 review	 recently	 published	 by	 Rosenthal,	 this	

strategy	presents	two	main	advantages:	resistant	parasites	are	still	killed	by	artemisinins	

and	 ACT	 partner	 drugs	 have	 opposing	 resistance	 mechanisms.85	 Van	 der	 Pluijm	 and	

colleagues	demonstrated	the	efficacy	of	DHA	+	piperaquine	+	mefloquine	and	artemether	

+	lumefantrine	+	amodiaquine	TACT	in	a	multicentre	study	in	areas	which	had	established	

ACT	 resistance	 or	 a	 high	 threat	 thereof.	 The	 researchers	 concluded	 that	 these	

combinations	 are	 safe	 and	 efficacious	 in	 areas	 with	 artemisinin	 and	 partner	 drug	

resistance	 and	 that	 TACTs	 have	 the	 potential	 to	 delay	 the	 emergence	 and	 spread	 of	

resistance.84		

	

Artemisinin	resistance	
Artemisinins	 are	 notably	 effective	 and	 from	 2000–2015	 had	 a	 significant	 impact	 on	

malaria	 prevalence	and	 control.19	 In	 the	 early	 2000’s,	 ACTs	 started	 to	become	 readily	

available	in	the	highest-burden	countries,	after	resistance	to	the	then	first	line	therapies	

such	as	CQ	and	sulfadoxine-pyrimethamine	became	a	major	issue.86	From	2006	onwards,	

the	ACTs	were	 deployed	 as	 first-line	 therapy.87	 However,	 there	 is	 increasing	 evidence	

which	 shows	 that	 the	Plasmodium	 parasites	are	becoming	 resistant	 to	ACTs.	Declining	

clinical	 efficacy	 of	 DHA-piperaquine	 first-line	 treatment	 was	 recently	 reported	 in	

southeast	Asia.	Furthermore,	rapid	regional	spread	of	parasite	mutations	was	observed	

for	genes	associated	with	decreased	artemisinin	efficacy.88	This	emergence	of	resistance	

to	 ACTs	 highlights	 the	 ever-evolving	 nature	 of	 the	 parasite	 to	 generate	 resistance	 to	
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therapies,	and	the	pressing	need	for	new	therapies	which	may	overcome	the	problem	of	

artemisinin	resistance.	

Resistance	 to	 artemisinins	 is	 clinically	 defined	 as	 a	 delay	 in	 the	 time	within	which	P.	

falciparum	parasites	are	cleared	from	the	blood	of	a	malaria	patient	treated	with	an	ACT	

or	artesunate	monotherapy.89	The	first	evidence	of	ACT	resistance	was	reported	in	2009	

in	Pailin,	western	Cambodia	as	a	100-fold	 reduction	 in	parasite	 clearance	 rate.87	 Since	

then,	artemisinin	resistance	has	been	defined	as	a	parasite	clearance	half-life	≥5	hours	

following	 treatment	 with	 artesunate	 monotherapy	 or	 an	 ACT.90	 In	 2012,	 Phyo	 et	 al.	

examined	the	spread	of	resistance	from	Cambodia	to	the	Thailand-Myanmar	border.	The	

researchers	found	that	a	geometric	mean	of	parasite	clearance	times	increased	from	2.6	

hours	 in	2001	 to	3.7	hours	 in	2010,	 in	 comparison	 to	a	mean	of	5.5	hours	 in	western	

Cambodia	measured	between	2007	and	2010.91	Data	from	a	study	completed	in	2013	by	

Ashley	 et	 al.	 shows	 that	 artemisinin	 resistance	was	 already	 then	 firmly	established	 in	

parts	 of	 Myanmar,	 Cambodia,	 Thailand,	 and	 Vietnam	 which	 manifested	 as	 increased	

parasite-clearance	 times	 as	 a	 result	 of	 reduced	 susceptibility	 of	 ring-stage	 parasites.	

Despite	 the	 spread	 of	 resistance,	 the	 researchers	 found	 that	 ACTs	 remained	 highly	

efficacious.92	Importantly,	this	suggests	that	as	parasite	clearance	times	have	increased,	

greater	dependence	is	placed	on	the	partner	compounds	in	the	combinations	for	therapy	

to	maintain	efficacy.	The	authors	correctly	argue	that	one	option	to	delay	progression	of	

artemisinin	resistant	malaria,	 is	 to	prolong	the	course	of	 treatment	with	ACT	from	the	

standard	3-day	regimen.	By	extending	the	regimen,	in	which	a	3-day	artesunate	course	

was	followed	with	the	standard	3-day	ACT	course,	the	researchers	found	that	the	failure	

rate	decreased	by	a	factor	of	10	in	areas	of	established	resistance.92	The	suggestions	of	

extending	treatment	to	6-day	regimens	is	not	a	long-term	solution	but	may	provide	some	

relief	and	time	to	search	for	new	drugs.		

ACT	 resistance	 has	 been	 detected	 in	 five	 countries	 of	 the	 Greater	 Mekong	 subregion	

(GMS),	which	 includes	Cambodia,	Myanmar,	Lao,	Vietnam,	and	Thailand.54,79	Currently,	

five	ACTs	are	recommended	by	the	WHO	in	the	Greater	Mekong	subregion:	artemether	+	

lumefantrine,	 artesunate	 +	 amodiaquine,	 artesunate	 +	 mefloquine,	 artesunate	 +	

sulfadoxine-pyrimethamine,	 and	 DHA-piperaquine.	 However,	 first	 line	 treatment	with	

DHA-piperaquine	 in	 Thailand	and	Cambodia	has	 since	been	 replaced	with	 artesunate-

pyronaridine	 combinations,	 due	 to	 the	 increase	 of	 parasites	 resistant	 to	 DHA-
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piperaquine.1	Figure	1-10	shows	the	geographic	distribution	of	ACT	resistance	to	these	

antimalarials.79		

Winstanley	and	co-workers	proposed	that	the	mechanism	by	which	resistance	develops	

depends	 on	multiple	 factors,	 which	 include	 the	mechanism	 of	 drug	 action,	 efficacy	 of	

parasite	 elimination,	 PK	 profile	 of	 the	 drug,	 and	 parasite	 transmission	 dynamics.32	

Researchers	 discovered	 that	 a	 single-point	mutation	 on	 the	 parasite	 	 chromosome	13	

containing	a	gene	which	codes	for	the	Kelch13	protein	is	associated	with	longer	parasite	

clearance	 times.92,93	 Furthermore,	 research	by	Ashley	 et	 al.	 in	 2013	demonstrated	 the	

correlation	 of	 single-nucleotide	 polymorphisms	 in	 the	Kelch13	propeller	 domain	with	

slow	parasite	 clearance.	This	 finding	 is	 significant,	 as	 it	 can	be	used	and	developed	as	

molecular	marker	for	tracking	and	monitoring	of	the	spread	of	ACT	resistance.92		

	

	

No	alternative	treatment	option	with	the	efficacy	and	tolerability	of	ACTs	currently	exists	

and,	therefore,	the	emergence	of	artemisinin	resistance	is	a	matter	of	great	concern.	The	

rational	development	of	new	antimalarial	compounds	should	be	of	the	highest	priority	if	

Figure	1-10:	Geographic	distribution	of	ACTs	with	high	failure	rates	in	the	treatment	
of	P.	falciparum	infection	in	the	GMS.	The	countries	are	classified	by	the	number	of	
failing	ACTs	(>10%	treatment	failure)	after	2010.	Image	reproduced	from	the	WHO	
World	Malaria	Report	2018.79			
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the	 spread	 of	 resistance	 to	 ACT	 is	 to	 be	 controlled.	 The	 goal	 should	 be	 to	 develop	

compounds	with	longer	half-lives,	whilst	maintaining	rapid	efficacy	comparable	to	that	of	

the	current	clinically	used	artemisinins.94		
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1.3 The	search	for	new	drug	combinations	
In	a	review	by	Fidock	et	al.,	there	is	discussion	over	what	constitutes	an	ideal	antimalarial.	

According	to	the	authors,	 the	ideal	profile	 for	new	antimalarials	should	encompass	the	

following:	activity	against	drug	resistant	strains,	cure	rates	of	less	than	three	days,	safety,	

and	appropriate	formulations.	Most	importantly,	drugs	should	be	affordable	as	the	high-

burden	malaria-endemic	countries	often	have	limited	resources	and	would	not	be	able	to	

afford	expensive	treatment.95,96		

Guerin	et	al.	discuss	the	growing	consensus	that	combination	therapy	should	be	the	focus	

if	the	goal	is	to	control	the	spread	of	malaria	in	populations	living	in	areas	of	high	malaria	

endemicity.97	 Combination	 therapy	 offers	 an	 array	 of	 advantages	 over	 monotherapy.	

Firstly,	drugs	used	in	combination	should	be	more	effective	than	those	used	alone.	This	

highlights	the	principle	of	synergy,	which	is	a	‘favourable’	drug	interaction	and	can	greatly	

assist	 the	 potency	 of	 some	 drugs.	 Dorsey	 et	 al.	 demonstrate	 this	 principle	 with	 the	

improved	 efficacy	 of	 sulfadoxine	 +	 pyrimethamine	 combinations	 in	 African	 patients,	

where	 the	 use	 of	 combination	 therapy	 prolonged	 the	 lifespan	 of	 available	 treatment	

regimens	in	areas	with	drug-resistant	malaria.98		

It	is	important	to	note,	as	Fidock	emphasised,	that	drug	development	should	not	solely	

rely	on	synergism	to	offer	protection	against	resistance	selection,	because	if	one	of	 the	

partners	 in	 the	 combination	 experiences	 resistance,	 both	 components	 may	 lose	 their	

efficacy.95	In	contrast,	the	combination	of	amodiaquine	with	sulfadoxine-pyrimethamine	

improved	efficacy	outcomes	of	CQ	drug-resistant	malaria	infections	in	Eastern	Africa.50,98	

Therefore,	it	is	suggested	that	drug	combinations	can	reduce	the	selection	of	antimalarial	

drug	resistance	and	prolong	the	therapeutic	lifespan	of	available	treatments.	Finally,	if	the	

partners	in	combination	are	effective	against	different	stages	of	the	parasite	lifecycle,	the	

opportunity	exists	to	reduce	treatment	time,	dosing	concentrations,	cost,	and	toxicity.		

The	 use	 of	 drug	 combinations	 incorporating	 an	 artemisinin	 is	 now	mandated	 by	 the	

WHO.30,99	Because	of	their	short	half-lives,	artemisinins	are	less	prone	to	elicit	formation	

of	resistant	parasites.	Therefore,	drugs	combined	with	artemisinins	should	have	longer	

half-lives	to	delay	significant	selection	for	parasites	resistant	to	the	longer-acting	partner	

compound.100	 The	 need	 to	 select	 new	 compounds	 for	 combination	 therapy	 with	

artemisinins	or	derivatives	is	urgent,	to	counter	the	increasing	prevalence	of	resistance.		
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The	combination	of	an	artemisinin	with	a	new	redox	compound	whose	activity	synergizes	

the	 action	 of	 the	artemisinin	 should	elicit	 potent	 activity	against	 the	malaria	parasite.	

Importantly,	one	should	also	be	mindful	of	the	partner	compound’s	half-life	to	avoid	PK	

mismatch	 in	 these	 combinations.	 Half-lives	 should	 be	 long	 enough	 to	 eliminate	 any	

remaining	parasites	that	escaped	the	initial	rapid	clearance	by	the	artemisinin,	but	not	

extensively	 long	 as	 to	 leave	 the	 remaining	 partner	 compound	 susceptible	 to	 develop	

resistance.101	 The	 rational	 for	 this	 research	 project	 is	 to	 identify	 drugs	which	 amplify	

oxidative	 stress	 through	 their	 action	 against	 flavoenzyme	 cofactors	 which	 modulate	

intracellular	redox	homeostasis	utilizing	NADPH.70	These	redox	drugs	are	reduced	by	the	

same	flavoenzymes	responsible	for	maintaining	homeostasis.	The	reduced	drug	in	turn	is	

oxidized	back	to	the	original	 redox	molecule	by	 intracellular	oxygen	 in	a	reaction	 that	

generates	ROS;	thus,	redox	cycling	occurs.		

	

1.3.1 Oxidative	stress	and	malaria	

Oxidative	 stress	 is	 defined	 as	 the	 imbalance	 between	 antioxidants	 and	 pro-oxidants,	

whereby	 the	 latter	 are	 increased	 and	 oxygen-based	 damage	 to	 the	 host’s	 cellular	

environment	 ensues	 and	 antioxidant	 activity	 is	 diminished.102,103	 ROS	 and	 reactive	

nitrogen	species	(RNS)	are	the	most	prominent	agents	involved	in	oxidative	stress	and	

are	 generally	 cytotoxic.104	 Conversely,	 ROS	 and	 RNS	 also	 fulfil	 various	 protective	

biological	roles	in	host	defence	mechanisms,	such	as	cellular	signalling	and	apoptosis.97	

These	 molecules	 may	 include	 the	 free-radicals	 superoxide	 anion	 (O2.-)	 and	 hydroxyl	

radical	(.OH),	or	non-radicals	such	as	singlet	oxygen	and	H2O2.	ROS	play	an	important	role	

in	many	physiological	processes.	However,	if	an	imbalance	between	damaging	oxidants	

and	protective	antioxidants	takes	place,	then	the	system	experiences	‘oxidative	stress.’104	

Oxidative	 stress	has	detrimental	biochemical	 consequences	and	contributes	 to	 several	

human	 pathologies,	 such	 as	 cancer,	 vascular	 disease,	 neurodegeneration,	 and	

immunologic	 disorders.104,105	 Nitric	 oxide	 is	 another	 free	 radical	 species	 found	 in	

mammalian	cells.	Formed	from	oxidation	of	the	amino	acid	L-arginine	to	citrulline	via	the	

action	of	nitric	oxide	synthases,	it	is	an	important	mediator	of	blood	pressure	regulation,	

neurotransmission,	and	effector	immune	responses.104	Secondary	RNS	occurring	from	the	

production	of	nitric	oxide	are	highly	cytotoxic.	Nitric	oxide	is	more	stable	than	oxygen	free	

radicals	and	has	particular	affinity	for	reaction	with	haem-containing	proteins.106	
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It	is	proposed	that	during	infection	of	the	RBC	by	the	malaria	parasite,	ROS	production	

occurs	 via	 two	 distinct	 mechanisms;	 either	 by	 the	 activation	 of	 the	 host’s	 immune	

response,107	or	via	the	degradation	of	haem	within	the	DV	of	the	intracellular	parasite.108		

The	 first	 mechanism	 involves	 production	 of	 inflammatory	 cytokines	 tumour	 necrosis	

factor	alpha	and	interferon	gamma	in	response	to	infection	of	RBCs,	as	these	increase	ROS	

production	and	phagocytosis.107		

The	 second	 mechanism,	 as	 briefly	 described	 in	 Section	 1.2.3.1.,	 occurs	 following	 the	

metabolic	breakdown	of	Hb	 to	 haem	and	globin.	 The	 rapidly	growing	 and	multiplying	

parasite	 is	exposed	to	oxidative	stress	during	the	blood	stage	of	 the	 lifecycle,	resulting	

from	ROS	 formed	as	a	 by-product	of	Hb	metabolism.109	 Hb	 is	 the	main	 food	 source	 of	

parasites.	 As	 mentioned	 previously,	 Hb	 is	 metabolised	 in	 a	 stepwise	 manner	 in	 the	

parasite’s	acidic	DV.	The	haem	 [Fe(II)PPIX]	 is	separated	 from	globin	by	proteases.	The	

globin	 portion	 is	 further	 metabolised	 to	 peptides	 through	 various	 proteases	 that	 are	

utilized	for	parasite	growth.110	The	resulting	high	amounts	of	haem	is	toxic	to	the	parasite.	

Haem	has	been	shown	to	cause	redox	damage	to	host	proteins	and	membranes,	inhibit	

parasite	enzymes,	and	lyse	erythrocytes.111	The	main	pathway	of	detoxification	of	haem	

occurs	 via	 crystallization	 of	 hematin	 [Fe(III)PPIX],	 the	 oxidised	 form	 of	 haem,	 which	

results	in	the	formation	of	hemozoin	crystals	(haem	biomineral	or	malaria	pigment),	as	

described	by	Egan	et	al.112	and	occurs	mainly	in	the	DV	of	the	parasite	(Figure	1-11).113	

While	most	of	the	haem	is	detoxified	in	the	DV	by	conversion	to	haemozoin,	some	might	

escape	 into	 the	 parasite	 cytosol	 where	 it	 can	 cause	 substantial	 redox	 damage	 to	 the	

parasite	protein	and	membranes.109	Auto-oxidation	of	the	haem	to	haematin	results	in	the	

formation	of	several	ROS	species	such	as	O2.-,	.OH	and	H2O2.	The	radicals	are	detoxified	by	

the	parasite’s	inherent	antioxidant	and	redox	mechanisms.	The	dismutation	of	O2.-	to	H2O2	

and	oxygen	is	accomplished	by	superoxide	dismutase.	Trx	peroxidases	then	subsequently	

neutralises	H2O2	to	water.	By	interaction	with	transition	metals	such	as	labile	ferrous	iron	

(Fe(II)),	or	with	haem-Fe(II),	O2.-	and	H2O2	can	generate	 .OH	via	the	successive	result	of	

the	 Haber	Weiss	 and	 Fenton	 reactions,	 which	 are	 known	 to	 cause	 lipid	 peroxidation	

(Figure	1-12).114	Both	hematin	and	H2O2	are	considered	toxic	to	the	parasite	and	require	

neutralisation.70	
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1.3.2 Parasite	homeostasis	mechanisms	

Mammalian	cells	have	innate	mechanisms	which	are	the	first	line	of	defence	to	protect	

against	the	cytotoxic	actions	of	ROS.	Their	major	antioxidant	enzymes	can	be	categorised	

Figure	 1-11:	 Electron	 microscopy	 image	 of	 a	 P.	 falciparum	 infected	 erythrocyte	
containing	 a	 DV	 with	 hemozoin	 crystals;	 DV,	 digestive	 vacuole;	 Nu,	 nucleus;	 PM,	
parasite	plasma	membrane;	PVM,	parasitophorous	vacuole	membrane.113			

Figure	1-12:	Sources	of	reactive	oxygen	species	in	P.	falciparum.70			
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in	 three	 system.	 The	 first	 group	 includes	 superoxide	 dismutase,	 catalase	 and	 GSH	

peroxidase,	 which	 are	 responsible	 for	 the	 dismutation	 of	 superoxide	 and	 limits	 the	

formation	of	H2O2.	The	second	category	 is	 the	Trx-dependent	system	comprised	of	Trx	

and	peroxiredoxins,	which	 reduce	 protein	disulfides	and	 are	maintained	by	TrxR.	 The	

third	 group	 includes	 GR	 which	 converts	 H2O2	 to	 water,	 while	 reduced	 GSH	 scavenge	

.OH.104,115	

The	malaria	parasite	 is	particularly	 sensitive	to	oxidative	 stress	during	 its	blood	stage	

proliferation	phase,76,109,116	due	to	the	pro-oxidant	environment	in	the	RBC	that	contains	

oxygen	and	iron	which	are	key	elements	for	the	production	of	ROS.70	However,	malaria	

parasites	do	not	have	particularly	sophisticated	defence	systems.115		

Parasites	 utilize	 an	 inherent	 range	 of	 low	 molecular	 weight	 antioxidants.	 The	 most	

prominent	antioxidant	GSH,	together	with	Trx	systems,	form	part	of	thiol-redox	system	

which	are	vital	for	parasites	to	maintain	intracellular	homeostasis	(Figure	1-13).65,72,117	

These	pathways	require	enzyme	disulfide	reductases	such	as	GR	or	TrxR	to	reduce	GSSG	

to	GSH	and	reduce	other	endogenous	disulfides	to	thiols.	GSH	acts	as	an	electron	donor	

and	is	oxidised	to	GSSG	by	GSH	peroxidase	that	reduces	toxic	peroxides.	GR	reduces	GSSG	

back	to	GSH	using	NADPH	as	an	electron	donor	in	the	reaction.	NADP+	is	then	reduced	to	

NADPH	 through	 the	 pentose	 phosphate	 pathway,	 G6PD	 or	 6-phosphogluconate	

dehydrogenase.109,118	P.	 falciparum	 also	 possesses	 a	 functional	 Trx	 system	 comprising	

TrxR119,120	and	Trx-dependent	peroxidases121	as	well	as	a	1-cys-peroxiredoxin.122	The	Trx	

redox	cycle	is	proposed	to	be	essential	for	the	biological	function	and	survival	of	blood	

stage	 P.	 falciparum.123	 Other	 elements	 essential	 for	 the	 successful	 management	 of	

oxidative	stress	are	cellular	enzymes	such	as	G6PD	which	can	maintain	a	NADP,	NADPH,	

and	FADH-dependent	reducing	environment.104		
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CQ	 is	 an	 excellent	 example	 of	 a	 clinically	 used	 drug	 that	 exerts	 its	 effect,	 in	 part,	 by	

increasing	 oxidative	 stress,	 i.e.	 by	 preventing	 haem	 detoxification.	 This	 activity	 is	

postulated	to	be	enhanced	by	depleting	GSH.109	The	enzymes	described	in	this	section	are,	

therefore,	promising	targets	for	the	development	of	new	antimalarials.124		

	

1.3.3 Redox	combinations	

In	this	study,	the	investigated	therapeutic	approach	consisted	of	the	combination	of	two	

drugs	that,	 in	part,	elicit	 their	efficacy	by	creating	a	disruption	 in	the	redox	regulatory	

pathways	 in	P.	 falciparum.	 It	has	been	 shown	 that	P.	 falciparum	may	 be	 vulnerable	 to	

redox	 cycling	 drugs	 that	 are	 able	 to	 disrupt	 redox	homeostasis	maintained	within	 the	

parasite.	These	drugs	are	then	able	to	increase	intracellular	ROS	levels	and	overwhelm	

the	parasite	homeostasis	mechanisms.125,126	

Redox	 cycling	 drug	 combinations	 rely	 on	 the	 oxidant	 and	 redox-active	 drug	 to	 work	

together	 to	establish	and	maintain	 the	 intracellular	ROS	production.	The	parent	redox	

molecule	 is	 reduced	 in	 the	 presence	 of	 reduced	 flavin	 cofactors,	 such	 as	 FADH2	 and	

FMNH2.	 The	 oxidation	 of	 the	 reduced	 conjugate	 by	 intracellular	 oxygen	 restores	 the	

Figure	 1-13:	 Thioredoxin	 and	 glutathione	 redox	 systems.	 A	 proposed	 link	 of	 the	
thioredoxin	 and	 GSH	 redox	 cycles	 in	 Plasmodium	 by	 the	 reduction	 of	 GSSG	 via	
thioredoxin,	may	be	of	physiological	relevance	under	enhanced	oxidative	stress.70				
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parent	redox	molecule,	whilst	reducing	the	oxygen	in	a	reaction	that	produces	ROS.	The	

regenerated	 parent	 molecule	 is	 available	 again	 for	 reduction	 by	 the	 reduced	 flavin	

cofactors,	resulting	in	redox	cycling	and	build-up	of	ROS.	Additionally,	the	oxidant	drug	

component	 interrupts	 the	 electron	 transfer	 by	 the	 abrupt	 oxidation	 of	 reduced	 flavin	

cofactors.77		

An	example	of	the	action	of	the	oxidant	drug,	as	discussed	previously	in	Section	1.2.3.2,	is	

the	 reduction	 of	 artemisinin	 to	 the	 inert	 deoxyartemisinin,	 producing	 overwhelming	

build-up	of	ROS	in	the	parasite	(Figure	1-8)	resulting	in	parasite	death.	However,	redox	

homeostasis	 in	P.	 falciparum	 are	able	 to	 resume	once	artemisinin	 is	depleted,	 curbing	

these	effects.77,124	As	seen	with	MB,	disulfide	reductases	such	as	GR	and	TrxR	catalyse	the	

reduction	of	MB	by	NADPH.	As	shown	in	Figure	1-14,	the	resulting	LMB	is	then	rapidly	

oxidized	by	oxygen,	while	producing	H2O2.78,126,127	With	every	reaction	cycle,	NADPH	and	

oxygen	are	consumed	in	the	respective	oxidation/reduction	reactions	and	concurrently	

increasing	 the	production	of	ROS.127	Blank	et	al.	proposed	 that	 the	mechanism	 for	 the	

biological	 effects	 of	 MB	 are	 likely	 due	 to	 its	 redox	 cycling	 abilities	 together	 with	

modification	 of	 the	 lipophilicity	 of	 MB	 upon	 reduction	 to	 LMB	 through	 electron	

exchange.128	Through	this	action,	the	redox	component	of	combination	therapy	ensures	

that	the	generation	of	ROS	is	not	diminished	after	artemisinin	exhaustion	(Figure	1-15).	

	

Figure	1-14:	Redox	cycling	of	MB.	MB	is	reduced	by	disulfide	reductases	such	as	GR	and	
TrxR	in	the	presence	of	NADPH,	to	the	colourless	LMB,	which	in	turn	is	auto-oxidized	
back	to	MB,	resulting	in	the	production	of	ROS.127			
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While	 redox-active	 compounds	 like	 MB129	 or	 1,4-naphthoquinones66	 have	 shown	 to	

increase	 oxidative	 stress	within	 the	 erythrocyte,	 Belorgey	 et	 al.	 suggested	 that	 higher	

levels	of	oxidative	stress	may	serve	as	protection	against	malaria	infection	by	increasing	

ring-stage	 phagocytosis	 rather	 than	 by	 direct	 inhibition	 of	 parasite	 growth.125	

Furthermore,	the	safety	and	efficacy	of	MB	was	assessed	in	a	clinical	study	in	Burkina-

Faso	 in	 G6PD-deficient	 patients	 with	 uncomplicated	 falciparum	 malaria.130,131	

Combinations	 of	 MB	 with	 artesunate	 or	 amodiaquine	 administered	 to	 children	 with	

uncomplicated	malaria	 demonstrated	 enhanced	 overall	 efficacy	 by	 the	 addition	 of	 the	

redox	 partner.132	 Therefore,	 MB-like	 compounds	 are	 excellent	 candidates	 for	 drug	

combinations	and	their	potential	as	new	antimalarial	treatments.	

	

	

	

	 	

Figure	1-15:	Proposed	enhancement	of	intracellular	ROS	by	the	combination	of	redox	
compounds	such	as	MB	with	peroxidic	antimalarials	such	as	artemisinin,	resulting	in		
the	loss	of	redox	homeostasis	in	the	parasite	.78				
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1.4 Drug	development	for	malaria	
	

The	drug	discovery	pipeline	can	be	divided	 in	 two	main	areas	of	research:	pre-clinical	

(non-human	models)	 and	 clinical	 research	 (human	 studies).	 Pre-clinical	 research	 can	

further	be	subdivided	into	various	areas	of	speciality,	in	which	each	area	filters	the	best	

potential	candidates	that	could	qualify	for	clinical	studies.133	Figure	1-16	depicts	the	flow	

of	 compounds	 from	 early	 identification,	 to	 lead	evaluation,	 rational	design,	 and	 finally	

candidate	selection.	Drug	development	of	novel	antimalarial	compounds	can	be	achieved	

by	 many	 different	 approaches.	 Efforts	 have	 been	 made	 to	 improve	 drugs	 that	 are	

currently	used	in	antimalarial	therapy,	for	example,	by	optimising	the	parent	scaffold	for	

which	 parasites	 have	 acquired	 resistance.	 However,	 the	 discovery	 of	 novel	 classes	 of	

antimalarials	 more	 often	 relies	 on	 high-throughput	 screening	 (HTS)	 of	 compound	

libraries.134	

	

	

Drug	 discovery	 starts	 from	 the	 simplest	 (biochemical	 assays)	 and	 continues	 to	

increasingly	complex	models.	The	pipeline	produces	data	from	a	chain	of	experiments	and	

ultimately	 completes	 the	 PK/PD	 picture	 of	 the	 compound.135	 The	 pre-clinical	 drug	

discovery	phase	involves	the	initial	prediction	of	the	behaviour	of	compounds	in	cells	or	

Figure	1-16:	Drug	development	strategy	for	novel	antimalarial	drugs.134			
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the	 human	 body.	 In	 silico	 studies	 use	 computational	 models	 that	 mimic	 biological	

processes	and	environment	genomic-,	proteomic-,	and	metabolomic-derived	information	

identifies	potential	targets	to	be	used	by	computer-based	methods.136	These	methods	are,	

however,	limited	as	living	systems	consist	of	complex	components	and	in	silico	studies	are	

only	able	to	give	a	preliminary	overview	of	potential	drug	behaviour.137,138		

In	vitro	studies	represent	the	biology	of	the	disease	model	more	closely	as	they	use	cells	

which	are	isolated	either	freshly	from	an	organ	or	from	cultures	of	cells	and	tissues.	These	

models	 use	 homogenous,	 characterized	 cells	 that	 provide	 an	 economic	 solution	 for	

investigating	efficacy,	 toxicity,	 and	physicochemical	characteristics	of	new	compounds.	

However,	the	predictive	power	of	in	vitro	models	are	limited	by	their	isolation	from	the	

true	physiological	setting	of	a	living	organism,	as	many	hormonal	and	nutritional	factors,	

heterogeneity,	and	cellular	interactions	are	absent.139	While	it	should	be	acknowledged	

that	cellular	models	lack	the	complexity	of	animal	models,	in	vitro	studies	are	preferred	

for	identifying	lead	compounds	by	by-passing	the	ethical	issues	and	concerns	associated	

with	 animal	 testing.136,137	 It	 is	 advised	 that	 data	 from	 in	 silico	 and	 in	 vitro	 studies	 be	

combined	 during	 the	 identification	of	 lead	 compound,	 as	 they	 provide	 preliminary	PK	

data.140	

	

1.4.1 Antimalarial	drug-sensitivity	screening	

Drug	 discovery	 and	 development	 typically	 involves	 screening	 a	 library	 of	 compounds	

with	 several	modifications	or	variations	 to	 a	 scaffold,	 to	 identify	new	compounds	 that	

possess	useful	activity.	For	this	approach	to	be	feasible	and	efficient,	HTS	methodologies	

should	be	 in	place	 in	order	to	ensure	fast	 turn-around	time	of	data	between	medicinal	

chemists	and	biologists.	The	Medicines	for	Malaria	Venture	(MMV)	have	created	an	open	

source	drug	discovery	concept	that	allows	the	research	community	access	to	hundreds	of	

unique	 compounds	 for	 screening	 of	 antiplasmodial	 activity.	 This	 “Malaria	 Box”	 of	

potential	 chemical	 starting	 points	 can	 be	 obtained	 from	 the	MMV	 and	 can	 be	 used	 to	

investigate	potential	antimalarials	and	identify	how	these	compounds	function.134,141	

Many	 different	 techniques	 and	 technologies	 have	 evolved	 to	 evaluate	 potential	

antimalarial	 compounds.	 In	 vitro	screening	 of	 potential	 antimalarial	 compounds	 is	 the	

fundamental	method	of	identifying	compounds	with	antiplasmodial	activity	and	is	made	

possible	 through	 the	 ability	 to	 culture	 P.	 falciparum	 parasites	 in	 vitro	 in	 human	
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erythrocytes.	 This	 involves	 the	 proliferation	 of	 parasites	 in	 culture	 medium	 (CM)	

containing	human	erythrocytes,	serum,	and	controlled	atmospheric	conditions,	typically	

at	 37°C	 under	 reduced	 oxygen	 concentration.142	 A	 variety	 of	well-characterised	 drug-

sensitive	and	drug-resistant	 clinical	parasite	 isolate	 strains	have	been	culture-adapted	

and	 are	 available	 from	 the	Malaria	 Research	 and	 Reference	 Reagent	 Resource	 Centre	

(MR4).		

New	compounds	are	typically	screened	against	a	drug-sensitive	parasite	strain,	such	as	

3D7	or	D10,	but	should	also	be	screened	against	a	drug-resistant	parasite	strain,	such	as	

W2	or	Dd2.	Using	both	types	of	strains,	one	can	determine	if	the	compound	is	susceptible	

to	cross	resistance,	in	which	resistance	to	one	drug	is	extended	to	other	drugs	with	similar	

modes	of	action.143	Continuous	culturing	of	parasite	strains	supports	the	development	of	

antimalarial	 drug-sensitivity	 assay	 systems.	 These	 antiplasmodial	 activity	 screens	 are	

used	to	identify	promising	novel	or	improved	drug	candidates,	their	potential	interactions	

in	drug-combinations,	and	to	assess	the	emergence	of	drug-resistant	parasite	strains.144	

For	decades,	the	gold	standard	assay	for	testing	efficacy	in	vitro	has	been	the	tritiated	(3H)	

hypoxanthine	uptake	assay,	developed	in	1979	by	Desjardins.145	This	assay	is	based	on	

the	principle	 that	multiplying	parasites	 require	exogenous	purines	 to	 incorporate	 into	

their	 DNA.	 Radiolabelled	 hypoxanthine	 is	 a	 DNA	 precursor	 that	 is	 incorporated	 into	

parasite	DNA	and	is	therefore	a	direct	measure	of	parasitaemia,	making	it	a	very	accurate	

method	 of	 determination	 of	 parasite	 viability.146	 Parasites	 are	 incubated	with	 the	 test	

compounds	in	CM.	3H-hypoxanthine	is	added	to	the	wells	and	incubated	for	an	additional	

incubation	period.	The	cells	are	harvested,	and	the	radioactive	counts	are	measured	using	

a	 scintillation	 counter.	 The	 50%	 maximal	 inhibitory	 concentration	 (IC50)	 values	 are	

determined	by	linear	regression	analyses	of	the	resulting	dose–response	curves.147		

The	 hypoxanthine	 assay	 is	 still	 widely	 used;	 however,	 it	 is	 a	 radioactive	 product	 and	

requires	costly	consumables,	expensive	instrumentation	and	has	several	steps	to	follow	

which	 makes	 it	 more	 challenging	 to	 use	 in	 a	 HTS	 environment.	 Furthermore,	 many	

laboratories	are	moving	away	from	the	use	of	radioactivity	for	the	detection	for	parasite	

growth	inhibition,	as	it	adds	to	the	complexity	and	cost	of	the	assay.95,144,148	The	parasite	

lactate	dehydrogenase	(pLDH)	assay,	a	colorimetric	screening	technique,	was	developed	

by	Makler	et	al.	in	1993.149	This	assay	indirectly	measures	the	number	of	viable	parasites	

by	the	measuring	of	absorbance	of	formazan,	a	product	of	the	metabolic	reaction	of	pLDH	

by	viable	parasites.	Although	this	assay	is	widely	used	for	pre-clinical	drug	screening,	it	is	
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considered	unfavourable	for	HTS	environments,	since	it	involves	expensive	reagents	and	

multistep	procedures.149		

A	 low-cost	 alternative	 for	 determining	 the	 antiplasmodial	 activity	 is	 to	 determine	 the	

parasitaemia	of	treated	and	control	parasites	by	counting	GIEMSA-stained	parasites	by	

light	 microscopy.	 However,	 this	 method	 is	 labour-intensive	 and	 is	 also	 subject	 to	

individual	variability.	Even	when	microscopists	are	highly	trained,	variability	in	counting	

and	assessing	developmental	stages	of	parasites	may	occur.148		

One	 assay	 that	 seems	 to	 solve	 the	 issue	 of	 time	 and	 cost	 is	 the	 SYBR	 Green	 (SG)	

fluorescence-based	assay	developed	by	Smilkstein	and	co-workers	in	2004.150	The	assay	

is	 reported	 to	 be	 as	 sensitive	 as	 the	 hypoxanthine	 assay	 and	 more	 suited	 for	 HTS	

environments	due	to	fast	results	and	inexpensive	preparation.147	Following	incubation	of	

parasites	 with	 candidate	 antimalarial	 compounds,	 the	 samples	 are	 incubated	with	 SG	

where	intercalation	of	the	SG	dye	with	parasite	DNA	occurs.	As	the	dye	intercalates	with	

DNA,	it	becomes	highly	fluorescent,	and	fluorescence	readings	are	obtained	with	a	plate	

reader.151	Although	the	assay	is	preferred	in	laboratory	settings	for	the	HTS	of	compound	

libraries,	 drawbacks	 such	 as	 the	 indiscretion	 of	 the	 dye	 between	 parasite	 and	 other	

double	stranded	DNA	present	limitations	to	the	sensitivity	of	field/clinical	samples	where	

host	DNA	is	present	in	white	blood	cells.151	

Downstream	efficacy	evaluation	involves	in	vivo	methods	which	have	been	developed	in	

murine	models	able	to	sustain	Plasmodium	infections.	The	oldest	assays	are	those	known	

as	the	4-day	suppressive	test,	developed	for	rodent	malaria	strains	such	as	the	P.	berghei	

strain.152	 Rodent	models	 have	 been	 used	 successfully	 for	 the	 identification	 of	 several	

antimalarials,	for	example,	mefloquine	and	artemisinin	derivatives.	The	investigation	of	

efficacy	in	animal	models	have	proven	to	be	a	fundamental	phase	in	the	drug	discovery	

and	 development	 pathway,	 as	 they	 provide	 useful	 information	 on	 efficacy,	 PK	

relationships	 and	 host-parasite	 interactions.95	 The	 drawback	 of	 non-primate	 animal	

models	 are	 that	 the	Plasmodium	 species	 that	 infect	 humans,	 are	 unable	 to	 infect	 non-

primate	animal	models.	The	exception	to	this	is	the	humanized	mouse	model,	in	which	

immunocompromised	mice	were	developed	to	sustain	a	P.	falciparum	infection	by	means	

of	continuous	engraftment	with	uninfected	human	erythrocytes.153	
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1.4.2 Absorption,	distribution,	metabolism,	and	elimination–	
properties	and	toxicity		

The	 importance	 of	 investigating	 the	 ADME	 properties	 and	 toxicity	 and	 the	 role	 these	

properties	play	in	the	success	of	new	drug	candidates,	were	highlighted	in	a	review	by	Li	

published	 in	 2001.	 These	 properties	 play	 an	 essential	 role	 in	 the	 bioavailability,	

metabolism	and	efficacy	of	successful	drug	candidates.154		Furthermore,	Kola	and	Landis	

have	 indicated	 that	 the	 major	 reasons	 for	 attrition	 of	 drugs	 in	 the	 discovery	 and	

development	pipeline	arises	because	of	lack	of	clinical	efficacy	and	safety.155	Therefore,	

early	introduction	of	ADME	and	toxicity	screening	during	the	drug	discovery	process	is	

advised.154	

Time	 constrained	 methodologies	 for	 rapid	 data	 turnaround	 of	 a	 large	 number	 of	

compounds,	however,	are	a	major	challenge	with	regards	to	early	screening.156	The	fact	

that	in	vitro	assays	are	designed	to	be	simple	and	offer	HTS,	comes	as	both	an	advantage	

and	disadvantage.	A	disadvantage	 is	 that	 they	do	not	 control	 for,	or	 consider,	complex	

factors	that	would	otherwise	be	observed	in	vivo.	The	absence	of	the	effect	and	control	of	

physiological	factors	such	as	blood	flow,	protein	binding,	and	pH	implies	that	there	is	no	

absolute	correlation	between	the	in	vitro	and	in	vivo	systems.	Interpretation	of	different	

assays	often	have	interrelated	relationships	such	as	solubility,	efficacy,	and	PK.157	For	this	

reason,	Eddershaw	et	al.	advises	that	 in	 vitro	screens	 should	be	used	as	a	 tool	 to	rank	

compounds	for	further	study,	rather	than	for	absolute	rejection	of	potential	candidates	

based	 on	 a	 single	 parameter.158	 The	 goal	 of	 ADME	 characterization	 is,	 therefore,	 to	

preliminarily	predict	in	vivo	behaviour	of	compounds	through	a	variety	of	experimental	

assays.	 These	 include	 assays	 to	 determine	 physicochemical	 properties	 and	 biological	

assays	using	subcellular	fractions,	cell	culture	tissues,	and	whole	organs.156	

	

1.4.2.1 Absorption	

The	 oral	 delivery	 of	 drugs	 is	 the	 favoured	 route	 of	 administration	 due	 to	 ease	 of	

administration.	This	creates	a	criterion	for	screening	of	new	compounds,	as	absorption	

should	 be	 effective	 in	 order	 to	 achieve	 in	 vivo	 efficacy.159	 Passive	 diffusion	 across	 the	

intestinal	 epithelium	 driven	 by	 a	 concentration	 gradient	 is	 considered	 the	 major	

mechanism	of	absorption.	Physicochemical	 factors	of	drugs	that	have	an	impact	on	the	

extent	 of	 absorption	 include	 permeability	 and	 lipophilicity,	 enzymatic	 stability,	
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dissolution	 rate,	 acid	 dissociation	 constant	 (pKa),	 molecular	 size,	 and	 affinity	 for	

transporters.160	The	gastrointestinal	tract	(GIT)	is	a	complex	environment	and	therefore	

many	 biological	 factors	 can	 influence	 absorption	 such	 as	 the	 stomach	 emptying	 rate,	

intestinal	transit	time,	pre-systemic	metabolism	by	enzymes	of	the	GIT,	and	the	first-pass	

effect	 of	 the	 liver.161	 The	 permeability	 of	 a	 drug	 cannot	 be	 accurately	 estimated	 from	

physicochemical	factors,	such	as	pKa,	lipophilicity	and	solubility,	alone.		One	of	the	main	

reasons	for	this	is	because	multiple	drug-transport	pathways	exists.	An	in	vitro	model	is	

required	 for	 a	more	 accurate	 representation	 of	 the	 intestinal	mucosa.	 The	 Caco-2	 cell	

based-assay	is	currently	the	most	widely	accepted	model	for	 intestinal	permeability.154	

Caco-2	cells	are	cultured	in	24-well	plates	and	incubated	with	test	compound	to	measure	

the	uptake	 from	the	apical	side	to	 the	basolateral	side,	which	represents	 the	 intestinal	

lumen	and	blood,	respectively.162	

	

1.4.2.2 Distribution	

For	a	drug	to	exert	its	clinical	effect,	it	needs	to	be	distributed	to	the	relevant	tissues	upon	

absorption	into	the	blood	stream.	The	distribution	to	tissues	depends	on	blood	flow	to	

those	sites,	drug	solubility,	and	uptake	into	tissues.	For	an	average	adult	human	(70	kg),163	

the	total	body	water	is	between	50–70%	of	body	weight,	which	is	distributed	between	

four	 compartments	 namely:	 intracellular	 fluid	 (40%),	 plasma	 (5%),	 interstitial	 fluid	

(15%)	 and	 transcellular	 fluid	 (1%).	 Drugs	 move	 across	 epithelial	 barriers	 out	 of	 the	

plasma	 towards	 other	 fluid	 compartments	 or	 back	 into	 the	 plasma	 to	 establish	

equilibrium.	Drug	molecules	exist	in	different	compartments	either	bound	to	tissues	or	as	

unbound,	free	molecules,	as	well	as	in	equilibrium	between	ionized	and	unionized	forms.	

Therefore,	 the	 distribution	 of	 a	 drug	 between	 compartments	 are	 influenced	 by	 its	

physicochemical-	and	biochemical	properties,	 such	as	 the	pH	partition,	 the	 lipid-water	

partition,	 cell	 membrane	 permeability	 and	 the	 extent	 of	 protein	 binding	 within	 the	

compartments.164	

In	 terms	 of	 PK	 parameters,	 the	 volume	 of	 distribution	 (Vd)	 is	 the	 theoretical	 volume	

reflecting	the	relative	distribution	of	drugs	between	the	plasma	and	tissue	compartments.	

As	the	extent	of	distribution	depends	largely	on	the	protein	binding	and	lipophilicity	of	

the	drug,	those	that	are	mostly	confined	to	the	plasma	will	have	a	small	Vd,	while	those	

that	bind	significantly	to	tissues	will	exhibit	a	large	Vd.164,165		
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Exploring	 the	 plasma	 protein	 binding	 of	 a	 compound	 not	 only	 enhances	 our	

understanding	 of	 its	 PK	 profile,	 but	 also	 how	 tissue	 distribution,	 cell	 entry,	 receptor	

interactions,	and	availability	for	elimination	influence	its	pharmacological	effects.166	The	

determination	of	the	protein	binding	of	a	drug	candidate	is	not	a	parameter	by	which	a	

decision	regarding	a	candidate’s	longevity	is	determined,	but	rather	provides	insight	on	

its	performance	during	in	vitro	and	in	vivo	assays.	Therefore,	the	determination	of	protein	

binding	 is	 encouraged	 early	 in	drug	discovery	 in	order	 to	 aid	 in	 the	 understanding	 of	

distribution	or	mechanism	of	action.166	

	

1.4.2.3 Metabolism		

After	a	drug	has	been	taken	orally,	it	is	absorbed	into	the	bloodstream	and	transported	to	

the	 liver	 via	 the	hepatic	portal	 vein,	where	 it	 is	metabolised	by	 liver	enzymes.	Highly	

lipophilic	molecules	are	transformed	and	metabolised	for	eventual	excretion.	The	liver	is	

also	 responsible	 for	 the	 inactivation	 of	 other	 biologically	 active	 molecules	 and	

detoxification	of	potentially	toxic	chemicals.154,167	Typically,	the	parent	drug	is	subject	to	

transformation	to	more	polar	molecules	which	results	in	more	water-soluble	metabolites	

that	can	be	easily	excreted	form	the	body	through	the	kidneys	or	bile.		

Drug	 metabolism	 can	 be	 divided	 into	 two	 categories.	 Phase	 I	 metabolism	 consists	 of	

enzymes	 from	 the	 cytochrome	 (CYP)	 P450	 family.	 The	 CYP3A4	 human	 isoform	 is	

responsible	for	almost	50%	of	xenobiotic	metabolism.	Phase	II	enzymes	are	responsible	

for	 conjugation	 of	 the	 drug	 or	 metabolite	 and	 include	 uridine	 diphosphate-

glucuronosyltransferase,	 phenol	 sulfotransferase,	 and	 GSH-S-transferase.	 Multiple	

isoforms	of	Phase	II	enzymes	also	exists	in	a	similar	fashion	to	the	CYP	family.154		

Metabolic	stability	screening	is	performed	using	liver	microsomes,	isolated	enzymes,	or	

isolated	hepatocytes.168	Microsomes	express	the	major	drug-metabolizing	CYP	enzymes	

and	glucuronosyltransferase	that	are	responsible	for	drug	metabolism.		For	this	reason,	

they	are	typically	used	for	the	determination	of	metabolic	stability.169		
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1.4.2.4 Elimination	

Drug	elimination	is	the	permanent	removal	of	a	drug	from	the	body.	The	drug	is	either	

excreted	chemically	unchanged,	or	as	chemically	modified	active	or	inactive	metabolites.	

The	 body	 uses	 several	 pathways	 of	 elimination,	 which	 mainly	 involve	 the	 kidneys.170	

Renal	 excretion	 relies	 on	 the	elimination	 of	 polarized,	water	 soluble	molecules,	 either	

unchanged	or	as	their	metabolites.	If	drugs	are	too	lipophilic,	they	will	not	be	excreted	by	

the	kidney	and	instead	require	modification	by	the	liver	to	increase	their	hydrophilicity,	

via	Phase	I	or	II	biotransformation.	Following	metabolism	by	the	liver,	the	drug	will	pass	

through	the	large	intestine	to	be	excreted	in	the	faeces.	In	some	cases,	the	drug	may	be	re-

absorbed	 in	the	small	 intestine	and	distributed	 in	the	body,	depending	on	 its	chemical	

properties.	This	is	known	as	enterohepatic	recirculation.171	Other	pathways	of	excretion	

include	 the	 lungs,	milk,	sweat,	 tears,	 skin,	hair	or	 saliva	and	are	 considered	secondary	

processes	of	excretion.172	

	

1.4.2.5 Toxicity	

Unexpected	drug	toxicity	is	an	important	factor	for	the	withdrawal	of	a	drug	from	the	late-

stage	development	phases	or	even	from	market.	Cytotoxicity	may	arise	from	drug-drug	

interactions,	 metabolism,	 or	 because	 of	 species	 or	 organ-specific	 interactions.173	

Therefore,	investigation	of	drug	toxicity	is	vital	to	the	process	of	drug	discovery.		

Screening	methodologies	are	routinely	used	for	evaluation	of	toxic	mechanisms	in	early	

pre-clinical	 studies	 for	 the	 guidance	 of	 chemical-structure	 modification	 by	 medicinal	

chemists.	 These	 assays	 mostly	 use	 tumour	 cell	 lines	 which	 contain	 little	 drug-

metabolizing	capacity	and,	therefore,	reflect	the	compound’s	intrinsic	toxicity.	Metabolic	

stability	 screening	 using	 liver	 microsomes	 such	 as	 human	 hepatocytes,	 is	 preferable,	

however,	 because	 it	 enables	 metabolite	 formation	 and	 may	 predict	 in	 vivo	 human	

hepatotoxicity	more	accurately.154	

	

1.4.3 In	vivo	animal	model	

Various	animal	models	are	used	 throughout	 the	 stages	 of	 the	 drug	discovery	pipeline.	

Despite	the	ethical	concerns	mentioned	in	section	1.4,	in	vivo	evaluation	in	an	appropriate	

animal	model	can	be	instrumental	in	combination	with	in	vitro	screening	assays,	to	help	
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clarify	 in	vivo	outcomes.	Animal	models	are	very	useful	 in	describing	the	relationships	

between	tissue	concentrations	and	those	in	plasma	or	whole	blood.174	During	pre-clinical	

characterization	 of	 efficacy	 and	 toxicity,	 in	 vivo	 models	 can	 detail	 the	 time-course	

relationship	between	plasma	and	drug	concentrations	(PK	profile).	These	measurements	

can	then	be	correlated	with	the	time	course	of	efficacy	(pharmacodynamics).174	Various	

animal	species	are	used	during	these	investigations	and	may	include	mice,	rats,	dogs	or	

monkeys.175	 Animal	models	 are	 utilized	 in	 PK	 investigations	which	 can	 determine	 the	

concentration-time	 profiles,	 tolerable	 dose,	 drug	 interaction	 and	 toxicity	 of	 novel	

compounds	 during	 the	 candidate	 screening	 process.176,177	 PK	 studies	 involve	 taking	

multiple	blood	samples	over	a	period	of	time	after	a	dose	of	the	drug	was	administered	to	

healthy	 animals.178	 Compounds	 can	 be	 dosed	 singly	 or	 as	 part	 of	 a	 cassette	 dosing	

strategy,	which	involves	the	dosing	of	multiple	compounds	to	a	single	animal.	The	latter	

method	has	 the	advantage	of	HTS	of	 candidate	 compounds,	however	 this	method	also	

increases	 the	 likelihood	 of	 potential	 drug	 interactions.179	 The	 biological	 samples	 are	

quantitatively	 analysed	 and	 the	 resulting	 PK	 parameters	 allow	 interpretation	 of	 the	

ADME	properties	of	the	drug.178	While	ADME	screening	is	a	relatively	accessible	in	vitro	

system	 for	 studying	 the	 ADME	 properties	 of	 drug	 candidates,	 in	 vivo	 studies	 are	 still	

considered	to	deliver	the	most	conclusive	data	on	overall	drug	behaviour.180	Furthermore,	

data	from	preclinical	models	are	useful	in	describing	or	predicting	clinical	expectations.	

The	use	of	mathematical	tools,	such	as	physiology	based	PK	modelling,	allows	estimation	

of	PK	parameters	to	be	attained	in	clinical	studies.181	The	modelling	of	preclinical	PK	data	

together	with	pharmacodynamic	data	further	enables	the	projection	of	a	potential	clinical	

dose	 range.	 These	 models	 and	 simulations	 not	 only	 aim	 to	 provide	 more	 thorough	

understanding	of	the	efficacy	and	toxicity,	but	also	to	decrease	the	uncertainty	of	clinical	

outcomes	and	attrition	of	drug	in	downstream	development.182	
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1.5 Study	aim	and	objectives	
1.5.1 Aim	

The	 aim	 of	 this	 project	 is	 to	 identify	 compounds	 that	 are	 active	 and	 selective	 against	

sensitive	and	resistant	strains	of	P.	falciparum.	Favourable	compounds	will	have	their	PK	

evaluated	 in	 order	 to	 identify	 compounds	 with	 desirable	 properties.	 Lastly,	 further	

exploration	 in	 an	 in	 vitro	 combination	 model	 aims	 to	 identify	 favourable	 drug	

combinations	with	an	artemisinin	derivative	as	a	partner	drug.	

	

1.5.2 Objectives	

o Identify	and	select	compounds	that	are	active	against	drug-sensitive	and	resistant	

P.	 falciparum	 strains	 and	which	 could	 potentiate	 generation	 of	 ROS	 and	 redox	

cycling.		

o Develop	and	partially	validate	 quantitative	LC-MS/MS	methods	 for	 the	 selected	

compounds.	

o Determine	the	ADME	drug-like	properties	of	the	compounds	using	the	following	in	

vitro	 assays:	 kinetic	 solubility,	 lipophilicity,	 membrane	 permeability,	 plasma	

stability,	 plasma	 protein	 binding	 (PPB),	 microsomal	 protein	 binding,	 and	

metabolic	stability.	

o Evaluate	the	intravenous	and	oral	PK	profiles	of	the	compounds	over	24	hours	in	

a	mouse	model.	

o Select	the	compound(s)	with	the	most	favourable	properties	for	progression	into	

in	vitro	combination	analysis	with	an	artemisinin	derivative.	

o Test	the	compounds	in	vitro	for	potential	synergistic	interaction	against	the	NF54	

drug-sensitive	parasite	strain.		
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2 	Identification	of	potential	
antimalarial	drug	
candidates
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2.1 Introduction	
In	recent	years,	the	effort	to	develop	new	and	effective	antimalarial	drugs,	particularly	for	

treatment	 of	malaria	 caused	 by	P.	 falciparum,	 the	most	 severe	 of	 the	 five	Plasmodium	

parasite	 species	 that	 infect	 humans,	 has	 greatly	 increased.	 Although	mortality	 due	 to	

infection	by	P.	falciparum	has	steadily	declined	over	the	last	decade,79	the	P.	falciparum	

parasite	has	shown	signs	of	developing	resistance	to	first-line	therapies.54,79	As	discussed	

in	Chapter	1,	treatment	with	the	current	first	line	antimalarial	drugs,	collectively	referred	

to	as	ACTs,	has	experienced	increased	parasite	clearance	times	which	suggests	emerging	

resistance	against	the	artemisinin	component	in	the	combination	therapy.	More	recently,	

it	has	been	demonstrated	that	resistance	to	the	partner	drug	in	the	ACT	is	also	emerging	

79,183,184.	In	response	to	the	threat	of	emerging	resistance,	the	efforts	to	find	effective,	well-

tolerated	 and	 high-quality	 drugs	 for	 use	 in	 combination	 therapies	 malaria	 have	

increased.185,186		

To	 ensure	 that	 artemisinins	 remain	 effective,	 the	 new	 partner	 drugs	 chosen	 for	 the	

proposed	combinations	should	clearly	have	high	efficacy,	fast	action,	and	work	to	limit	the	

development	of	resistance,	by	having	a	different	mechanism	of	 action	and	 longer	half-

life.187	Achieving	the	goal	of	malaria	eradication	also	requires	a	shift	in	the	consideration	

of	the	type	of	molecules	considered	as	drug	candidates.	Several	biological	target	sites	have	

been	 identified	 within	 the	 various	 stages	 of	 the	 parasite	 life	 cycle	 and	 drugs	 can	 be	

designed	to	target	those	specific	sites.	Asexual	blood	stages	are	the	logical	target	site,	as	

these	 proliferating	 parasites	 are	 responsible	 for	 the	 clinical	 manifestations	 of	 the	

disease.188	 Furthermore,	 the	 importance	 of	 activity	 against	 sexual	 blood	 stage	

gametocytes	 that	 are	 responsible	 for	 transmission	 of	 the	 malaria	 parasites	 from	 the	

human	to	mosquito	is	now	especially	emphasized.	Any	drug	which	can	block	transmission	

of	resistant	parasite	phenotypes	for	example	will	greatly	assist	in	the	aim	of	quenching	

the	 spread	 of	 resistant	 malaria,	 and	 eventually	 assist	 in	 the	 final	 task	 of	 eradicating	

malaria.	

The	 drug	 discovery	 pipeline	 is	 constantly	 fed	 with	 new	 compounds.	 The	 MMV	 has	

proposed	a	set	of	target	candidate	profiles	(TCP)	which	may	be	applied	to	the	compound	

moving	through	the	early	screening	phases.	Although	not	a	prerequisite,	these	assist	in	

prioritization	of	the	many	leads	identified	during	screening	of	compound	libraries	(Table	

2-1).189	Novel	compounds	presenting	IC50	values	in	the	nanomolar	range	(<1	µM)	during	
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HTS	against	drug-sensitive	and	 drug-resistant	malaria	 strains,	 are	 deemed	 sufficiently	

active	and	are	progressed	to	the	next	phase.26,185		

	

Table	 2-1:	 Overview	 of	 MMV	 target-candidate	 profiles	 for	 lead	 identification	 and	
prioritization	during	drug	screens.189	

	

Whilst	antiplasmodial	potency	of	any	new	compound	 is	critical,	 its	cytotoxicity	against	

mammalian	cells	must	be	assessed	in	order	to	decide	on	the	suitability	of	the	compounds.	

As	the	mechanism	of	action	of	many	new	compounds	highly	active	against	 the	malaria	

parasite	 may	 not	 be	 known,	 it	 is	 important	 that	 toxicity	 towards	mammalian	 cells	 is	

established,	in	order	to	ensure	that	these	have	acceptable	therapeutic	indices.		

The	strategy	applied	 in	 the	collaborative	research	project	 is	 to	protect	 the	artemisinin	

component	by	including	new	partner	pro-oxidant	compounds	which,	via	redox	cycling,	

maintains	the	level	of	oxidative	stress	induced	in	an	incipient	sense	by	the	artemisinins.68	

The	 inclusion	 of	 a	 third	 partner	 for	 development	 of	 a	 potential	 TACT	 was	 also	

investigated,	 which	 involved	 derivatives	 of	 decoquinate	 (DQ),	 as	 their	 antiplasmodial	

activity	is	well	established.190	Through	the	addition	of	a	long	acting	third	partner	in	the	

combination,	 like	DQ,	 	any	parasites	remaining	 in	circulation	should	be	eliminated	and	

result	in	reducing	the	risk	of	recrudescence.			

The	 compounds	 investigated	 in	 this	project	were	 selected	 from	 five	different	 series	of	

derivatives	prepared	 in	the	Centre	of	Excellence	 for	Pharmaceutical	Sciences	at	North-

West	 University,	 South	 Africa	 and	 the	 School	 of	 Biomedical	 Sciences	 at	 Charles	 Sturt	
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University,	Australia.	Compounds	were	selected	based	on	their	favourable	in	vitro	activity	

against	 CQ-sensitive	 (CQS)	 and	 CQ-resistant	 (CQR)	 strains	 of	 P.	 falciparum,	 and	

cytotoxicity	 against	 mammalian	 cells.	 The	 compounds	 are	 representative	 of	 several	

different	parent	compounds	from	which	they	are	derived,	namely	phenothiazines	(AD01)	

based	 on	 MB,	 phenoxazines	 (PhX6),	 artemisinins	 (WHN012),	 thiosemicarbazones	

(DpNEt)	and	quinolones	(RMB005)	and	quinolines	(RMB059	and	RMB060)	derived	from	

DQ.	 The	 antiplasmodial	 activities	 against	 P.	 falciparum	 and	 the	 cytotoxicity	 of	 these	

compounds	are	presented	in	this	chapter.		
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2.2 Materials	
All	materials	used	 in	this	chapter	are	listed	 in	Appendix	A.	Only	materials	of	analytical	

grade	 or	 higher	 were	 used.	 Compound	 preparation	 was	 completed	 by	 the	 following	

institutions:	

WHN012:	Dr	Ho	Ning	Wong,	Centre	of	Excellence	for	Pharmaceutical	Sciences,	Faculty	of	

Health	Sciences,	North-West	University,	Potchefstroom,	South	Africa.191	

AD01:	Prof.	Jacques	Petzer,	Centre	of	Excellence	for	Pharmaceutical	Sciences,	Faculty	of	

Health	Sciences,	North-West	University,	Potchefstroom,	South	Africa	

PhX6	 &	 DpNEt:	 Prof	 Chris	 Parkinson,	 School	 of	 Biomedical	 Sciences,	 Charles	 Sturt	

University,	Orange,	NSW,	Australia.		

RMB005,	 -059	and	-060:	Dr.	Richard	Beteck,	Centre	of	Excellence	 for	Pharmaceutical	

Sciences,	 Faculty	 of	 Health	 Sciences,	 North-West	 University,	 Potchefstroom,	 South	

Africa.192	

	

2.2.1 Sample	preparation	

The	preparation	of	all	samples	used	in	this	chapter	is	described	in	Appendix	A.	

	

2.2.2 Methods	

Parasite	 culturing	 methods	 and	 parasite	 survival	 assay	 methods	 are	 described	 in	

Appendix	A.		

All	 activity	 and	 cytotoxicity	 screening	 were	 completed	 by	 the	 Division	 of	 Clinical	

Pharmacology	at	the	University	of	Cape	Town,	except	for	RMB005,	RMB059	and	RMB060	

which	were	previously	completed	by	Beteck	et	al.,192,193	as	referenced	in	Table	2-3.	The	

author	of	 this	 thesis	determined	the	 in	vitro	antiplasmodial	activity	of	PhX6	and	AD01	

against	the	NF54	CQS	P.	falciparum	parasites.	
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2.2.2.1 Culturing	of	parasites	

In	brief,	parasite	stocks	obtained	from	MR4	were	maintained	at	5%	haematocrit	in	CM	

and	washed	O+	human	RBCs,	according	to	the	modified	method	of	Trager	and	Jensen.142	

Cultures	were	kept	under	an	atmosphere	of	3%	O2,	4%	CO2,	93%	N2,	 and	 incubated	at	

37°C.	Medium	was	replaced	every	48	hours	under	sterile	conditions.			

	

2.2.2.2 pLDH	metabolic	assay	

The	pLDH	assay	is	a	metabolic	method	described	by	Makler	et	al.	to	indirectly	determine	

parasite	survival	 from	a	sigmoidal	dose	response	curve.149	Compounds	were	diluted	 in	

CM	at	the	highest	concentration	of	the	dosing	curve	and	subsequently	serially	diluted.	A	

thin	blood	smear	slide	of	synchronous,	ring-stage	CQS	(NF54	P.	falciparum)	or	CQR	(Dd2	

P.	falciparum)	parasite	strains	was	prepared	on	a	glass	slide	and	fixed	with	methanol.	The	

slide	was	rinsed	and	stained	with	Giemsa	staining	solution.	A	light	microscope	with	an	oil	

emersion	lens	(100	x	objective)	was	used	to	view	the	slides.	Parasitaemia	was	calculated	

as	a	percentage	of	the	infected	RBCs	counted,	over	the	total	number	of	cells	counted	(500	

–	700	cells).	A	stock	culture	of	synchronous	ring	stage	P.	falciparum	parasites	was	diluted	

to	a	2%	parasitaemia	with	a	2%	haematocrit,	using	washed	type	O	positive	human	RBCs	

in	CM.	The	ring-culture	parasites	were	added	to	the	plate	containing	the	compounds	in	

CM	which	resulted	in	an	1%	in-well	parasitaemia.	Plates	were	incubated	for	72	hours	at	

37°C	in	airtight	chambers	and	gassed	with	3%	O2,	4%	CO2,	93%	N2.	The	parasites	were	

exposed	to	the	test	compounds	and	controls	for	72	hours,	as	this	is	the	time	window	in	

which	 the	 parasites	 were	 expected	 to	 be	 in	 a	 trophozoite-dominant	 growth	 phase.	

Trophozoite	 stage	 parasites	 are	 required	during	 the	endpoint	 analysis,	 as	 this	growth	

phase	is	much	more	metabolically	active	than	ring	stage	parasites.	Plates	were	frozen	at	-

80°C	and	thawed	to	kill	all	surviving	parasites.	Each	well	of	the	plate	was	supplemented	

with	Malstat	reagent;	containing	acetylpyridine	adenine	dinucleotide	(APAD)	and	lactate;	

and	nitroblue	tetrazolium	(NBT)	reagents.	The	pLDH	from	infected	cells	oxidize	lactate	to	

pyruvate	in	the	presence	of	APAD+,	which	is	subsequently	reduced	to	APADH.	The	yellow	

NBT	 is	 reduced	 to	 a	 purple	 formazan	 salt	 by	 APADH	 which	 was	 measured	

spectrophotometrically	 at	 620	 nm.	 The	 data	 was	 used	 to	 generate	 a	 sigmoidal	 dose-

response	curve	from	which	the	IC50	was	calculated.	Experiments	were	repeated	at	least	

three	times	on	three	separate	occasions.	The	viability	of	the	assay	was	determined	at	each	

end	point	through	the	comparison	of	calculated	IC50	values	of	the	two	positive	controls	
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(CQ,	7-21	nM;	AS,	5-10	nM,	based	on	in-house	data	for	NF54).	Secondly,	it	was	expected	

that	the	wells	containing	only	parasitized	RBCs	would	have	increased	in	parasitaemia	and	

thus	result	in	a	significant	reduction	of	the	NBT.	The	assay	was	considered	to	have	‘failed’	

when	the	IC50	of	either	of	the	control	compounds	fell	outside	the	suggested	range	or	 if	

weak	formation	of	the	purple	formazan	salt	was	observed	in	the	parasitized	RBC	control	

wells.	 This	 could	 be	 due	 to	 many	 experimental	 factors,	 including	 underestimation	 of	

starting	 parasitaemia,	 incorrect	 or	 insufficient	 gassing	 of	 the	 chambers	 or	 in	 the	 case	

where	a	gassing	chamber	leaked.		

2.2.2.3 Maintenance	of	mammalian	cell	lines	

Cellular	growth	is	monitored	consistently	to	obtain	high	quality	cultures.	Confluency	is	

reached	when	80%	of	 the	 culture	 flask	 surface	 is	 covered	with	 cells.	At	 this	point	 the	

culture	is	ready	for	subculturing	in	fresh	medium	or	for	seeding	into	plates	for	assays.194	

Confluency	 of	 the	 Chinese	 Hamster	 Ovarian	 (CHO)	 cells	 was	 observed	 under	 a	 light	

microscope	(40	x	objective).	Upon	confirmation,	cells	were	detached	using	trypsin	and	

washed	with	 CM.	 The	pellet	was	 transferred	 to	 a	new	 sterile	 flask	 containing	CM	 and	

incubated	at	37°C	with	5%	CO2.	The	medium	was	replaced	after	48	hours.		

	

2.2.2.4 Cytotoxicity	screening	assay	

The	quantitative	colorimetric	assay	described	by	Mosmann,	was	used	to	determine	the	

survival	 of	 mammalian	 cells.195	 Briefly,	 mammalian	 cells	 were	 prepared	 at	 a	

concentration	of	105	cells/mL	 in	CM	and	added	to	a	 sterile	96-well	plate.	Plates	were	

incubated	for	24	hours	at	37°C	with	5%	CO2	to	allow	the	cells	to	attach.	Compounds	were	

serially	diluted	in	CM	and	added	to	the	cells.	Cells	were	exposed	to	the	compounds	for	48	

hours	 at	 37°C.	 A	 solution	 of	 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl	 tetrazolium	

bromide	(MTT)	was	added	to	each	well.	Plates	were	left	to	develop	in	the	dark,	as	the	MTT	

is	light	sensitive.	After	MTT	is	reduced	to	its	formazan	salt	by	active	mitochondria	in	viable	

cells.	 Dimethyl	 sulfoxide	 (DMSO)	 was	 added	 to	 dissolve	 the	 formazan	 crystals	 and	

absorbance	was	measured	at	570	nm.	The	data	was	used	to	generate	a	sigmoidal	dose-

response	curve	from	which	the	IC50	was	calculated.	Cytotoxicity	was	ranked	in	three	levels	

of	toxicity:	high	toxicity,	IC50	values	<10	µM;	moderate	toxicity,	IC50	values	10	–	100	µM	

or	low	toxicity,	>100	µM.	
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2.2.3 Calculations		

The	ability	of	 the	given	compound	 to	selectively	kill	P.	 falciparum,	was	determined	by	

calculation	of	 the	 selectivity	 index	 (SI).196	The	SI	 is	 the	 ratio	 of	 the	 cytotoxicity	 to	 the	

antiplasmodial	 activity;	 this	 indicates	 whether	 a	 compound	 is	 selectively	 toxic	 to	 the	

parasites,	and	does	not	induce	non-specific	killing	of	healthy	tissues	(Equation	2-1).	 	A	

compound	 with	 a	 SI	 value	 >10	 is	 considered	 acceptable	 for	 progression	 to	 animal	

experiments.197		

Equation	2-1:	Determination	of	selectivity	index	

!" = $%&'&'()*)&%	"$!"
,--)*.*%	"$!"

	

The	resistance	index	(RI)	is	the	ratio	of	the	activity	against	CQR	parasites	to	that	of	CQS	

parasites	 (Equation	 2-2).198	 This	 ratio	 indicates	 the	 susceptibility	 of	 a	 compound	 to	

develop	cross-resistance	with	 other	drug	 resistant	 strains.199	 	 The	RI	 can	 vary	 greatly	

between	parasite	strains	and	a	lower	RI	does	not	necessarily	indicate	lower	resistance,	as	

the	 therapeutic	 response	 in	 vivo	 is	 much	 more	 complex.	 A	 RI	 value	 <10	 indicates	

intermediate	resistance,	while	a	value	above	that	is	typical	of	drug	resistance.200	

Equation	2-2:	Determination	of	resistance	index	

/" = 0123	145)5&.6&	5&1.)6	"$!"
0123	525*47&)894	5&1.)6	"$!"

	

	

2.3 Results	and	discussion	
2.3.1 Determination	of	antiplasmodial	activity	against	Plasmodium	

falciparum	parasites	

Five	structurally	diverse	compound	series	were	previously	screened	for	antiplasmodial	

activity.	 The	 IC50	 values	 of	 the	 compounds	 mentioned	 above	 were	 assessed	 against	

asexual	blood	stages	of	the	CQS	NF54	and	CQR	Dd2	or	K1	strains	of	P.	falciparum.	From	a	

total	 of	 138	 compounds,	 seven	 were	 determined	 as	 suitable	 candidates	 for	 further	

investigation	based	on	their	high	antiplasmodial	activity	(Table	2-2).	These	compounds	

include	the	amino-artemisinin	WHN012,	the	phenothiazine	AD01,	the	phenoxazine	PhX6,	

the	 thiosemicarbazone	 DpNEt,	 and	 derivatives	 derived	 from	 decoquinate,	 namely	 the	
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decoquinate	 amide	 RMB005	 and	 the	 quinoline	 ethyl	 ester	 carbamates	 RMB059	 and	

RMB060.		

Antiplasmodial	potency	below	100	nM	was	observed	in	both	the	CQS	NF54	strain	(1.2	nM	

to	41.8	nM)	and	CQR	Dd2	and	K1	strains	(1.4	nM	to	64.8	nM)	(Table	2-3).	The	highest	

activity	was	seen	for	WHN012,	RMB059,	and	RMB060	against	the	CQS	NF54	strain	(1.2	

nM,	6.9	nM	and	1.5	nM,	respectively)	and	for	AD01,	WHN012,	and	RMB060	against	the	

CQR	Dd2	or	K1	strain	(11.9	nM,	9.2	nM	and	1.4	nM,	respectively).	Antiplasmodial	activity	

of	each	compound	is	discussed	in	more	detail	below.		

	
	

Table	2-2:	Compounds	selected	for	this	study.	

Compound	 Classification	

Molecular	

weight	

(g/mol)	

Formula	 Structure	

WHN012	
Amino	

artemisinin	
489.6	 C26H36FN3O5	

	

AD01	 Phenothiazine	 340.5	 C20H26N3S	 	

PhX6	 Phenoxazine	 394.5	 C25H22N4O	 	

DpNEt	
Thiosemicarba-

zone	
285.4	 C14H15N5S	

	

RMB005	 DQ	amide	 476.6	 C26H40N2O6	
	

RMB059	
Quinoline	 ethyl	

ester	carbamate	
530.6	 C29H42N2O7	

	

RMB060	
Quinoline	 ethyl	

ester	carbamate	
607.7	 C29H41N3O9S	

	



 
49 

	Table	2-3:	Antiplasmodial	and	cytotoxicity	values	of	the	selected	compounds,	parent	compounds,	and	controls.	

Compounds	

P.	falciparum	IC50	(nM)a	
Mammalian	 cell	

toxicityb	(µM)	
Resistance	

Indexc	

Selectivity	Indexd	

NF54	 Dd2	 Other	
CHO/sensitive	

Pf	strain	
CHO/resistant	

Pf	strain	

WHN012	 1.2	±	0.04	 9.2	±	1.9	 	 >204	±	ND	 7.6	 >1000	 >1000	

AD01	 23.1	±	2.5	 11.9	±	2.8	 	 74	±	9.4	 0.5	 >1000	 >1000	

PhX6	 41.8	±	0.04	 16.2	±	2.4	 	 192	±	4.6	 0.4	 >1000	 >1000	

DpNEt	 40.7	±	1.4	 28.6	±	4.0	 	 11	±	4.2	 0.7	 270	 384	

RMB005	 40.4	±	1.3h	 	 64.8	±	7.2	(K1)h	 >	21	±	ND	 1.9	 528	 326	

RMB060	 1.5	±	0.5i	 	 1.4	±	0.6	(K1)i	 >	88	±	ND	 0.9	 >1000	 >1000	

RMB059	 6.9	±	3.9i	 	 14.4	±	6.3	(K1)i	 >	188	±	ND	 2.1	 >1000	 >1000	

CQe	 9.9	±	0.4	 142	±	16.8	 	 nd	 14.3	 nd	 nd	

ASe	 6.9	±	1.4	 18.1	±	7.1	 	 >354	±	NDf	 2.6	 >1000	 >1000	

DHAf	 0.8	±	0.1	 5.7	±	2.0	 	 25.2	±	3.7f	 7.1	 >1000	 >1000	

MBg	 	 	
3.6	±	2.2	(D6)	

3.9	±	2.3	(W2)	
52.6	±	4.5f	 1.1	 >1000	 >1000	

DQ	 26.6	±	1.4h	 	 64.9	±	8.8	(K1)h	 >100	±	NDj	 2.4	 >1000	 >1000	

Emetinek	 nd	 nd	 	 0.1	±	0.002	 nd	 nd	 nd	

a	Values	are	mean	±	standard	deviation	(n	=	3),	b	CHO	cells,	mean	±	standard	deviation	(n	=	3),	c	Resistance	index	=	IC50	(resistant	strain)/	
IC50	(sensitive	strain),	d	Selectivity	Index	=	Cytotoxicity	IC50/Activity	IC50,	e	Positive	control	for	antiplasmodial	assays,	f	Value	from	reference	
(Coertzen	et	al.,	2018),	g	Value	from	reference	(Vennerstrom	et	al.,	1995),	against	drug-sensitive	D6	and	drug	resistant	W2	parasites,	h	
Value	from	reference	(Beteck	et	al.,	2016),	tested	against	drug-sensitive	NF54	and	resistant	K1	parasites,	i	Value	from	reference	(Beteck	
et	al.,	2018),	tested	aganst	drug-sensitive	NF54	and	resistant	K1	parasites		j	Cytotoxicity	against	WI-38	cell	line	of	normal	human	fetal	lung	
fibroblast	 (HFLF),	 k	 Positive	 control	 for	 cytotoxicity	 assays,	 nd	 =	 not	 determined;	 	 AS,	 artesunate;	 CQ,	 chloroquine;	 DHA,	
dihydroartemisinin;	DQ,	decoquinate;	MB,	methylene	blue.	Results	shown	are	the	mean	IC50	values	and	SD	from	at	least	three	independent	
experiments.
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2.3.1.1 WHN012	

Artemisinins	as	oxidant	drugs	were	previously	discussed	in	Chapter	1.	New	derivatives	

have	exhibited	potent	in	vitro	activity	and	improvement	of	safety	profiles.201	Moreover,	

they	are	known	to	have	useful	biological	activities	in	other	therapeutic	areas	such	as	anti-

HIV	 therapy,202	 immunosuppression,203	 anticancer204	 and	 antitubercular	 activity.205	 In	

effort	to	develop	more	stable	and	economic	preparations	from	artemisinins,	as	discussed	

in	the	literature	review,	a	series	of	DHA-piperazines	were	prepared	by	Haynes	et	al.	with	

demonstrated	 efficacy	 and	 economic	 preparation.206	 Further	 conversion	 of	 this	 series	

further	 aimed	 to	 optimise	 DHA-piperazines	which	 provided	 the	 aryl	 urea	 derivatives,	

discussed	here.		

WHN012	(Figure	2-1),	presented	pronounced	activity	against	the	CQS	NF54	parasites	(1.2	

nM)	and	CQR	Dd2	parasites	(9.2	nM).	An	approximate	eight-fold	loss	of	activity	in	the	CQR	

strain	was	observed	and	a	RI	value	of	7.6	was	calculated.	Application	of	 the	two-tailed	

unpaired	t	test	revealed	a	statistical	significance	between	activity	in	CQS	and	CQR	parasite	

strains	(P=.0019,	N	=	3,	t	=	7.2912).	Despite	this,	WHN012	was	still	a	candidate	of	further	

development,	as	its	activity	is	arguably	in	the	low	nanomolar	range,	which	is	similar	to	

the	parent	compound	DHA.	A	parallel	RI	value	of	7.1	was	calculated	for	DHA.207	As	the	RI	

of	WHN012	suggests	potential	cross	resistance	to	CQR	strains,	the	extent	thereof	should	

be	 investigated	 in	 other	 multidrug-resistant	 strains,	 specifically	 those	 resistant	 to	

artemisinins.	 WHN012	 presented	 an	 IC50	 of	 >204	 µM	 and	 therefore	 had	 selective	

inhibition	 of	 CQS	 and	 CQR	 parasites	 (SI	 >1000).	 WHN012	 was	 not	 expected	 to	 show	

toxicity	and	was	therefore	suitable	to	progress	to	in	vivo	animal	experiments.		
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Figure	2-1:	Structures	of	DHA,	the	DHA-piperazine	derivatives	derived	from	DHA,	and	
the	arylurea	derivative	WHN-12	derived	from	DHA-piperazine.207		

	

DHA	is	 the	metabolite	common	to	all	 artemisinin	analogues	 registered	 for	clinical	use.	

However,	high	doses	have	been	found	to	cause	neurotoxicity	which	limit	their	use.208,209	

Derivatization	of	DHA	by	replacing	the	hydroxyl	group	at	C-10	by	other	groups	incapable	

of	providing	DHA	on	metabolism	is	encouraged	in	an	effort	to	improve	the	overall	stability	

of	the	artemisinins.		

The	thermal	instability	of	DHA	itself	poses	problems	during	formulation	and	storage,	as	

investigated	 and	 discussed	 by	 Ng	 et	 al.,	 2007.210	 Further	 investigation	 of	 various	

derivatives	 derived	 from	 the	 C-10	 amino	 derivative	 DHA-piperazine	 (Figure	 2-1)207	

revealed	remarkable	early	and	 late	stage	gametocytocidal	activity.	WHN012	presented	

nanomolar	activities	against	early	stage	(IC50	36.0	±	10.2),	as	well	as	late	stage	(IC50	17.0	

±	 7.0)	 NF54	 gametocytes	 satisfying	 both	 TCP-1	 and	 TCP-5	 criteria	 (Table	 2-1).191	

WHN012	was	therefore	selected	based	on	the	high	potency	towards	asexual	blood	stage	

parasites	and	sexual	gametocytes.		
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2.3.1.2 AD01	

MB	is	an	example	of	a	phenothiazinium	salt	and	is	the	oldest	known	synthetic	antimalarial	

compound	with	its	first	use	reported	in	1891.211	AD01	is	a	derivative	of	MB	in	which	the	

methyl	groups	of	MB	are	replaced	with	ethyl	groups	(Figure	2-2).	Thus,	the	compound	is	

expected	to	be	more	lipophilic	than	MB.	Many	theories	regarding	the	mechanism	by	which	

MB	 exhibits	 its	 antiplasmodial	 activity	 have	 been	 postulated.125,127,128,211	 One	 such	

mechanism	is	 the	ability	of	MB	to	undergo	redox	cycling,212	as	described	 in	Chapter	1.	

Thus,	AD01	is	very	likely	to	undergo	redox	cycling.	

AD01	 was	 considered	 a	 viable	 candidate	 for	 further	 investigation,	 based	 on	 its	

antiplasmodial	activity	in	the	low-nanomolar	range	against	both	CQS	NF54	(23.1	nM)	and	

CQR	Dd2	(11.9	nM)	parasite	strains	(Table	2-3).	The	activity	of	AD01	lies	within	the	range	

similar	to	that	recorded	for	phenothiazine	derivatives	by	Vennerstrom	et	al.	The	activity	

of	MB	was	recorded	as	3.6	nM	against	the	CQS	D6	strain	and	3.9	nM	against	CQR	W2	strain	

of	P.	falciparum.199	Calculation	of	the	RI	for	MB	indicated	that	there	was	no	observable	

shift	in	activity	towards	CQR	parasites	(RI	1.1)	and	the	SI	indicated	selective	inhibition	

towards	 parasite	 development	 (SI	 >1000).	 While	 the	 RI	 value	 was	 <1	 for	 AD01,	

antiplasmodial	activity	was	comparable	between	the	CQS	NF54	(32.1	nM)	and	CQR	Dd2	

strain	(11.9	nM).	AD01	did	not	have	significant	cellular	toxicity	(74	µM)	and	demonstrated	

selective	inhibition	of	CQS	and	CQR	parasites	(SI	>1000).	AD01	was	considered	a	suitable	

candidate	for	in	vivo	studies	as	the	SI	values	surpassed	the	threshold	considerably.	

	

Figure	2-2:	The	structures	of	(a)	parent	compound	MB	and	(b)	the	derivative	AD01.	The	
difference	between	MB	and	AD01	are	highlighted	in	blue.	
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2.3.1.3 PhX6	

The	phenoxazine	class	of	compounds	are	heterocyclic	compounds	with	an	oxazine	fused	

to	 two	 benzene	 rings	 and	 found	 to	 be	 naturally	 present	 in	 insect	 pigments,	 mold	

metabolites	and	actinomycins.213	The	first	simple	angular	benzo[alpha]phenoxazine	was	

first	 reported	 by	 Goldstein	 and	 Semelicht	 in	 1919.214	 Phenoxazine	 derivatives	 have	

reportedly	diverse	biological	activities	including	antimycobacterial	activity,215	antitumor	

activity,216	 and	antiprotozoal	 activity.217	 Their	mechanism	 remains	 poorly	understood,	

but	it	is	postulated	that	the	nitrogen	group	is	able	to	undergo	reduction	in	redox	reactions,	

resulting	in	ROS	production.218		

The	structure	of	PhX6	bearing	a	benzene	ring	fused	to	the	phenoxazine	nucleus	is	referred	

to	as	a	benzo[α]phenoxazine	(Figure	2-3).	PhX6	was	more	active	against	the	CQR	strain	

Dd2	(16.2	nM)	than	the	CQS	strain	NF54	(41.8	nM),	with	an	RI	value	of	0.4.	Statistical	

significance	 was	 observed	 between	 antiplasmodial	 activity	 in	 CQS	 and	 CQR	 parasite	

strains	(unpaired	t	test,	P<0.001,	N	=	3,	t	=	18.4726).	PhX6	had	an	IC50	of	192	µM	against	

the	CHO	mammalian	cells,	denoting	that	it	selectively	targets	the	parasites	with	SI	values	

of	>1000	for	both	CQS	and	CQR	parasite	strains.		

	

	

Figure	2-3:	The	structures	of	a)	the	benzo[α]phenoxazine	scaffold	and	b)	the	derivative	
PhX6.	 The	 differences	 between	 PhX6	 and	 the	 benzo[α]phenoxazine	 nucleus	 are	
highlighted	in	blue.	

	

Various	 benzo[α]phenoxazines	 were	 demonstrated	 by	 Katsamaks	 et	 al.,	 to	 display	

activities	in	vitro	in	the	low-nanomolar	range	against	drug-sensitive	and	drug-resistant	P.	

falciparum	.219	Follow-up	work	conducted	by	Ge	et	al.,	identified	one	such	derivative	SSJ-
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183	(Figure	2-4)	with	close	structural	resemblance	to	PhX6,	which	displayed	nanomolar	

activity	against	the	CQR	P.	falciparum	K1	strain	(IC50	7.6	nM)	and	high	selectivity	when	

tested	against	L6	myoblastoma	cell	lines	(IC50	55.7	µM,	SI	>1000).220	Administration	of	

this	 benzo[α]phenoxazine	 derivative	 in	a	P.	berghei	mouse	model	 cured	 infected	mice	

after	 three	 daily	 oral	 doses	 of	 the	 compound.	 The	 researchers	 concluded	 that	 these	

benzo[α]phenoxazines	are	promising	compounds	for	further	investigation	as	new	drug	

candidates.220	

	

Figure	2-4:	The	structures	of	the	benzo[α]phenoxazine	derivative	SSJ-183.221	

	

2.3.1.4 DpNEt	

Thiosemicarbazone	 derivatives	 such	 as	 DpNEt	 (Figure	 2-5),	 have	 been	 examined	 as	

anticancer	 molecules.222,223	 This	 class	 of	 compounds	 are	 modified	 from	 the	 oxygen-

containing	 semicarbazide.224,225	 As	 these	 compounds	 are	 able	 to	 chelate	 intracellular	

metal	 ions,	 Richardson	 et	 al.	 hypothesized	 the	potential	mechanism	of	 their	biological	

activity	as	being	able	 to	generate	 free	radicals	by	 forming	redox-active	 iron	complexes	

from	intracellular	 iron.222	This	mechanism	will	prove	useful	as	an	antimalarial	 therapy	

and	new	combination	therapies,	since	the	disruption	of	parasitic	redox	homeostasis	is	a	

key	aspect	of	 this	research	approach.	DpNEt	presented	nanomolar	potency	against	 the	

CQS	NF54	and	CQR	Dd2	parasites	(40.7	nM	and	28.6	nM,	respectively).	DpNEt	had	a	lower	

IC50	 of	11	µM	against	 the	CHO	cells.	The	 IC50	was	not	problematic	 as	 the	 calculated	SI	

values	remained	appreciably	above	the	threshold	of	suitability	 for	animal	studies	(270	

and	384	 for	CQS	and	CQR	parasite	strains,	respectively).	Furthermore,	 the	cytotoxicity	

was	nearly	100-fold	lower	than	that	of	control	compound	emetine	(0.1	µM).	However,	this	

SSJ-183

NF54 IC50: 11.0 nM
K1 IC50: 7.6 nM



 
55 

should	be	closely	monitored	in	 future	compound	optimisation	studies	of	 this	series,	as	

toxicity	could	present	in	other	toxicity	models,	for	example,	the	hERG	model.	

	

	

Figure	2-5:	The	structure	of	DpNEt	

	

2.3.1.5 RMB005,	RMB059,	and	RMB060	

DQ,	a	carboxyquinolone,	was	first	described	in	1968226	and	is	a	widely-used	coccidiostat	

in	 various	 animal	 species	 with	 an	 acceptable	 food	 safety	 profile.227	 Its	mechanism	 of	

action	 against	 malaria	 parasites	 is	 through	 the	 selective	 inhibition	 of	 the	 plasmodial	

mitochondrial	bc	(1)	complex.228	DQ	was	converted	by	Beteck	et	al.	into	the	derivatives	

RMB005,	 RMB059,	 and	 RMB060	 (Figure	 2-6).192	 DQ	 showed	 low	 nanomolar	 in	 vitro	

activities	 against	 CQS	 NF54	 asexual	 parasites	 (26.6	 nM),193	 as	well	 as	 strong	 potency	

against	liver	and	sexual	gametocyte	stages	of	the	P.	falciparum.	While	DQ	showed	limited	

cross-resistance	to	atovaquone	resistant	parasites	and	prophylactic	efficacy	as	a	single	

oral	dose,229,230	its	instability,	low	aqueous	solubility,	and	high	lipophilicity	renders	DQ	a	

less	 favourable	drug	to	apply	 to	 the	drug	development	 cascade.193,231	 In	 the	review	by	

Beteck	et	al.,	 the	authors	 acknowledge	 that	DQ	 is	very	affordable	and	 satisfies	 several	

MMV	TCP	 criteria	 (TCP-1,	 4,	 and	 5)	 for	malaria	 eradication.	However,	 optimization	 is	

needed	with	regards	to	its	physiochemical	properties.231	The	aims	of	recent	studies	were	

to	 generate	 new	 derivatives	 of	 DQ	 which	 have	 enhanced	 metabolic	 stabilities	 and	

solubilities.192,193	
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The	ethyl	ester	group	in	DQ	was	replaced	by	a	secondary	amide	group	to	yield	the	amide	

derivative	 RMB005	 (Figure	 2-6b).	 RMB005	 presented	 similar	 antiplasmodial	 activity	

against	CQS	NF54	(40.4	nM)	and	CQR	K1	(64.8	nM)	P.	falciparum	parasites		compared	to	

the	parent	compound	DQ	(26.6	nM	in	CQS	NF54	and	64.9	nM	in	CQR	K1).192	An	RI	of	1.9	

was	calculated	for	RMB005	against	K1	parasites.	Similarly,	an	RI	of	2.4	was	calculated	for	

the	parent	compound	DQ,	against	the	resistant	K1	strain.	While	the	three	RMB	compounds	

were	 analysed	 using	 the	 SYBR	 green-I	 assay,	 a	 comparative	 study	 by	 Zhang	 et	 al.	 has	

shown	that	antiplasmodial	data	from	this	assay	and	the	pLDH	assay	are	not	statistically	

different.232	RMB005’s	antiplasmodial	values	are	comparable	to	artesunate	(RI	2.6)	and	

indicate	 lack	 of	 susceptibility	 to	 cross	 resistance.	 However,	 further	 investigation	 is	

required	against	other	multiple	drug	resistant	strains	to	determine	the	susceptibility	of	

the	 quinolones	 to	 cross	 resistance.	 RMB005	was	 included	 in	 this	 study	 to	 investigate	

potential	improvement	of	in	vivo	physiochemical	properties	of	the	parent	compound	DQ.		

	

Figure	2-6:	The	structures	of	parent	compound	DQ	and	derivatives	with	IC50	data	against	
CQS	 NF54	 and	 CQR	 K1	 P.	 falciparum.	 Modifications	 to	 the	 original	 molecule	 are	
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illustrated	in	blue	to	yield	the	DQ	amide	derivative	RMB005	and	the	quinoline	ethyl	ester	
carbamate	derivatives	RMB059	and	RMB60.		

	RMB059	and	RMB060	are	quinoline	ethyl	ester	carbamate	derivatives	of	DQ	(Figure	2-6c	

and	 d).	 Beteck	 et	 al.	modified	 the	 parent	 compound	 by	 addition	 of	 side	 chains	 to	 the	

quinolone	 nucleus,	 in	 an	 effort	 to	 potentially	 increase	 the	 extent	 of	 exposure	 in	 vivo	

through	 improved	 absorption.232	 RMB059	 and	 RMB060	 presented	 low	 nanomolar	

activities	of	6.9	nM	and	1.5	nM	respectively	against	CQS	P.	falciparum	strain	NF54.	These	

compounds	 have	 superior	 activity	 profiles	 to	 DQ,	 and	 similar	 potency	 to	 CQ	 and	

artesunate	in	the	CQS	NF54	strain.	The	activity	of	RMB059	and	RMB060	to	CQR	K1	strain	

was	 14.4	 nM	 and	 1.4	 nM,	 respectively.	 The	 RI	 of	 RMB060	 of	 <	 1	 indicates	 no	 cross-

resistance	against	CQR	strains.	RMB059	had	an	RI	of	2.1,	which	may	be	an	indication	of	

potential	 cross	 resistance	 to	CQR	strains.	However,	 the	value	 is	 still	within	acceptable	

range	in	comparison	to	artesunate	(RI	=	2.6).	Further	studies	by	Beteck	et	al.	showed	that	

RMB059	 and	 RMB060	 presented	 20–40%	 inhibition	 of	 early	 and	 late	 stage	 NF54	

gametocytes	during	 single	 concentration	 experiments	and	 therefore	 both	 satisfy	MMV	

TCP-5	(Table	2-1).192	This	property	is	especially	beneficial	if	more	than	one	partner	drug	

in	triple-combination	therapy	presents	activity	against	sexual	stages	and	could	potentially	

augment	transmission	blocking.	The	mammalian	cytotoxicity	IC50	values	of	RMB005	(>21	

µM),	RMB059	 (>88	µM)	and	RMB060	 (>188	µM)	were	used	 to	 calculate	 the	SI	 values.	

Overall,	the	compounds	showed	selective	inhibition	of	the	CQS	NF54	P.	falciparum	strain	

(SI	>528)	as	well	as	the	CQR	K1	P.	falciparum	strain	(SI	>384),	indicating	that	they	are	

suitable	candidates	to	progress	to	animal	studies.	

	

2.3.2 Cytotoxicity	and	selectivity	of	highly	active	compounds	

All	the	potent	compounds	were	subject	to	cytotoxicity	screening	assays	against	the	CHO	

cell	line.	The	high	micromolar	IC50	ranges	for	all	seven	compounds	indicated	no	significant	

cellular	toxicity	(Table	2-3)	and	all	compounds	had	substantially	higher	IC50	values	than	

the	control,	emetine	(IC50	=	0.1	µM).	Furthermore,	selectivity	indices	showed	all	seven	of	

the	compounds	selectively	inhibited	the	malaria	parasite,	as	demonstrated	by	the	high	SI	

values	 (Table	 2-3).	 This	 ratio	 is	 vitally	 important	 for	 enabling	 the	 progression	 of	

compounds	to	further	in	vivo	studies.	In	vivo	PK	studies	will	be	conducted	for	all	seven	

compounds,	as	the	SIs	are	above	the	minimum	required	value	of	10	for	the	parasite	strains	

tested	(NF54	and	Dd2/KI).199	
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2.4 Summary	and	conclusions	
A	 small	 diversity-oriented	 library	 was	 screened	 for	 antiplasmodial	 activity.	 Seven	

structurally	 diverse,	 highly	 active	 compounds	 (IC50	 <1	 µM)	 which	 lack	 nonspecific	

inhibition	of	mammalian	cells	were	selected	from	this	screening.	The	ultimate	aim	was	to	

discover	new	partner	compounds	for	use	in	ACTs.	The	compounds	PhX6,	AD01,	DpNEt,	

WHN012,	 RMB005,	 RMB059,	 and	 RMB060	 were	 selected	 based	 on	 their	 nanomolar	

antiplasmodial	 activity	 in	 CQS	 and	CQR	 strains	 of	P.	 falciparum	and	 their	 lack	 of	non-

specific	cellular	toxicity	in	mammalian	CHO	cells.	The	RIs	of	all	compounds	were	found	to	

be	below	that	of	CQ	(0.4	–	7.6),	which	indicate	low	susceptibility	of	cross	resistance.	The	

RI	 values	 of	 PhX6,	 AD01,	DpNEt,	 RMB005,	 RMB060,	 and	RMB059	were	 below	 that	 of	

artesunate	(<2.6).	

Future	work	will	include	extensive	screening	to	investigate	multiple	drug-resistant	and	

artemisinin-resistant	strains	to	 further	determine	the	potential	of	cross-resistance	and	

viability	as	potential	drug	candidates.		

The	 ambition	 of	 the	 MMV	 is	 to	 discover	 novel	 compounds	 that	 will	 maintain	 the	

continuous	 development	process	of	 effective	malaria	 therapies	which	will	 support	 the	

ultimate	eradication	of	malaria.	They	have	compiled	TCP	criteria	 to	aid	researchers	 in	

identification	 of	 lead	 compounds.	 All	 compounds	 selected	 comply	 with	 TCP-1,	 at	

minimum,	 which	 requires	 all	 compounds	 to	 be	 active	 against	 asexual	 blood	 stage	

parasites	(Table	2-1).	Additional	results	obtained	for	WHN012	and	RMB060	indicate	that	

the	compounds	show	both	early-	and	late-stage	gametocytocidal	activity.191,192	WHN012	

and	RMB060	thus	also	comply	with	TCP-5,	which	specifies	transmission-blocking	activity	

by	targeting	parasite	gametocytes	(Table	2-1).		

The	 compounds	 belonging	 to	 the	 RMB	 class	 are	 novel	 derivatives	 of	 an	 existing	

antimicrobial	 drug	 DQ,	 whose	 physiochemical	 properties	 are	 expected	 to	 have	 been	

improved	by	chemical	modification.	Similarly,	AD01	is	a	more	lipophilic	analogue	of	MB	

and	 is	 expected	 to	 show	poorer	 solubility	 and	absorption.	Although	great	 emphasis	 is	

placed	on	the	potency	of	antiplasmodial	compounds,	the	need	for	suitable	physiochemical	

properties	should	also	be	stressed,	as	aqueous	solubility	and	lipophilicity	may	aid	in	the	

interpretation	 of	 activity	 data	 and	 determination	 of	 drug-like	 properties.	 Further	
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investigation	will	determine	their	in	vitro	physiochemical	and	in	vivo	PK	properties.	The	

evaluation	of	these	properties	is	discussed	in	the	following	chapters.		
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3 	Physicochemical	and	
biochemical	
characterization	of	
biologically-active	
compounds	

	



 
61 

3.1 Introduction		
The	 antiplasmodial	 activity	 and	 toxicity	 of	 seven	 compounds,	 namely	 the	 amino-

artemisinin	 WHN012,	 the	 ethyl	 analogue	 AD01	 of	 MB,	 the	 phenoxazine	 PhX6,	 the	

thiosemicarbazone	 DpNEt,	 and	 the	 decoquinate	 derivatives	 RMB005,	 RMB059,	 and	

RMB060	which	were	selected	for	this	project	have	been	discussed	in	the	previous	chapter.	

For	convenience,	the	structures	of	the	compounds	to	be	examined	here	are	given	in	Figure	

3-1.	 As	 all	 compounds	 have	 promising	 biological	 activities	 in	 vitro	 (Table	 2-3),	 it	 is	

essential	to	establish	suitability	for	taking	these	compounds	forward	by	assessing	their	

physicochemical	properties	with	respect	to	drug	development.	

	

Figure	 3-1:	 Structures	 of	 compounds	 selected	 for	 evaluation	 of	 physicochemical	 and	
biochemical	 properties	 required	 to	 establish	 their	 suitability	 as	 drugs,	 and	 their	
comparator	compounds,	where	applicable.	
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In	 drug	 discovery,	 screening	 of	 the	 biological	 activity	 of	 compounds	 is	 followed	 by	

assessment	of	 their	ADME	properties.	Then,	depending	upon	 these	 properties,	 certain	

compounds	may	be	selected	for	conducting	PK	studies	in	animals.233		

Most	drugs	are	administered	orally	and	must	overcome	physiological	barriers	to	reach	

pharmacological	targets	so	as	to	exert	their	therapeutic	effects.	The	early	investigation	of	

ADME	properties	enables	acquisition	of	incipient	knowledge	that	will	help	to	indicate	how	

the	in	vitro	potency	of	the	compounds	will	translate	to	in	vivo	efficacy.	This	information	is	

not	only	important	for	the	structural	design	and	modification	of	new	compounds,	but	it	

also	 enables	 an	assessment	of	 the	 viability	 of	 new	compounds	 in	a	drug	 development	

programme	and	whether	these	should	be	taken	forward	for	further	investigation.155		

Within	the	context	of	this	project,	ADME	properties	of	the	biologically	active	compounds	

were	 investigated	with	various	assays	that	simulate	 the	physiological	environments	to	

which	 the	 drugs	 might	 be	 exposed	 in	 vivo,	 as	 discussed	 in	 Chapter	 1.	 In	 vitro	 assays	

included	 assessment	 of	 solubility;	 permeability;	 lipophilicity;	 plasma	 and	 metabolic	

stability;	and	protein	binding.	The	ADME	assays	were	conducted	in	parallel	to	the	in	vivo	

PK	assays	in	order	to	gain	an	appreciation	of	the	PK	profiles	in	a	living	model.	

	

3.1.1 Solubility	

Solubility	may	be	broadly	defined	as	the	amount	of	a	substance	that	dissolves	in	a	volume	

of	solvent.234	A	kinetic-solubility	assay	was	used	to	determine	the	aqueous	solubilities	of	

the	compounds	in	buffer	solutions	with	pH’s	ranging	between	2–7.4,	which	closely	relates	

to	 assay	 conditions	 in	 pre-clinical	 investigations.	 Investigation	 of	 solubilities	may	 also	

provide	insight	into	how	well	the	drug	may	be	absorbed	at	the	various	pH	values	of	the	

gastrointestinal	tract	(GIT).140,235		

The	 aqueous	 solubility,	 among	 other	 physicochemical	 properties	 of	 a	 compound,	

determines	 if	 a	molecule	 will	 be	 delivered	 to,	 and	 interact	with,	 the	 pharmacological	

target.140,236	 Consequently,	 compounds	 should	 be	 soluble	 within	 the	 physiological	 pH	

range.	 Solubility	 is	 a	 key	 parameter	 that	 enhances	 bioavailability	 (BA)	 of	 orally	

administered	 drugs.	 A	 compound	 that	 displays	 high	 activity	 in	 vitro,	 but	 has	 a	 low	

solubility	may	elicit	problems	in	the	later	stages	of	drug	development.140,236			
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3.1.2 Lipophilicity	

The	 affinity	 of	 a	 compound	 for	 a	 lipid	 or	 aqueous	 environment	 is	 determined	 by	 the	

lipophilicity	assay,	which	is	expressed	as	a	distribution	coefficient	(LogD)	of	a	compound	

between	 1-octanol	 and	 an	 aqueous	 buffer.140	 LogD	 is	 an	 important	 parameter	 as	 it	

significantly	impacts	ADME	properties	and	gives	valuable	insights	into	structure-activity	

and	structure-property	relationships.		

In	 conjunction	with	 solubility,	 the	 extent	 of	 lipophilicity	will	 affect	 permeation	 across	

cellular	membranes.	Absorption,	distribution,	and	BA	of	a	drug	is	greatly	influenced	by	its	

distribution	between	polar	and	non-polar	environments.237	Thus,	crossing	of	epithelial	

cells	 of	 the	 intestinal	 lumen	 and	 the	 lipid	 bilayer	 of	 RBCs	 requires	 optimal	

lipophilicity.7,238		

LogD	values	between	1–3	are	considered	ideal	for	gastrointestinal	absorption	via	passive	

permeation	 and	 have	 the	 potential	 to	 increase	 oral	 BA.	 Values	 below	 1	 indicate	 the	

compounds	may	be	too	hydrophilic	and	this	could	limit	absorption	from	the	GIT,	while	

values	 >3	 indicate	 the	 compounds	 are	 highly	 lipophilic.	 For	 such	 compounds,	 tissue	

binding	becomes	a	problem.237,239	

	

3.1.3 Permeability	

Apparent	 permeability	 (Papp)	 is	 determined	 by	 the	 parallel	 artificial	 membrane	

permeability	 assay	 (PAMPA),	 which	was	 first	 introduced	 by	 Kansy	 et	 al.240	 The	 assay	

provides	an	in	vitro	model	for	passive	diffusion	and	assists	in	the	interpretation	of	drug	

absorption.	The	assay	essentially	measures	the	movement	of	the	drug	from	a	donor	to	an	

acceptor	chamber,	through	an	artificial	hexadecane	membrane.240	In	order	for	a	drug	to	

be	absorbed	and	reach	a	pharmaceutical	target,	it	should	be	able	to	cross	the	membranes	

of	 physiological	 barriers	 such	 as	 those	 found	 in	 the	 gastrointestinal	 wall	 during	

absorption	from	the	GIT	and	diffusion	across	lipid	membranes	of	RBCs.238	

Movement	across	 cells	 can	occur	either	by	paracellular	or	 transcellular	 transport.	The	

former	involves	movement	of	small	molecules	between	tight	junctions	of	adjacent	cells	

and	does	not	require	energy	or	specific	transporters.241	The	latter	occurs	either	by	passive	

transport,	 which	 utilizes	 a	 concentration	 gradient,	 or	 an	 active	 transport	 mechanism	
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which	 requires	 energy.240	 The	 relationship	 between	 permeability,	 solubility	 and	

lipophilicity	greatly	influences	intestinal	absorption	and	ultimately	BA.140,242		

	

3.1.4 Plasma	stability	

Plasma	stability	of	the	compounds	is	determined	by	incubating	a	single	concentration	of	

compound	and	measuring	the	signal	intensity	over	time.	The	test	samples	are	compared	

to	freshly	prepared	reference	samples,	to	determine	the	percentage	remaining	after	the	

incubation	period.	The	plasma	stability	was	expressed	as	a	half-life	which	was	calculated	

from	 the	 percentage	 remaining.	 Drug	 metabolism	 can	 occur	 in	 the	 liver,	 GIT,	 or	 by	

enzymes	present	in	the	plasma.243	The	stability	of	a	compound	in	whole	blood	or	plasma	

is	an	important	parameter	to	consider	during	drug	development,	as	it	can	contribute	to	

rapid	 clearance	 and	short	 half-lives,	 resulting	 in	 poor	 in	 vivo	 performance.	Ultimately,	

poor	plasma	stability	will	lead	to	low	concentrations	and	decreased	in	vivo	efficacy.140,243	

	

3.1.5 Plasma	protein	binding	

Protein	binding	influences	the	distribution,	metabolism,	and	elimination	of	a	compound	

and	 considered	 to	 be	 one	 of	 the	 sources	 of	 complexity	 that	 is	 integral	 to	 the	 in	 vivo	

system.244	Increased	importance	is	placed	on	PPB	in	describing	PK/PD	relationships.	The	

free-drug	theory	states	that	only	free,	unbound	drug	(fu)	in	plasma	is	available	to	interact	

with,	 and	 elicit	 an	 effect	 on,	 the	 pharmacological	 target;	 and	 should	 reflect	 the	

pharmacologically	relevant	concentration	of	unbound	drug	in	tissue.245	

Drug	exposure	at	the	target	site	is	impacted	by	highly	protein	bound	drugs	and	this	will	

also	 impact	 the	 interpretation	 of	 in	 vivo	 pharmacodynamic	 data	 required	 to	 establish	

PK/PD	 relationships.244	 Furthermore,	 undesired	 non-specific	 PPB	may	 result	 in	 drug	

displacement	when	more	than	one	drug	interacts	with	plasma	proteins.246	The	extent	to	

which	compounds	bind	to	proteins	is	determined	by	their	structure	and	physicochemical	

properties.244	The	most	abundant	of	these	proteins	are	human	serum	albumin	(HSA)	and	

globulin	 protein,	 alfa-1	 acid	 glycoprotein	 (AAG).247	 Acidic	 drugs,	 like	 atovaquone,	 and	

neutral	drugs	bind	to	albumin	while	basic	drugs	like	quinine,	AM,	and	primaquine	bind	to	

AAG.247,248	 PPB	 is,	 thus,	 an	 important	 parameter	 in	 relation	 to	 toxicity	 and	 drug-drug	

interactions.		
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3.1.6 Microsomal	protein	binding	

The	 extent	 of	 binding	 to	 microsomal	 proteins	 is	 important	 for	 prediction	 of	 in	 vivo	

clearance.	 The	 intrinsic	 clearance	 is	 the	 rate	 at	which	 the	 liver	 is	 able	 to	 irreversibly	

remove	 a	 drug	 from	 the	 circulation–excluding	 the	 effects	 of	 protein	 binding	 or	 flow	

limitations.	Within	an	in	vivo	system,	the	free	drug	equilibrates	between	the	plasma	and	

hepatocyte	cytosol	and	this	allows	the	drug	to	enter	the	liver	and	exposes	it	to	the	drug	

metabolising	enzymes.	Most	drugs	are	lipophilic,	organic	compounds	and	are	subject	to	

non-specific	 binding	 to	 the	 lipid-protein	 milieu	 of	 the	 microsomal	 membrane.249	

Therefore,	 investigation	 of	 the	 extent	 of	microsomal	 binding	 results	 in	more	 accurate	

predictions	of	in	vivo	clearance.250	

	

3.1.7 Metabolic	stability	

The	 metabolic	 stability	 of	 compounds	 is	 determined	 using	 mouse	 and	 human	 liver	

microsomes.	 Homogenised	 liver	 tissue	 is	 centrifuged	 to	 produce	 a	 supernatant	 (S9	

fraction)	and	pellet	containing	mitochondria	and	lysosomes.	Further	centrifugation	of	the	

S9	fraction	forms	a	pellet	which	contains	remnants	of	the	cellular	endoplasmic	reticulum.	

During	this	process,	spheres	of	membranes	called	microsomes	are	formed	in	the	presence	

of	calcium.	As	such,	microsomes	are	considered	artefacts	of	hepatic	subcellular	fraction	

preparation,	but	 are	 fundamental	 for	understanding	hepatic	 clearance	 in	 vitro	as	 they	

contain	 all	 membrane	 bound	 proteins.251	 Although	 metabolic	 studies	 involving	

microsomes	 are	 considered	 incomplete–as	 they	 do	 not	 account	 for	 non-oxidative	

processes	and	metabolism	by	cytosolic	enzymes,	they	remain	crucial	for	the	identification	

of	metabolically-unstable	compounds.252		

The	 liver	 transforms	 xenobiotics	 into	more	polar	 compounds	 to	 be	 readily	 eliminated	

from	the	system	via	the	kidneys	or	bile.235	Clearance	from	the	liver	is	a	vital	parameter	as	

it	directly	impacts	the	BA	of	orally	administered	drugs.253	This	occurs	during	Phase	I	and	

Phase	 II	 metabolism.	 Phase	 I	metabolism	 primarily	 involves	 oxidation,	 reduction	 and	

hydrolytic	 reactions	 that	 expose	 an	 existing	 functional	 group	 in	 a	 compound	 (e.g.	

demethylation)	or	create	a	new	functional	group	(e.g.	hydroxylation).	Phase	I	metabolism	

is	 mainly	 driven	 by	 cytochrome	 P450	 isoforms–found	 in	 high	 abundance	 in	
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microsomes.254	 Phase	 II	 metabolism	 involves	 conjugation	 reactions	 of	 pre-existing	

functional	groups,	or	such	groups	generated	by	Phase	I	metabolism	on	a	drug	substrate–

to	 create	 very	 polar,	 water-soluble	 metabolites	 that	 are	 easily	 excreted.235	 However,	

acetylation	 of	 compounds	 containing	 a	 primary	 amino	 group	 results	 in	 a	 more	

hydrophobic	conjugate	in	a	reaction	that	converts	the	ionised	primary	ammonium	group	

to	 an	 uncharged	 amide.255	 By	 investigating	 compounds	 in	 both	 mouse	 and	 human	

microsomes,	 it	 is	 possible	 to	 scale	 the	 intrinsic	 clearance	 to	 expected	 in	 vivo	

clearance.250,256,257	

	

3.2 Materials	
All	materials	used	 in	this	chapter	are	 listed	in	Appendix	B.	Only	materials	of	analytical	

grade	or	higher	were	used.	

	

3.3 Methods	
3.3.1 Sample	preparation	

3.3.1.1 Sample	preparation	for	method	development		

The	solid	compounds	were	dissolved	to	prepare	solutions	of	1	mg/mL	stock	solutions	in	

DMSO.	Compound	stock	solutions	were	prepared	and	diluted	to	required	concentrations	

as	 needed	 for	 direct	 infusion,	 chromatographic	 method	 development,	 and	 validation	

experiments.		

	

3.3.1.2 Sample	preparation	for	ADME	assays	

The	preparation	of	reagents	and	samples	used	during	ADME	assays	are	described	on	pg.	

193-195	of	Appendix	B.	
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3.3.2 Bioanalytical	method	development	

Analytical	 methods	 were	 developed	 on	 a	 LC-MS/MS	 system	 which	 consisted	 of	 a	

Schimadzu	 high-performance	 liquid	 chromatography	 (HPLC)	 system	 (Kyoto,	 Japan),	

coupled	to	an	AB	Sciex	3200	Q	TRAP	mass	spectrometer	(AB	Sciex,	Massachusetts,	USA).	

Compounds	were	prepared	 for	 infusion	at	 concentrations	between	100–500	ng/mL	 in	

various	mixtures	of	mobile	phases	from	stock	solutions.	A	1	mL	Hamilton	glass	syringe	

was	used	for	direct	infusion	into	the	mass	spectrometer	at	10	µL/min.	Different	analytical	

columns	and	ratios	of	aqueous	and	organic	mobile	phases	were	explored	during	method	

development	to	find	the	optimal	chromatographic	conditions	for	the	compounds.	Initial	

product	scan	mass	spectra,	MRM	transitions	and	final	mass	spectrometer	conditions	and	

representative	chromatograms	of	all	compounds	are	listed	in	Appendix	C.		

	

3.3.3 Bioanalytical	validation	experiments	

In	order	to	ensure	the	methods	were	robust	and	provided	accurate	and	reproducible	data,	

several	tests	were	applied	to	determine	if	the	methods	were	fit	for	the	intended	analyses	

associated	with	the	in	vitro	ADME	and	in	vivo	PK	sections.	This	included	assessment	of	

stock	 solution	 stability;	 matrix	 stability;	 autosampler	 stability;	 recovery	 and	 matrix	

effects;	accuracy	and	precision;	and	carryover.		

The	nature	of	this	project	did	not	justify	a	full	validation,	as	prescribed	by	the	U.S.	Food	

and	 Drug	 Administration	 (FDA)	 and	 European	Medicines	 Agency	 (EMA)	 international	

guidelines.258,259	 Instead,	 the	 FDA	 guidelines	 that	 give	 recommendations	 for	

chromatographic	assays	more	relevant	to	pre-clinical	research	under	the	‘fit-for-purpose’	

(FFP)	concept	were	followed.258	The	conditions	allow	for	less	stringent	validation	criteria	

as	the	data	will	not	be	used	for	clinical	or	regulatory	purposes.	It	was	determined	that,	at	

this	 level	of	validation,	a	percentage	difference	between	the	average	peak	ratio	for	 the	

reference	standard	and	test	solution,	should	not	exceed	20%	(%Nom),	and	a	percentage	

coefficient	of	variability	(CV)	not	exceeding	15%.	Validation	of	analytical	methods	require	

some	key	questions	to	be	addressed,	which	were	implemented	under	the	FFP	approach258	

and	includes	the	following:	

• Is	the	method	able	to	measure	the	intended	analyte	without	any	interference	and	

with	acceptable	selectivity	and	specificity?	
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• Does	 the	 method	 deliver	 accurate	 and	 precise	 results,	 within	 the	 acceptable	

variability	range?	

• What	is	the	range	in	measurements	that	provide	reliable	data?	

• Is	 the	 reliability	 of	 the	 data	 from	 the	 bioanalytical	method	 affected	 by	 sample	

collection,	handling	and	storage?	

In	summary,	the	validation	determined	if	the	optimised	methods	are	suited	to	the	analysis	

of	the	study	samples.	Validation	experiments	are	described	in	Appendix	D.	

	

3.3.4 ADME	assays	

Standard	operating	 procedures	 for	ADME	 assays	were	developed	and	 validated	 in	 the	

Division	of	Clinical	Pharmacology,	Department	of	Medicine	at	the	University	of	Cape	Town	

by	the	H3D	Drug	Discovery	and	Development	Centre.	Chemicalize	was	used	for	prediction	

of	pKa	values,	ChemAxon	(https://www.chemaxon.com).	

	

3.3.4.1 Kinetic	solubility	

Aqueous	 solubility	 of	 the	 compounds	 was	 determined	 at	 various	 pH	 levels,	 using	 a	

miniaturised	 shake-flask	method.235,236	 A	 three-point	 calibration	 curve	 of	 each	 control	

and	 test	 compound	 was	 prepared	 from	 stock	 solutions	 in	 DMSO.	 Test	 samples	 were	

prepared	in	phosphate	buffer	saline	(PBS)	solutions	at	pH	2,	6.5	and	7.4	in	flat-bottomed	

96-well	plates.	Plates	were	agitated	on	an	orbital	shaker	at	room	temperature	for	2	hours	

at	200	rpm	and	subsequently	analysed	with	HPLC-DAD	(Agilent	1200	Rapid	Resolution	

HPLC	 with	 diode	 array	 detector).	 Control	 (reserpine	 and	 hydrocortisone)	 and	 test	

compound	concentrations	were	calculated	from	the	peak	area	in	the	UV	chromatogram	

by	extrapolation	from	the	calibration	curve,	using	the	relationship	in	Equation	3-1.	

Equation	 3-1.	 Linear	 regression	 relationship	 of	 concentration	 versus	 instrument	
response.	

! = #$ + &	

Where	a	is	the	slope	and	b	is	the	intercept.	
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3.3.4.2 Lipophilicity	

The	 preference	 of	 a	 compound	 to	 distribute	 into	 a	 lipid	 or	aqueous	 environment	was	

determined	by	a	shake-flask	lipophilicity	(LogD)	assay,	modified	from	Alelyunas	et	al.237	

Stock	solutions	of	control	(hydrocortisones,	verapamil	and	ouabain)	and	test	compounds	

were	diluted	to	100	µM	in	a	deep	well	96-well	deep-well	plate	containing	1-octanol	and	a	

phosphate	buffer	(pH	7.4).	Plates	were	shaken	vigorously	on	an	orbital	shaker	at	750	rpm	

for	2	hours.	The	organic	and	buffer	layers	of	each	well	were	transferred	separately	to	a	

new	 analysis	 plate.	 The	 samples	 were	 analysed	 with	 HPLC-DAD	 and	 LogD7.4	 was	

calculated	from	the	integrated	peak	areas	using	Equation	3-2.	

Equation	3-2	

'()	+!.# =	'()$% ×	-
(./#0(1	2ℎ#45	25#6	#75#/90:5./9(0	;(1<=5
&<>>57	2ℎ#45	25#6	#75#/90:5./9(0	;(1<=5

?	

		

3.3.4.3 Permeability	assay	

Passive	permeability	was	determined	by	measuring	the	diffusion	of	compounds	across	an	

artificial	membrane	 in	 vitro,	 using	 the	 PAMPA	 assay.240	 Reference	 (warfarin)	 and	 test	

compound	samples	were	diluted	to	1	mM	in	a	donor	buffer	(pH	6.5)	 from	DMSO	stock	

solutions.	Total	donor	solution	was	prepared	by	diluting	10	µL	of	1	mM	test	compound	

with	10	µL	Lucifer	Yellow	solution	and	980	µL	donor	buffer.	In	triplicate,	150	µL	of	this	

solution	 was	 added	 to	 the	 apical	 (donor)	 side	 of	 a	 multiscreen	 plate	 containing	 the	

artificial	hexadecane	membrane	(Figure	3-2).	The	acceptor-buffer	solution	was	prepared	

by	adding	10	µL	DMSO	to	990	µL	acceptor	buffer	(pH	7.4)	and	250	µL	were	added	to	the	

basolateral	 (acceptor)	wells.	 The	 donor	 plate	was	 carefully	 inserted	 into	 the	 acceptor	

plate	and	incubated	at	room	temperature	for	4	hours.	Theoretical	equilibrium	samples	

were	prepared	by	adding	150	µL	of	donor	solutions	to	250	µL	acceptor	solutions	and	left	

at	 room	temperature.	After	 the	 incubation	period,	50	µL	of	samples	 from	 the	acceptor	

plate	were	 transferred	 to	a	round	bottom	96-well	plate,	 together	with	30	µL	of	donor	

buffer	for	matrix	matching.	For	the	prepared	theoretical	equilibrium	samples,	80	µL	were	

added	to	the	analysis	plate.	Lastly,	160	µL	ISTD	was	added	to	all	acceptor	and	equilibrium	

samples,	 and	 samples	 were	 submitted	 for	 LC-MS/MS	 analysis.	 LogPapp	 (apparent	

permeability)	was	calculated	using	equations	3-3	and	3-4.		
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Equation	3-3	

@ =	
A& 	× 	A'

(A& +	A') 	× 	D	 × 	/
	

	

where	 VA	 =	 volume	 of	 donor	 compartment	 (0.15	 cm3),	 VD	 =	 volume	 of	 acceptor	

compartment	 (0.25	cm3),	A	=	accessible	 filter	area	 (0.24	cm2)	 and	 t	=	 incubation	 time	

(14	400	seconds).	

Equation	3-4	

E()) = 	@	 ×	− ln I1 −	
KL7<)(**+),-.M

KL7<)+/01213.104M
N	

	

Where	 [drugacceptor]	 is	 the	 analyte	 to	 internal	 standard	 peak	 area	 ratio	 of	 the	 test	

compound	 in	 the	 acceptor	 compartment	 and	 [drugequilibrium]	 is	 the	 analyte	 to	 internal	

standard	peak	area	ratio	of	the	combined	total	donor	and	acceptor	compartments.	

	 Figure	 3-2:	 The	 experimental	 setup	 of	 the	 Multiscreen	 filter	 plate	 containing	 the	
artificial	membrane.	The	donor	plate	is	slotted	on	top	of	the	acceptor	plate	with	the	
membrane	submerged	in	the	acceptor	buffer	solution.	
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3.3.4.4 Plasma	stability	

The	stability	of	compounds	 in	human	plasma	was	determined	using	a	5-point	stability	

assay.235,243	Control	(procaine	and	vinpocetine)	and	test	compound	stock	solutions	were	

diluted	in	thawed	human	plasma	in	deep	well	96-well	plates.	An	aliquot	was	placed	in	six	

different	deep	well	plates	 labelled	with	different	 time-points	(t0,	 t5,	 t15,	 t30,	 t60,	and	t180	

minutes).	 The	 t0	 samples	 were	 immediately	 precipitated	 with	 ice	 cold	 acetonitrile	

containing	the	internal	standard	(ISTD)	(0.1	µM	carbamazepine)	and	stored	at	-20°C	until	

analysis.	The	remaining	plates	were	placed	in	a	water	bath	at	37°C	and	precipitated	at	the	

indicated	time.	After	samples	of	 the	 final	 timepoint	were	precipitated,	 the	supernatant	

was	transferred	to	a	round	bottom	96-well	plate	for	analysis	with	LC-MS/MS.	Peak	areas	

of	 the	 chromatograms	were	 integrated	 and	 normalised	with	 the	 ISTD	 peak	 area.	 The	

normalised	peak	areas	were	used	to	calculate	the	percentage	compound	remaining	after	

3	hours	incubation,	using	Equation	3–5.	A	time	versus	percentage	remaining	scatter	plot	

was	constructed	for	each	compound	and	the	regression	line	was	used	to	calculate	the	in	

vitro	half-life	of	a	compound	in	human	plasma,	using	Equation	3-6.		

Equation	3-5	

%	P/#&919/!	(2#750/	75=#9090)) = 	
0(7=#1945L	25#6	#75#	#/	/5
0(7=#1945L	25#6	#75#	#/	/%

	× 	100	

where	tx	is	the	time	of	incubation.	

	

Equation	3-6	

R#1> − 19>5	(=90</54) = 	
−0.693
W

	

where	W	is	the	slope	of	Ln	percentage	remaining	versus	time.		

	

3.3.4.5 Plasma	protein	binding	

The	extent	of	protein	binding	was	determined	by	using	human	plasma.166	Stock	solutions	

(10	 mM)	 of	 control	 (caffeine,	 warfarin	 and	 MMV390048)	 and	 test	 compounds	 were	

diluted	to	10	µM	in	plasma,	in	deep	well	96-well	plates.	An	aliquot	of	each	compound	was	

removed	in	duplicate	and	immediately	precipitated	with	ice	cold	acetonitrile	containing	
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the	ISTD	(0.1	µM	carbamazepine).	These	served	as	“total	concentration	samples”	(TCS).	

The	rest	of	 the	samples	were	incubated	in	a	water	bath	at	37°C	for	one	hour	and	then	

transferred	to	ultracentrifuge	tubes.	Samples	were	centrifuged	for	4	hours	at	37°C	and	30	

000	g.	Following	centrifugation,	the	supernatant	was	transferred	to	the	plate	containing	

TCS	and	precipitated	with	ice	cold	acetonitrile	containing	ISTD.	Plates	were	centrifuged	

at	3500	rpm	and	the	supernatant	transferred	to	round	bottom	96-well	analysis	plates	and	

analysed	by	LC-MS/MS.	The	percentage	of	bound	drug	was	calculated	from	normalised	

peak	areas	of	integrated	chromatograms,	using	Equations	3-7	and	compound	degradation	

was	calculated	using	Equation	3-8.		

Equation	3-7		

%	X(<0L = 100	 ×	
0(7=#1945L	peak	#75#	of	_@P − 0(7=#1945L	peak	#75#	4#=215

0(7=#1945L	peak	#75#	_@P
	

where	TCS	is	total	concentration	samples	

	

Equation	3-8	

%	+5)7#L#/9(0 = 100	 ×	
0(7=#1945L	peak	#75#	.(0/7(1	4#=215

0(7=#1945L	peak	#75#	(>	_@P
	

	

3.3.4.6 Microsomal	binding	

Stock	solutions	of	control	(warfarin	and	propranolol)	and	test	compounds	were	diluted	

to	 1	 µM	 in	 buffered	 solution	 containing	 0.4	 mg/mL	 microsomal	 protein.	 TCS	 and	

centrifuged	samples	were	prepared	in	the	same	fashion	as	described	in	Section	3.3.4.5.	

Following	centrifugation,	the	supernatant	was	transferred	to	the	plate	containing	TCS	and	

precipitated	 with	 ice	 cold	 acetonitrile	 containing	 ISTD	 (0.1	 µM	 carbamazepine).	 The	

supernatant	was	transferred	to	round	bottom	96-well	analysis	plates	and	analysed	by	LC-

MS/MS.	 The	 percentage	 bound	 drug	 was	 calculated	 from	 normalised	 peak	 areas	 of	

integrated	chromatograms,	using	Equations	3-7	and	3-8.	
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3.3.4.7 Metabolic	stability	

Determination	of	the	in	vitro	rate	of	metabolism	of	the	compounds	was	achieved	by	using	

a	 5-point	metabolic	 stability	 assay	 in	human	 and	mouse	 liver	microsomes.257,260	 Stock	

solutions	 of	 control	 (midazolam,	 MMV390048	 and	 propranolol)	 and	 test	 compounds	

were	diluted	in	buffered	solution	containing	0.4	mg/mL	microsomes,	in	deep	well	96-well	

plates.	 Deep	well	 plates	were	 labelled	with	 time	 points	 t0,	 t5,	 t15,	 t30,	 and	 t60	 minutes.	

Aliquots	 were	 transferred	 to	 each	 of	 the	 plates	 in	 duplicate.	 The	 t0	 samples	 were	

immediately	 precipitated	 with	 ice	 cold	 acetonitrile	 containing	 the	 ISTD	 (0.1	 µM	

carbamazepine)	and	stored	at	-20°C	until	analysis.	NADPH	was	added	to	the	remaining	

plates	to	initiate	the	metabolic	reaction	and	plates	were	placed	in	a	water	bath	at	37°C	

and	precipitation	of	 the	 solutions	 in	 the	plates	was	 carried	out	 at	 the	 indicated	 times.	

Following	precipitation,	the	supernatant	was	transferred	to	a	round	bottom	96-well	plate	

for	LC-MS/MS	analysis.	Peak	areas	of	the	chromatograms	were	integrated	and	normalised	

with	the	ISTD	peak	area.	The	normalised	peak	areas	were	used	to	calculate	the	percentage	

parent	remaining	at	each	incubation,	using	Equation	3-5.257	Calculation	of	 in	vitro	half-

lives	was	carried	out	as	described	in	Section	3.4.3.4	using	Equation	3-6.	Intrinsic	clearance	

values	were	calculated	using	Equation	3-9.	The	constant	Z	refers	 to	 the	 liver	mass	per	

body	weight	in	kilograms	for	mouse	and	human	species,	as	87.5	mg/kg	and	25.7	mg/kg,	

respectively.252		

Equation	3-9	

@116, =	
0.693

90	;9/7(	/$/8
	×
;(1<=5	(>	90.<&#/9(0
=)	=9.7(4(=54

	× 	
45	=)	=9.7(4(=54

)	19;57
	× 	Z		

	

Obach	has	argued	that	the	most	accurate	in	vivo	hepatic	clearance	(CLH)	predictions	are	

achieved	when	 including	 both	 plasma	and	microsomal	non-specific	 binding	 for	 acidic,	

basic,	and	neutral	drugs.257	The	predicted	hepatic	clearance	presented	in	Table	3-10	was	

calculated	by	Equation	3-10	and	included	protein	binding	data	from	Section	3.4.3.5.	and	

3.4.3.6.	
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Equation	3-10	

@'9 =
c	 ×	>0()2(;4() ×

@'16,
>0(41*)

c +	>0()2(;4() ×	
@'16,
>0(41*)

	

	

where	Q	is	the	hepatic	blood	flow	of	mouse	(90	mL/min/kg)	or	human	(20.7	mL/min/kg).	

Equation	 3-11	 was	 used	 in	 the	 case	 of	 AD01,	 RMB059	 and	 RMB060,	 where	 protein-

binding	data	were	not	available.	

Equation	3-11	

@'9 =
c	 ×	@'16,
c +	@'16,

	

	

3.3.5 Data	analysis	

Data	 from	validation	 and	ADME	 experiments	were	 analysed	 in	 Excel	 (Microsoft	Office	

Excel,	2013)	to	obtain	mean	±	 standard	error	of	 the	mean	and	%CV,	where	applicable.	

Graphs	 were	 constructed	 using	 Excel	 and	 GraphPad	 Prism	 version	 5	 for	 Windows	

(GraphPad	Software	Inc.,	La	Jolla,	California).		
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3.4 Results	and	discussion	
3.4.1 Solubility	

Kinetic	solubility	at	pH	2,	6.5,	and	7.4	was	evaluated	for	2	hours	at	25°C.	Solubility	was	

categorised	as	very	low,	low,	moderate,	or	high	according	to	Kerns	and	Di	(Table	3-1).239	

Solubility	data	of	the	biologically	active	compounds	is	presented	in	Table	3-2.	

Table	3-1:	Solubility	classification.	

Solubility	Class	 Concentration	(µM)	

Very	low	 <5	

Low	 5	–	49	

Moderate	 50	–	150		

High	 ³150	

	

Table	3-2:	Aqueous	solubility	of	the	seven	biologically	active	compounds.	

Compound	
Kinetic	solubility	(µM)	

pH	2	 pH	6.5	 pH	7.4	

WHN012	 10	 24	 27	

AD01	 >150	 >150	 >150	

PhX6		 >150	 <5	 <5	

DpNEt	 >150	 >150	 >150	

RMB005	 <5	 <5	 <5	

RMB059	 <5	 <5	 <5	

RMB060	 nd	 nd	 nd	

Reserpine	 135	 5	 <5	

Hydrocortisone	 >150	 >150	 >150	

nd,	not	determined	
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WHN012	 (pKa	 5.65/13.7),	 AD01	 (pKa	 3.96)	 and	 DpNEt	 (pKa	 2.38/11.3)	 had	 similar	

solubilities	 at	 the	 different	 pH	 levels	 tested,	 indicating	 their	 solubility	 profiles	 are	

unaffected	by	the	change	in	pH.	WHN012,	an	aminoartemisinin	derivative	(Figure	3-1),	

had	low	solubility	across	all	pH	levels	(10–27	µM);	this	contrasts	with	the	solubility	of	

artemisone	(AMS)	(220	µM,	pH	7.2)	and	artemisinin	(225	µM,	pH	7.2).261	The	MB	analogue	

AD01	and	the	thionosemicarbazone	DpNEt	were	highly	soluble	(>150	µM)	at	all	pH	levels	

tested.	The	phenoxazine	PhX6	(pKa	3.90)	had	very	low	solubility	at	pH	6.5	and	7.4	(<5	

µM),	 and	high	 solubility	at	pH	2	 (>150	µM).	This	was	evidently	 due	 to	 the	 compound	

existing	in	the	protonated	conjugate	acid	form	at	lower	pH.	The	decoquinate	derivatives	

RMB005	 (pKa	 -1.02/11.8)	 	 and	RMB059	 (pKa	4.73)	were	poorly	 soluble	across	all	pH	

levels,	and	were	comparable	to	the	parent	compound	DQ	(pKa	-1.55/9.95,	0.14	µM).262	

The	ester	carbamate	RMB060	(pKa	4.71)	was	unstable	in	solution	and	reliable	evaluation	

was	not	possible.		
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3.4.2 Lipophilicity	

The	distribution	coefficient	of	the	compounds	in	1-octanol	and	buffer	at	pH	7.4	(LogD7.4)	

was	 used	 as	 a	 measure	 of	 lipophilicity.	 As	 described	 in	 Section	 3.1.2.,	 lipophilicity	 is	

considered	ideal	in	the	range	of	LogD	1-3.	The	LogD	data	is	presented	in	Table	3-3.	

Table	3-3:	The	distribution	coefficient	LogD7.4	as	measure	of	lipophilicity.	

Compound	 Lipophilicity	(LogD7.4)	

WHN012	 1.9	

AD01	 0.2	

PhX6	 1.0	

DpNEt	 2.3	

RMB005	 3.2	

RMB059	 2.9	

RMB060	 2.9	

Artemisone	 2.5a	

Artemisinin	 2.9b	

MB	 0.1c	

DQ	 7.8a	

Hydrocortisone	 1.6	

Verapamil	 2.5	

Ouabain	 -1.8	

avalue	from	Burger	et	al.,	2018;	bvalue	from	Shah	et	al.,	2012;	cvalue	from	Usacheva	et	al.,	

2001.	

	

WHN012	(pKa	5.65/13.7)	has	moderate	lipophilicity	within	the	ideal	range	(LogD7.4	1.9),	

and	 is	 slightly	 less	 lipophilic	 than	 artemisinin	 (LogP	 2.9)263	 and	 its	 semi-synthetic	

analogue	AMS	 (LogP	 2.5).264	 It	 should	be	noted	 that	 artemisinin	does	not	possess	any	

ionisable	groups	and	thus	the	LogP	value	obtained	by	Shah	et	al.,	would	be	equal	to	the	

Log	D	at	any	pH.		Using	the	equation	for	calculating	LogD	at	a	specified	pH	by	Xing	and	

Glen,	the	calculated	LogD	of	artemisinin	and	AMS	was	very	similar	to	their	LogP	values.265	
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AD01	(pKa	3.96)		had	a	low	lipophilicity	(LogD7.4	0.2),	which	compares	with	the	reported	

lipophilicity	of	MB	(pKa	3.14).266,267	The	lipophilicity	of	PhX6	(pKa	3.90)	was	on	the	lower	

end	 of	 the	 ideal	 range	 (LogD7.4	 1.0),	 while	 the	 LogD	 of	 DpNEt	 (pKa	 2.38/11.3)	 was	

classified	as	 ideal	(LogD7.4		2.3).	 	RMB005	(pKa	-1.02/11.8)	had	 lipophilicity	above	the	

ideal	range	(LogD7.4	3.2).	LogD	values	of	RMB059(pKa	4.73)		and	RMB060	(pKa	4.71)	were	

classified	within	the	ideal	range	of	lipophilicity	(LogD7.4	2.9)	which	was	much	lower	than	

the	parent	compound	DQ,	(pKa	-1.55/9.95)	which	has	a	LogD	of	7.8.264			

	

3.4.3 Permeability	(PAMPA)	

Permeability	was	determined	via	LC-MS/MS	quantification	following	a	4-hour	incubation	

at	room	temperature	and	at	pH	6.5.	This	pH	resembles	more	closely	the	section	of	the	GIT	

where	 most	 of	 the	 passive	 intestinal	 absorption	 takes	 place.268,269	 Permeability	 was	

classified	according	to	ranges	provided	in	the	instructions	of	the	manufacturer	Biofocus	

(based	on	Kansy	et	al.)240	as	shown	in	Table	3-4.	The	results	are	presented	in	Table	3-5	as	

the	logarithm	of	apparent	permeability	(LogPapp).	

	 	 	

Table	3-4:	PAMPA	classification.	

Permeability	class	 LogPapp	

Low	 <-6.5	

Moderate	 -5.5	to	-6.5		

High	 >-5.5	
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Table	3-4:	Permeability	through	an	artificial	hexadecane	membrane	at	pH	6.5.	

Compound	 Permeability	
(LogPapp)	

WHN012	 -3.2		

AD01	 -6.4		

PhX6	 -4.4		

DpNEt	 -3.7		

RMB005	 -6.3	

RMB059	 -5.8	

RMB060	 -6.3	

Warfarin	 -3.8		

	

Overall,	 the	 compounds	 exhibited	 moderate	 to	 high	 permeability.	 High	 apparent	

permeability	was	observed	for	WHN012	(LogPapp	 -3.2),	PhX6	(LogPapp	 -4.4)	and	DpNEt	

(LogPapp	-3.7),	suggesting	that	passive	diffusion	contributes	significantly	to	the	absorption	

of	these	compounds	and	the	extent	of	absorption	was	predicted	to	be	high.270	It	should	be	

noted	that	PhX6	was	poorly	soluble	at	pH	6.5	which	may	have	resulted	in	the	apparently	

lower	rate	of	passive	diffusion.	According	to	Richardson	et	al.,	the	high	permeability	of	

DpNEt	may	be	partly	supportive	of	the	correlation	with	the	high	biological	activity,	which	

allows	it	to	access	intracellular	iron	(Fe)	pools.222	AD01	(LogPapp	-6.4),	RMB005	(LogPapp	

-6.3),	RMB059	(LogPapp	-5.8),	and	RMB060	(LogPapp	-5.8)	expressed	moderate	apparent	

permeability,	indicating	the	quantity	of	compound	that	was	able	to	cross	from	the	apical	

to	the	basolateral	side	of	the	membrane	was	limited.	In	similar	fashion,	the	poor	apparent	

permeability	 observed	was	 potentially	 due	 to	 the	 poor	 solubility	 at	 pH	6.5	 and	might	

suggest	that	the	RMB	compounds	were	not	completely	in	solution	on	the	apical	side	of	the	

membrane	and	thereby	unable	to	cross	sufficiently	to	the	basolateral	side.	
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3.4.4 Plasma	stability	

The	 stability	 of	 compounds	 in	 plasma	was	 assessed	 using	 the	 human	plasma	 stability	

assay.	Compounds	were	incubated	in	fresh	plasma	at	37°C	and	quantified	via	LC-MS/MS	

analysis.	Half-lives	in	plasma	were	calculated	 from	percentage	remaining	plots	and	are	

presented	in	Table	3-5.		

Table	3-5:	Stability	of	the	seven	compounds	in	human	plasma.		

Compound	 %	Remaining		
Projected		

half-life(min)	

WHN012	 91	 >150	

AD01	 21	 85	

PhX6	 88	 >150	

DpNEt	 87	 >150	

RMB005	 91	 >150	

RMB059	 68	 66	

RMB060	 <7	 <8	

Procaine	 <7	 <8	

Vinpocetine	 100	 >150	

	

WHN012	was	not	subject	to	significant	degradation	in	plasma.	AD01	had	low	stability	in	

plasma	with	 only	 21%	 remaining	 after	 3	 hours.	 PhX6,	 DpNEt,	 and	RMB005	had	 good	

stability	 and	 >150	 minutes	 half-life	 in	 plasma,	 comparable	 to	 the	 reference	 control	

vinpocetine.	 RMB059	 and	 RMB060	 were	 unstable	 in	 plasma	 and	 half-lives	 were	

calculated	as	66	min	and	<8	min,	 respectively.	 Some	 functional	 groups	are	 ‘soft	 spots’	

susceptible	 to	 hydrolysis,	 such	 as	 the	 ester	 and	 carbamate	 groups	 on	 RMB059	 and	

RMB060.	It	was	suspected	that	DQ	could	potentially	be	a	degradation	product	of	RMB059	

and	RMB060.	Transition	ions	were,	thus,	included	in	the	LC-MS/MS	method	for	detection	

during	analysis	of	the	plasma	stability	assay.	Peak	area	ratios	versus	time	of	RMB	and	DQ	

were	 plotted	 on	 the	 same	 graph	 to	 illustrate	 the	 change	 in	 concentrations	 of	 the	

compounds	(Figure	3-3).	The	degradation	of	RMB059	exhibited	in	Figure	3-3a	suggested	

that	the	compound	was	metabolised	in	a	linear	fashion	over	the	180	min	assay	period,	

while	RMB060	(Figure	3-3b)	was	rapidly	converted	to	DQ	within	the	first	20	minutes	of	
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the	assay.	It	is	interesting	to	note	the	extent	of	conversion	that	differs	between	the	two	

compounds	and	it	is	recommended	that	further	metabolic	identification	studies	be	done	

to	determine	the	formation	of	other	metabolites.	The	implication	of	hydrolysis	on	in	vivo	

experiments	could	have	a	profound	effect	because	it	could	mean	that	as	soon	as	RMB	is	

introduced	 into	 systemic	 circulation,	 it	 would	 be	 rapidly	 converted	 to	 DQ.	 	 This	 was	

however	 thought	 to	 be	 advantageous	 as	DQ	 is	 poorly	 absorbed	and	 if	 RMB	presented	

improved	 absorption,	 it	 could	 act	 as	 “prodrug”	 for	 DQ	 delivery.	 	 This	 effect	may	 also	

improve	 the	 efficacy	 profile	 of	 these	 quinolones	 as	 there	 will	 be	 both	 parent	 and	

converted	active	metabolite	in	circulation	to	increase	the	extent	and	duration	of	efficacy.			

Figure	 3-3:	 The	 change	 in	 concentration	 of	 parent	 compounds	 a)	 RMB059	 and	 b)	
RMB060	to	the	metabolite	DQ	during	the	3	hour	incubation	period	in	human	plasma.	



 
82 

3.4.5 Plasma	protein	binding	

The	 non-specific	 binding	 of	 compounds	 to	 plasma	 proteins	was	 investigated	 using	 an	

ultracentrifuge	 method.	 As	 discussed	 in	 the	 previous	 section,	 AD01,	 RMB059,	 and	

RMB060	 were	 excluded	 from	 protein-binding	 analysis	 due	 to	 their	 susceptibility	 to	

degradation	in	plasma.	The	acceptable	value	for	percentage	compound	remaining	during	

incubation	was	set	at	85%.	Plasma	protein	binding	was	classified	as	high,	moderate,	or	

low,	as	shown	in	Table	3-6.250	MMV390048	was	used	as	an	in-house	control	of	moderate	

binding,	as	it	has	been	well	characterised	by	Paquet	et	al.26	Results	are	summarised	below	

in	Table	3-7.		

Table	3-6:	Protein	binding	classification.	

Protein	binding	class	 Fraction	unbound	(fu)	

Low	 >0.5	

Moderate	 	0.5	to	0.05	

High	 <0.05	

	

	 Table	3-7:	Non-specific	binding	to	human	plasma	proteins.	

Compound	 %	 Plasma	 protein	
binding	(fu)	

WHN012	 98	(0.02)	

AD01	 nd	

PhX6	 90	(0.10)	

DpNEt	 94	(0.06)	

RMB005	 92	(0.08)	

RMB059	 nd	

RMB060	 nd	

Caffeine	 30	(0.70)	

Warfarin	 99	(0.01)	

MMV390048	 87	(0.13)		

fu,	fraction	unbound;	HLM,	human	liver	microsomes;	nd,	not	determined	
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WHN012	 was	 highly	 bound	 to	 plasma	 proteins	 (98%)	 similar	 to	 that	 of	 mefloquine	

(98%)244	 while	 PhX6,	 DpNEt	 and	 RMB005	 were	 only	 moderately	 bound	 (Table	 3-7).		

Navaratnam	et	al.	determined	that	artemisinin	and	its	derivatives	are	moderately	bound	

to	 human	plasma	proteins.	 Artemisinin,	 AS	 and	artemether	were	 64%,	 59%	and	 76%	

bound	to	plasma	proteins,	respectively,271	while	Li	et	al.	found	that	DHA	(43%)	has	a	low	

protein	binding.272		

	

3.4.6 Microsomal	binding	

Microsomal	protein	binding	was	determined	by	 incubation	 in	mouse	and	human	 liver	

microsomes,	 using	 the	 same	 ultracentrifugation	 method	 described	 in	 Section	 3.3.4.5.	

Microsomal	 protein	 binding	was	 classified	 using	 Table	 3-6.273	 Binding	 data	 for	 AD01,	

RMB059	and	RMB060	was	not	possible,	as	compound	integrity	was	lost	over	the	4-hour	

assay	period	(i.e.	<85%	remaining).	

Table	3-8:	Microsomal	protein	binding	for	mouse	and	human.	

Compound	 %	Microsomal	protein	binding	(fu)	

	 Mouse	 Human	

WHN012	 54	(0.46)	 61	(0.39)	

AD01	 nd	 nd	

PhX6	 99	(0.01)	 99	(0.01)	

DpNEt	 16	(0.84)	 25	(0.75)	

RMB005	 99	(0.01)	 99	(0.01)	

RMB059	 nd	 nd	

RMB060	 nd	 nd	

Warfarin	 1	(0.99)	 2	(0.98)	

Propranolol	 33	(0.67)	 38	(0.62)	

fu,	fraction	unbound;	MLM,	mouse	liver	microsomes;	nd,	not	determined	

The	mouse	and	human	microsomal	binding	for	WHN012	are	moderate.	Binding	of	PhX6	

to	microsomal	proteins	are	high	in	both	species.	Weakly	basic	compounds	like	PhX6	are,	
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however,	 more	 likely	 to	 bind	 extensively	 to	 microsomal	 protein.249	 DpNEt	 had	 low	

binding	 and	 RMB005	 was	 highly	 bound	 to	 microsomal	 proteins.	 No	 significant	

interspecies	 variability	 was	 expected	 as	 studies	 by	 Barr	 et	 al.	 and	 Riccardi	 et	 al.	

determined	that	binding	across	multiple	species	exhibit	similar	trends.274,275		

	

3.4.7 Metabolic	stability	in	mouse	and	human	liver	microsomes		

Metabolic	stability	was	measured	using	a	5-time	point	assay,	as	outlined	in	Section	3.3.4.7.	

Predicted	in	vivo	clearances	were	calculated	by	accounting	for	microsomal	and	protein	

binding.257	 Metabolic	 stability	was	 classified	 based	 on	 predicted	 hepatic	 clearance,	 as	

shown	in	Table	3-9	and	as	defined	by	Li	et	al.276	The	results	are	presented	in	Table	3-10.	

	

Table	3-9:	Classification	of	predicted	hepatic	clearance	values.	

Species	
Hepatic	clearance	rate	(mL/min/kg)	

High	CLH	(>70%	Q)	 Intermediate	CLH	 Low	CLH	(<30%	Q)	

Mouse	 >63	 30	-	60	 <27	

Human		 >14.4	 7	-	14	 <6.21	

CLH,	hepatic	clearance;	Q,	hepatic	blood	flow	

	

The	predicted	human	hepatic	clearance	of	WHN012	(11.8	mL/min/kg)	was	comparable	

to	 artesunate	and	artemisinin	 (12.3	and	 9.8	mL/min/kg,	 respectively)276	 and	 suggests	

that	WHN012	would	be	cleared	at	an	intermediate	rate	in	humans.	Intermediate	hepatic	

clearance	was	predicted	for	WHN012	in	mice.	PhX6	and	DpNEt	presented	similar	intrinsic	

clearance	values	that	were	 longer	 in	 the	mouse	but	 shorter	 in	 the	human	species,	 and	

comparable	 to	 propranolol.	 Predicted	 CLH	 for	 PhX6	 was	 high	 for	 both	 mouse	 (88.2	

mL/min/kg)	and	human	(20.2	mL/min/kg)	species.277	DpNEt	presented	 low	predicted	

human	hepatic	clearance	rates	(4.00	mL/min/kg).	AD01,	RMB059,	and	RMB060	had	high	

predicted	clearance	in	both	species	(>75.2	mL/min/kg	and	16.2	mL/min/kg	for	mouse	

and	human,	respectively).	This	may	be	as	result	of	rapid	metabolism	due	to	their	chemical	

structure,	 but	 this	 may	 also	 highlight	 the	 compounds’	 general	 lability.	 RMB005	 was	
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metabolically	more	unstable	in	mouse	liver	microsomes	(CLH	81.2	mL/min/kg,	high)	than	

in	human	microsomes	(CLH	12.6	mL/min/kg,	intermediate).	
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Table	3-10:	Prediction	of	hepatic	clearance	from	in	vitro	metabolic	stability	assays.	

Compound	 Species	 %	
remaining	
(after	 60	
min)	

Intrinsic	
clearance	
(mL/min/kg)	

Predicted	
hepatic	
clearance	
(mL/min/kg)	

Predicted	
hepatic	
extraction	
ratio	(EH)	

WHN012	 Mouse	 2	 2485	 49.1	 0.55	

	 Human	 3	 531	 11.8	 0.57	

AD01	 Mouse	 2	 772	 80,6*	 0.47*	

	 Human	 27	 74	 16.2*	 0.44*	

PhX6	 Mouse	 9	 446	 88.2	 0.98	

	 Human	 23	 82	 20.2	 0.98	

DpNEt	 Mouse	 14	 416	 22.3	 0.25	

	 Human	 34	 62	 4.00	 0.19	

RMB005	 Mouse	 55	 104	 81.2	 0.90	

	 Human	 85	 4	 12.6	 0.61	

RMB059	 Mouse	 22	 457	 75.2*	 0.46*	

	 Human	 10	 410	 19.7*	 0.49*	

RMB060	 Mouse	 17	 541	 77.2*	 0.46*	

	 Human	 12	 183	 18.6*	 0.47*	

Midazolam	 Mouse	 6	 1895	 49.0a	 0.54	

	 Human	 9	 794	 14.2a	 0.69	

MMV390048	 Mouse	 92	 11	 nd	 0.11	

	 Human	 95	 3	 nd	 0.14	

Propranolol	 Mouse	 3	 632	 62.0b	 0.69	

	 Human	 56	 32	 6.8b	 0.33	

*protein	binding	data	not	included;	aprotein	binding	value	from	Obach,	1999257;	bprotein	

binding	value	from	Obach,	1997.250		
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3.4.8 Overall	interpretation	

The	 most	 important	 drug-like	 properties	 of	 the	 compounds	 relating	 to	 the	 different	

phases	 of	 ADME	 once	 it	 enters	 a	 living	 system,	 were	 determined	 from	 the	 assays	

performed	in	this	study.	

The	absorption	of	 a	drug	 is	dependent	on	 its	solubility,	 lipophilicity,	and	permeability.	

Different	pH	levels	were	included	in	the	solubility	assay,	as	fluctuation	of	the	pH	gradient	

throughout	the	GIT	and	various	conditions	throughout	the	in	vivo	environment	can	alter	

dissolution	of	drugs.234	

Solubility	 was	 measured	 in	 aqueous	 buffer	 at	 pH	 2,	 which	 represents	 the	 pH	 of	 the	

stomach	 (1.4–2)	 and	 pH	6.5	 and	 7.4	which	 represents	 the	 pH	 of	 the	 intestine,	 where	

absorption	 takes	 place	 (6.8–8).278	 WHN012,	 RMB005	 and	 RMB060	 exhibited	 low	

solubility	 across	 the	 physiological	 pH	 levels	 tested	 and	 could,	 therefore,	 have	 limited	

absorption	and	greater	variability	of	uptake	in	vivo.279	Within	the	context	of	malaria,	drugs	

need	to	be	soluble	in	blood	and	able	to	cross	membranes	of	capillaries	and	RBCs	to	reach	

the	target,	as	the	clinical	presentation	of	the	disease	is	located	outside	the	plasma.	

Moreover,	conditions	within	intracellular	compartments	become	important	for	drugs	that	

elicit	 their	mechanism	of	 action	 by	 accumulation	 in	 such	 compartments.	Although	 the	

cytosolic	pH	of	infected	erythrocytes	is	not	significantly	different	to	normal	cells	(pH	7.4),	

other	compartments	with	a	lower	pH,	such	as	the	acidic	food	vacuole	of	the	parasite	(pH	

4.9–5.0)	 is	 important	 when	 considering	 solubility-performance	 of	 a	 drug.280	 This	 is	

demonstrated	 by	 CQ,	 a	 basic	 drug,	 that	 accumulates	 in	 the	 digestive	 vacuoles	 of	 P.	

falciparum.281		

As	 PhX6	 is	 a	 weak	 base,	 it	 was	 expected	 that	 solubility	 would	 be	 optimal	 in	 low	 pH	

environments.	This	was	demonstrated	by	high	solubility	at	pH	2	(>150	µM,	Table	3-1).	

PhX6	showed	poor	solubility	at	pH	6.5	and	7.4.	However,	the	observation	that	PhX6	has	

biological	 activity	 in	 the	 nanomolar	 range	 suggests	 that	 the	 compound	 is	 at	 least	

marginally	soluble	in	CM	(pH	7.4).	This	behaviour	is	similar	to	that	of	the	antimicrobial	

bedaquiline.	Bedaquiline	is	practically	insoluble	across	a	wide	pH	range	in	aqueous	buffer,	

but	shows	excellent	anti-tuberculosis	activity.282	In	this	case,	its	pKa	of	8.9	allows	it	to	be	

mostly	protonated	at	pH	7.4	and	therefore	its	solubility	would	exceed	that	of	PhX6.	PhX6	

was	expected	to	display	high	permeability	in	similar	fashion	to	that	of	BDQ.	Contrastingly,	
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the	high	solubility	of	MB	analogue	AD01	and	the	thionosemicarbazone	DpNEt,	suggest	

that	these	compounds	will	have	good	absorption	in	vivo.	

It	 is	 suggested	 as	 a	 rule	 of	 thumb	 that	 hydrophobicity	 is	 inversely	 correlated	 to	

hydrophilicity.283	This	was	demonstrated	by	some	of	the	compounds	investigated	in	this	

study,	particularly	through	the	high	solubility	and	below-ideal	lipophilicity	observed	for	

AD01.	Correlation	of	 lipophilicity	within	the	 ideal	range	was	expected	 to	present	good	

intestinal	absorption,	higher	protein	binding,	and	lower	Vd	in	vivo.283	The	relationship	of	

LogD	with	free-drug	PK	and	metabolism	has	been	well	described,257,283	and	is	discussed	

later.	

Permeation	 is	 largely	 controlled	 by	 the	 physicochemical	 properties	 of	 a	 drug,	 namely	

lipophilicity,	charge,	and	size	of	the	compound.	Furthermore,	the	extent	of	absorption	may	

be	 substantially	 impacted	 by	 various	 transporter	 proteins	 such	 as	 P-glycoprotein.284	

Although	WHN012	was	poorly	soluble	at	pH	6.5,	small	amounts	going	into	solution	could	

be	able	to	permeate	the	phospholipid	layer	very	well.	

In	 a	 study	 carried	 out	 by	 Senarathna	 et	 al.,	 it	 was	 demonstrated	 that	 artemisinin-

derivative	artesunate	had	moderate	permeability;	 it	was	proposed	that	 it	would	suffer	

incomplete	absorption	 in	the	GIT	as	passive	diffusion	was	not	 the	main	mechanism	of	

absorption.270	 In	 contrast,	 AMS	 has	 a	 similar	 high	 passive	 diffusion	 (LogPapp	 -4.2)	 to	

WHN012	 and	 was	 found	 not	 to	 be	 subject	 to	 P-glycoprotein-	 (P-gp)	 mediated	 efflux	

transport.270	The	PAMPA	assay	is	unable	to	distinguish	whether	compounds	like	AD01,	

with	 high	 solubility	 and	moderate	 permeability,	 are	dependent	 on	 active	 transcellular	

transport;	 or	 to	what	 extent	 it	 could	 be	 subject	 to	 P-gp	mediated	 efflux.	 It	 is	 evident	

through	 this	 example,	 that	 solubility	 and	 lipophilicity	 are	 opposing,	 inversely	 related	

parameters	 that	 should	be	balanced	 in	order	 to	obtain	optimal	drug	permeability	and	

exposure.		

Although	AD01	was	very	soluble	at	physiological	pH	that	is	typical	of	the	GIT,	lower	extent	

of	permeation	could	result	in	low	oral	BA	due	to	incomplete	absorption	in	the	intestine.	

Biological	models	 of	 permeability	 such	 as	 Caco-2	 cell-based	 assays	 could	 determine	 if	

AD01	disposition	is	predominantly	dependent	on	active	transport.	Senarathna	et	al.	also	

investigated	the	permeability	of	MB	and	found	that	poor	permeability	(LogPapp	-5.7)	could	

be	attributed	to	its	hydrophilicity;	this	appears	to	be	the	case	of	AD01.	MB	was	found	to	

be	 subject	 to	 P-gp	 efflux	 and	 this	 will	 result	 in	 decreased	 drug	 accumulation	 and	
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absorption	in	vivo.140,270	Because	of	close	similarity	in	structure,	this	could	potentially	be	

observed	with	AD01.	

The	 information	obtained	 from	the	kinetic	solubility	and	permeability	 studies	of	 these	

compounds	can	be	arranged	in	a	relationship	described	as	the	biological	classifications	

system	(BCS).	The	BCS	was	first	proposed	by	Amidon	and	colleagues285	as	a	guideline	to	

classify	 compounds	 and	 assist	 decision	 making	 for	 downstream	 development.	 This	

framework	classifies	compounds	based	on	aqueous	solubility	and	apparent	permeability	

(Figure	3-4).	This	classification	system	can	be	applied	to	the	in	vitro	data	to	correlate	in	

vivo	profiles	of	the	compounds.	

	

	

Highly	soluble	compounds	fall	within	Class	I	and	III,	while	highly-permeable	compounds	

fall	within	Class	I	and	II	of	the	BCS	(Figure	3-4).	In	vitro-in	vivo	correlation	of	a	Class	I	

compound	exhibiting	high	solubility	and	high	permeability,	such	as	DpNEt,	is	expected	to	

show	good	extent	of	absorption,	but	low	exposure	due	to	the	first	pass	effect	in	the	liver.	

CQ,	mefloquine,	primaquine,	and	proguanil,	among	others,	are	clinically	used	antimalarial	

drugs	which	are	classified	as	Class	I	drugs.	Compounds	WHN012	and	PhX6	were	classified	

as	Class	II	compounds,	which	had	low	solubility	and	high	permeability.	Included	in	this	

	Figure	3-4:	The	relationship	of	permeability	to	solubility	within	the	four	categories	of	the	
BCS	described	by	Amidon	et	al.285	Classification	of	clinically	used	antimalarials	are	shown	in	
blue,	as	listed	by	Kasim	et	al.286			



 
90 

class	is	the	clinically	applied	artemisinin	and	artemether-lumefantrine	combination.	Drug	

dissolution	 is	 expected	 to	 be	 the	 rate-limiting	 factor	 and	 high	 systemic	 variability	 is	

expected	due	to	slow	and	variable	absorption	for	WHN012	and	PhX6.	AD01	was	the	only	

Class	III	compound	that	presented	high	solubility	and	moderate	to	low	permeability.	It	is	

expected	that	AD01	would	present	variable	absorption	rate	and	extent	of	exposure	due	

to	 the	 variability	 in	 gastro-intestinal	 transport	 and	membrane	 permeability-solubility	

interplay.	RMB059	and	RMB060	were	classified	as	Class	IV	having	low	solubility	and	low	

permeability,	which	potentiates	difficulty	with	oral	drug	delivery.285,287		

Other	biochemical	interactions	such	as	the	effects	from	protein	binding	and	metabolism,	

occur	in	the	human	body	once	a	drug	has	been	administered	and	absorbed.	The	binding	

of	 drugs	 to	 protein	 and	 tissues	 are	 common	 for	 many	 drugs	 and	 will	 impact	 the	

distribution	and	elimination.	For	antimalarial	drugs,	the	impact	of	protein	binding	is	of	

prime	 interest	because	 it	 is	 the	 free,	unbound	drug	at	 the	 site	of	 action/infection	 that	

exerts	the	therapeutic	effect.244	The	binding	to	human	plasma	proteins	of	the	compounds	

investigate	in	this	study	were	classified	as	moderately	to	highly	bound.	Downstream	in	

vivo	 investigations	 of	 potential	 candidates	 should	 be	 vigilant	 of	 differences	 in	 protein	

concentration	resulting	from	disease,	since	the	effect	of	alteration	of	drug	concentration	

of	 new	 compounds	 is	 unknown.288	 It	 is	 known	 that	 malaria	 infection	 decreases	 the	

concentration	 of	 albumin	 and	 increases	 AAG	 by	 approximately	 25%	 and	 50%,	

respectively.289	Therefore,	 the	 free	concentration	of	compounds	such	as	WHN012–that	

are	 highly	 bound	 to	 protein,	 could	 alter	 its	 therapeutic	 effectiveness	 in	 vivo.	 Another	

important	consideration	is	that	efficacious	antimalarial	therapy	is	principally	reliant	on	

combination	 therapy.	 Highly	 protein-bound	 drugs	 could	 become	 susceptible	 to	 drug	

interactions	 by	 displacement	 from	 bound	 proteins,	 especially	 if	 partner	 drugs	

competitively	bind	to	plasma	proteins.245,290		

It	was	found	by	Obach	that	microsomal	binding	has	significant	impact	in	the	scaling	of	in	

vitro	intrinsic	clearance	to	the	in	vivo	hepatic	clearance.	Thus,	for	accurate	prediction	and	

correlation	of	in	vitro-in	vivo	data,	the	microsomal	binding	needs	to	be	determined	and	

incorporated	into	microsomal	stability	equations.257	When	binding	of	the	drug	occurs	on	

the	 membrane	 of	 microsomes,	 where	 most	 of	 the	 metabolising	 enzymes	 reside,	 it	 is	

unavailable	 for	 interaction	with	 the	microsome,	which	decreases	 the	extent	of	hepatic	

metabolism.	This	can	cause	an	over	estimation	of	the	stability	of	a	compound,	especially	

in	the	case	of	lipophilic	compounds	such	as	WHN012,	PhX6,	DpNEt	and	RMB005	as	they	
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are	more	likely	to	associate	with	membranes.	Free,	unbound	drugs	in	systemic	circulation	

are	metabolised	by	enzymes	 found	 in	the	plasma	and	liver.	 If	 the	molecule	is	bound	to	

protein,	 the	 interaction	 with	 enzymes	 is	 hindered.	 This	 could	 likely	 result	 that	 the	

compounds	will	present	lower	clearance	rates	in	an	in	vivo	model.257	

The	artemisinins	are	known	to	have	metabolic	labilities	by	reductive	metabolism	of	the	

peroxide	 bridge,291,292,	 and,	 thus,	 WHN012	 could	 undergo	 extensive	 metabolism.	 The	

physicochemical	properties	of	DpNEt	suggested	that	it	could	be	well	absorbed,	and	thus,	

may	present	high	BA,	as	further	suggested	by	the	clearance	data.	Compounds	with	low	

free	fraction	in	plasma	(fu£0.1)	are	expected	to	be	less	available	for	first	pass	metabolism	

in	 vivo.	DpNEt	displayed	non-specific	binding	 to	microsomes	of	between	16–25%,	and	

fu<0.1	 in	 human	 plasma.	 Because	 metabolic	 stability	 involving	 liver	 microsomes	 are	

predominantly	attributed	to	Phase	I	and	Phase	II	reactions,	the	low	predicted	clearance	

of	 DpNEt	 may	 suggest	 that	 metabolism	 could	 be	 substantially	 mediated	 by	 other,	

nonoxidative	processes	and	cytosolic	enzymes.251,252		

As	mentioned	previously,	data	of	low-solubility	drugs	should	be	interpreted	with	caution.	

The	poor	solubility	of	RMB005	could	cause	the	compound	to	precipitate	during	the	assay,	

leaving	 it	 unavailable	 for	 the	 microsomes	 to	 metabolise	 and	 then	 resuspended	 upon	

precipitation	with	organic	solvent.	This	could	result	in	false	presentation	of	stability,	i.e.	

overprediction	 of	 the	 percentage	 remaining	 following	 incubation	 over	 60	 minutes.	

Metabolic	stability	of	compounds	RMB059	and	RMB060	could	be	misleading,	as	they	have	

shown	to	be	relatively	unstable	compounds	in	human	plasma	(Figure	3-3).	The	apparent	

high	 rate	 of	 metabolism	 is	 not	 an	 accurate	 prediction,	 but	 rather,	 reflective	 of	 the	

compounds’	expected	lability	under	the	assay	conditions.		

	

3.4.9 Correlation	with	in	vitro	biological	assays	

The	observed	in	vitro	biological	activities	of	the	compounds,	as	described	 in	Chapter	2,	

showed	 correlation	 to	 some	 of	 the	 physicochemical	 and	 biochemical	 characteristics	

investigated	 in	 this	 chapter.	 Good	 solubility	 presented	 by	 AD01	 (Section	 3.4.1)	 was	

represented	by	biological	activities	(Section	2.3.1.2).		
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The	parent	compound	MB	was	reported	to	have	a	LogP	of	0.1	by	Usacheva	and	colleagues,	

indicating	 it	 is	hydrophilic.266	The	structural	analogue	AD01	showed	slightly	 improved	

lipophilicity	(LogD7.4	0.2),	while	reflective	of	its	good	in	vitro	activity.		

Compounds	that	presented	low	solubility,	which	included	WHN012,	RMB005,	and	PhX6,	

only	require	a	small	portion	of	compound	in	solution	and	to	present	high	potency.	The	

most	surprizing	discovery	was	that	RMB059	and	RMB060	were	converted	to	the	parent	

DQ	when	exposed	to	hydrolytic	enzymes	in	biological	matrix.	Although	the	degradation	

of	RMB059	and	RMB060	was	significant	over	time,	this	was	not	reflected	in	the	biological	

assays,	as	one	would	expect	decreased	biological	activity	as	result	of	poor	stability.	The	

biological	 activity	 from	 the	 RMB	 compounds	 could	 be	 explained	 by	 a	 prodrug-effect	

whereby	compounds	were	added	to	the	incubation	plate	and	are	converted	into	the	more	

stable	parent	DQ	during	antiplasmodial	screening	assays.	High	biological	activity	of	the	

ester	 carbamates	 could	 also	 indicate	 a	 fast	 mechanism	 of	 action,	 as	 hydrolysis	 was	

expected	to	occur	quickly,	and	surviving	parasites	to	be	killed	as	the	concentration	of	DQ	

increased	over	time.	

	

3.5 Summary	and	conclusions	
The	characterization	of	physicochemical	properties	included	solubility,	lipophilicity,	and	

permeability.	 While	 biochemical	 properties	 included	 stability	 and	 protein	 binding.	 As	

expected,	profiles	were	significantly	different	for	each	of	the	compounds.		

Solubility	 ranged	 from	 poor	 to	 high.	 The	 results	 of	 the	 analyses	 of	 sparingly	 soluble	

compounds	were	interpreted	with	caution,	as	these	may	give	erroneous	data	of	in	vitro	

assays	carried	out	in	similar	conditions	and	solutions	with	specific	pH’s.	In	contrast,	in	

vitro	biological	evaluation	suggested	that	a	sufficient	fraction	of	the	compound	remained	

in	 solution	 in	 order	 to	 produce	 the	 pharmacological	 effect.	 This	 observation	 was	 an	

example	 of	 the	 potency	 and	 permeability	 being	 dependent	 on	 minimum	 required	

solubility	 and	 should	 be	 taken	 into	 consideration	 as	 it	 may	 ultimately	 influence	 oral	

dosing	concentrations.140,293		

Lipophilicity	and	permeability	correlated	well,	and	it	was	expected	that	those	with	high	

permeability	 be	 well	 absorbed	 and	 present	 good	 exposure	 in	 vivo.	 Protein	 binding	

predicted	that	all	qualifying	compounds	would	have	low	free	fractions	in	vivo	and	it	would	
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be	important	consider	this	in	future	investigation	in	disease	models,	as	malaria	infection	

significantly	alters	different	plasma	protein	 levels.289	High	protein	binding	of	 lipophilic	

compounds	could	result	in	the	underprediction	of	clearance.	Subsequently,	the	available	

binding	data	was	factored	into	in	vitro	intrinsic	clearance	data	to	obtain	more	accurate	

hepatic	clearance	predictions	for	in	vivo	investigations.257		

Clearance	is	a	crucial	parameter	in	the	prediction	of	doses	to	be	administered,	as	higher	

oral	clearance	requires	higher	oral	dosages.	Unfortunately,	determination	of	plasma	and	

microsomal	 protein	 binding	 for	 AD01,	 RMB059,	 and	 RMB060	 were	 not	 possible	 as	

stability	was	very	low.	Rapid	formation	of	metabolites	from	these	compounds	is	likely	to	

be	observed	during	in	vivo	 studies.	The	data	 from	the	ADME	studies	are	used	together	

with	in	vivo	data	described	in	the	next	chapter	in	order	to	assist	interpretation	of	the	PK	

profiles	of	the	compounds.		
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4 	Pharmacokinetic	
evaluation	in	a	mouse	
model	
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4.1 Introduction	
In	 the	 previous	 chapter	 the	 determination	 of	 the	 ADME	 properties	 of	 the	 amino-

artemisinin	 WHN012,	 the	 ethyl	 analogue	 AD01	 of	 MB,	 the	 phenoxazine	 PhX6,	 the	

thiosemicarbazone	 DpNEt,	 and	 the	 decoquinate	 derivatives	 RMB005,	 RMB059,	 and	

RMB060	(Fig.	3-1,	Chapter	3)	in	vitro	is	described.		

While	in	vitro	ADME	assays	offer	high-throughput	lead	candidate	identification,	it	lacks	

the	physiological	integration	and	complexity	of	a	dynamic	living	model	in	which	the	ADME	

systems	 are	 interrelating.294	 In	 vivo	 models	 area	 also	 able	 to	 provide	 much	 more	

information	 on	 a	 drug’s	 oral	 BA,	 duration	 of	 exposure,	 systemic	 clearance	 (CL)	 and	

distribution,	 as	 discussed	 later.	 The	murine	model	 for	 pharmacokinetic	 investigations	

offer	a	comprehensive	and	inexpensive	evaluation	of	novel	compounds	in	a	living	system.	

However,	 variability	 resulting	 from	 species	 differences	 should	 be	 kept	 in	 mind.	 For	

example,	protein	binding	can	differ	across	species	and	therefore	it	is	crucial	to	evaluate	

protein	 binding	 in	 all	 species	 of	 animals	 used	 during	 pre-clinical	 investigation.295	

Furthermore,	 concentration	 measurements	 at	 some	 sample	 collection	 sites	 can	 differ	

between	mice	and	humans.	For	example,	drugs	can	penetrate	epithelial	 lung	 fluid	to	a	

different	 extent	 between	 species	 and	 therefore	 result	 in	 less	 accurate	 PK	

interpretation.296	 	In	the	case	of	rapidly	metabolising	drugs,	murine	metabolism	can	be	

altered	to	more	closely	mimic	clearance	or	metabolism	in	humans.297	C57BL/6	mice,	an	

inbred	strain,	were	used	rather	than	outbred	strains	(Swiss,	CD-1,	NMRI)	because	of	their	

genetic	homogeneity	resulting	in	minimized	intrastrain	differences	and	variability.298	

By	using	animal	models,	one	can	evaluate	the	onset,	duration,	and	intensity	of	a	drug’s	

effect	following	administration.	This	is	established	by	determination	of	PK	parameters,	

that	is,	determining	what	the	body	does	to	the	drug.	The	relevant	parameters	include	the	

CL,	elimination	half-life	(t1/2)	 ,	Vd,	and	BA,	maximum	concentration	(Cmax)	and	the	time	

(Tmax)	to	reach	Cmax,	and	the	area	under	the	concentration-time	curve	(AUC)	of	the	drug.299	

CL,	t1/2,	Vd,	and	BA	are	essential	properties	associated	with	the	PK	of	a	drug.299	Plasma	

(total	or	systemic)	CL	is	determined	by	all	the	individual	metabolizing/eliminating	organ	

clearances.300	 Various	 organs	 are	 responsible	 for	 elimination	 of	 drugs	 including	 the	

kidneys	and	 lungs,	 among	 others,	 although	 the	 liver	 is	 considered	 to	have	 the	highest	

capacity	for	drug	metabolism.		
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The	systemic	CL,	thus,	results	from	the	additive	effects	of	various	organ	eliminations,	as	

demonstrated	by	Equation	4-1	(Figure	4-1).299	CL	is	estimated	from	the	plasma	or	whole	

blood	concentrations	of	a	single	intravenous	dose.	The	total	dose	considered	should	be	

the	amount	which	ultimately	gains	access	to	the	systemic	circulation.	This	is	calculated	by	

dividing	 the	administered	dose	by	 the	area	under	 the	 concentration-time	curve	and	 is	

expressed	as	volume	per	unit	 time	 (Equation	4-2,	 Figure	4-1).300	 CL	 is	 usually	 further	

defined	as	blood,	plasma,	or	free	drug	CL	and	their	use	is	dependent	on	the	concentration	

of	drug	used.		

The	 t1/2	 of	 a	 drug	 is	 dependent	 on	 both	 the	 plasma	 CL	 and	 extent	 of	 distribution.	

Therefore,	different	drugs	may	present	similar	CL	rates	but	distinctly	different	half-lives,	

as	their	degree	of	distribution	will	influence	the	rate	at	which	they	are	eliminated	from	

the	 body.	 Terminal	 plasma	 t1/2	 is	 defined	 as	 the	 time	 required	 to	 reduce	 the	 plasma	

concentration	by	50%	after	reaching	pseudo-equilibrium.	Then,	terminal	t1/2	is	computed	

when	the	decrease	in	drug	plasma	concentration	is	due	only	to	drug	elimination,	and	the	

term	‘elimination	t1/2’	is	applicable.	Half-life	for	a	drug	following	first-order	elimination	

kinetics	 is	 computed	by	 division	 of	 the	 natural	 logarithm	of	2	 by	 the	 elimination	 rate	

constant	and	is	expressed	as	a	unit	of	time	(Equation	4-3,	Figure	4-1).301	

Along	with	CL,	the	Vd	can	have	significant	implications	on	the	duration	of	action	of	a	drug	

through	their	relationship	to	t1/2.302	Vd	is	defined	as	the	theoretical	volume	that	would	be	

necessary	to	contain	the	total	amount	of	an	administered	drug	at	the	same	concentration	

that	it	is	observed	in	the	blood	plasma.303As	expressed	in	Equation	4-4	(Figure	4-1),	the	

Vd	is	calculated	by	division	of	the	administered	dose	by	the	plasma	concentration	at	time	

zero,	and	is	expressed	in	litres.		

BA	is	defined	as	the	amount	of	drug	that	is	absorbed	and	reaches	the	target	site	unchanged	

following	 different	 routes	 of	 administration	 and	 is	 a	 good	 indicator	 of	 the	 extent	 of	

absorption	from	the	site	of	administration	to	the	systemic	circulation.303	The	BA	of	a	drug	

which	is	administered	via	intravenous	route,	is	assumed	to	be	100%,	as	the	bolus	dose	is	

introduced	 directly	 into	 the	 systemic	 circulation.	Other	 routes	 of	 administration	 often	

result	in	incomplete	BA	levels	which	may	be	due	to	solubility,	dosage	form	effects,	site	of	

administration	effects	or	membrane	effects.	For	example,	the	BA	following	an	oral	dose	

would	be	lower	than	that	of	an	intravenous	dose;	due	to	the	fact	that	the	drug	is	subject	

to	hepatic	first	pass	metabolism	during	absorption.299	BA	may	further	be	influenced	by	

first	 pass	 extraction	 of	 the	 drug	 via	 the	 gut	wall	 during	 absorption	 or	 through	 efflux	
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transporters	 located	 in	 the	 intestinal	 epithelium	 or	 hepatocytes.251	 Absolute	 BA	 is	

calculated	from	the	dose-corrected	area	under	the	curve	for	an	extravascular	(oral)	dose	

and	an	intravenous	dose	and	expressed	as	a	percentage	(Equation	4-5,	Figure	4-1).	

In	 general,	 PK	 data	 is	 either	 analysed	 by	 model	 fitting	 using	 non-linear	 regression	

analysis,	or	non-compartmental	analysis	techniques.	The	latter	is	generally	the	preferred	

method	of	choice	for	the	determination	of	the	PK	parameters	listed	earlier,	as	it	requires	

fewer	assumptions	than	model-based	approaches.304			

An	ideal	PK	profile	depends	largely	on	the	pharmacological	target	site.	In	the	case	of	the	

disease	target	for	malaria	infection,	the	major	pharmacological	target	is	confined	within	

the	systemic	circulation	–	the	RBCs.	Some	PK	parameters	are	fundamental	regardless	of	

site	 of	 action,	 such	 as	 adequate	 intestinal	 absorption	 following	 oral	 administration.	

Compounds	are	able	to	enter	the	systemic	circulation	through	many	known	mechanisms,	

but	the	major	mechanism	is	through	passive	diffusion,	as	discussed	in	Section	3.1.3.238,305	

Upon	absorption	into	the	bloodstream	from	the	GIT,	blood	is	circulated	through	the	liver	

via	the	hepatic	portal	vein.	The	liver	may	metabolize	the	drug,	resulting	in	its	elimination.	

This	process	is	known	as	first	pass	extraction	and	has	an	immense	impact	on	the	BA	of	a	

drug.	 Compounds	 that	 are	 readily	 absorbed,	 but	 survive	 major	 metabolism	 by	 liver	

enzymes,	are	likely	to	have	a	prolonged	t1/2	resulting	in	substantial	exposure.154		

Importantly,	 understanding	 the	 PK	 in	 relationship	 with	 pharmacodynamics	 of	 the	

compound	 in	 vivo,	 could	enhance	understanding	of	 the	action	of	 a	drug.	The	observed	

pharmacodynamic	effect	in	a	given	preclinical	model	system	is	associated	with	a	specific	

PK	driver	such	as	parameters	AUC,	Cmax,	or	the	lowest	concentration	of	a	drug	in	the	blood,	

compared	to	the	in	vitro	potency	measure.36,306	Within	the	context	of	malaria,	compounds	

that	exhibit	high	levels	of	activity	in	vitro	and	display	slow	elimination,	high	exposure,	and	

BA	in	vivo	will	be	favoured	over	those	deficient	in	these	PK	properties.		

As	mentioned	in	Chapter	3,	characterisation	of	ADME	properties	were	done	in	parallel	to	

PK	 evaluation.	 Interestingly,	 analysis	 of	 the	 carbamate	 derivatives	 (RMB059	 and	

RMB060)	posed	challenges	which	influenced	the	interpretation	of	their	data,	for	example	

erratic,	highly	variable	recovery	values	during	extraction	method	optimisation.	Prior	to	

PK	sample	processing	and	analysis,	it	was	discovered	that	the	compounds	were	generally	

unstable,	especially	in	the	whole	blood	matrix.	The	PK	analysis	of	these	compounds	was	

approached	 by	 quantifying	 DQ	 as	 a	 product	 of	 the	 compounds	 administered,	 by	
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integrating	 the	 peak	 areas	 of	 DQ	 during	 LC-MS/MS	 analysis	 and	 calculating	 the	

concentrations	of	PK	samples	from	a	DQ	calibration	curve.	As	such,	DQ	was	included	in	all	

validation	experiments,	where	applicable.	The	PK	properties	of	compounds	necessary	for	

progression	to	combination	studies	are	identified	in	this	chapter.		

	

	

	

	

Equation	4-1:	Total	clearance		

de=>=?@ =	de@ABCD +	deDCE?@ +	de>=FCD	

Equation	4-2:	Calculation	of	plasma	clearance	

de =	
fghi

jkdGHI
	

Equation	4-3:	Calculation	of	half-life		

lJ
KL
=	
m. nop
qC@

	

Equation	4-4:	Calculating	volume	of	distribution	

rM = 	
lglst	sugvwl	gx	fyvz	{w	l|i	}gf~

fyvz	�tshus	ÄgwÄiwlysl{gw
	

Equation	4-5:	Calculation	of	absolute	bioavailability	

Åj =	
[jkd]>D?@

[jkd]AE=D?BCE>NO
	× 	

ÑghiAE=D?BCE>NO
Ñghi>D?@

	× Ömm	

Figure	4-1:	Summary	of	equations	used	to	calculate	essential	properties	
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4.2 Materials	
Materials	used	during	preparation	and	analysis	of	PK	experiment	samples	are	listed	 in	

Appendix	C.	Only	materials	of	analytical	grade	or	higher	were	used.		

	

4.3 Methods	
4.3.1 Ethical	statement	

Despite	the	ethical	concerns	mentioned	in	Section	1.4,	all	animal	studies	and	procedures	

were	conducted	with	prior	approval	of	the	Ethics	Committee	of	University	of	Cape	Town	

(approval	number	 013/028)	 in	accordance	with	 the	South	African	National	 Standards	

(SANS	 10386:2008)	 for	 the	 Care	 and	 Use	 of	 Animals	 for	 Scientific	 Purposes,307	 	 and	

guidelines	from	the	Department	of	Health.308	The	benefits	of	in	vivo	assessment	are	vast,	

as	per	Section	1.4.3.	

	

4.3.2 Environmental	conditions	for	animals	

Healthy	C57BL/6	mice	weighing	approximately	25	g	were	kept	at	the	University	of	Cape	

Town	animal	 facility.	Mice	were	housed	 in	27x21x28	cm	cages	(n=3)	under	controlled	

environmental	conditions	at	22	±	2°C,	humidity	of	55%	±	15%	and	a	12	hour	light/dark	

cycle.	The	cage	 floor	was	 covered	 in	dried	wood	shavings.	Paper	 strips	and	cardboard	

tubes	were	 provided	 for	 building	material	 and	 shelter.	Mice	were	 acclimatised	 to	 the	

experimental	 environment	 for	4–5	days	prior	 to	beginning	the	experiments.	Food	and	

water	were	available	ad	libitum.	

	

4.3.3 Formulations	

Dosing	was	with	aqueous	or	organic	solutions	for	oral	and	intravenous	administration;	

the	aqueous	solution	consisted	of	either	100%	Millipore	water,	or	an	aqueous	solution	of	

hydroxypropyl	 methylcellulose	 (HPMC)	 containing	 0.2%	 Tween	 80.	 The	 weighed	

compound	was	dissolved	in	water	and	vortexed	for	2	minutes	or	suspended	in	the	HPMC	

solution	and	vortexed	for	2	minutes.	The	aqueous	solutions	were	used	for	oral	dosing.	For	

intravenous	dosing,	the	weighed	compound	was	added	to	either	100%	Millipore	water,	
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or	 an	 organic	 vehicle	 consisting	of	 10%	dimethylacetamide	 (DMA),	 30%	polyethylene	

glycol	400	 (PEG),	50%	polypropylene	glycol	 (PPG)	and	10%	ethanol.	Dosing	 solutions	

were	 tested	 the	 day	before	 the	 scheduled	experiment	 to	 ensure	 that	 the	 compound	 is	

soluble	 in	 the	 solution;	 solubility	 was	 confirmed	 by	 visual	 inspection	 of	 the	 dosage	

solution	before	administration.	Suspensions	were	vigorously	vortexed	and	sonicated	to	

obtain	a	clear	and	even	suspension.	Fresh	dosing	solutions	were	again	prepared	similarly	

the	following	day	for	use	in	the	experiment.	

	

4.3.4 Preparation	of	test	compound	and	administration	

Solutions	or	suspensions	for	oral	and	intravenous	administration	were	prepared	freshly	

on	the	day	of	the	experiment.	A	predetermined	mass	of	the	test	compound	was	weighed	

for	oral	and	intravenous	dosing	groups.	The	mass	of	the	compound	used	was	based	on	the	

average	weight	of	the	mice,	determined	the	morning	of	the	experiment.	Mr	Trevor	Finch	

(animal	technician)	from	the	Division	of	Clinical	Pharmacology	at	the	University	of	Cape	

Town	performed	all	animal	handling,	compound	administration,	and	blood	collection.	The	

volume	 of	 dosing	 solution	 administered	 to	 oral	 and	 intravenous	 groups	 of	 mice	 was	

calculated	based	on	the	average	weight	of	the	mice	allocated	to	the	respective	group.	Oral	

dosing	solutions	of	AD01	and	PhX6	consisted	of	100%	Millipore	water.	WHN012,	DpNEt,	

RMB005,	RMB059,	and	RMB060	were	prepared	in	an	aqueous	suspension	of	0.5%	HPMC	

(w/v)	with	0.2%	Tween	80	(v/v).	For	oral	administration,	between	160	and	200	μL	of	the	

dosing	solution	was	administered	by	oral	gavage.	Mice	in	the	intravenous	dosing	group	

were	 anesthetised	 and	 compounds	 were	 administered	 via	 the	 penile	 dorsal	 vein.	

Intravenous	 dosing	 solution	 for	 AD01	 and	 PhX6	 consisted	 of	 100%	 Millipore	 water.	

WHN012,	DpNEt,	RMB005,	RMB059,	and	RMB060	were	prepared	in	a	solution	of	DMA,	

PEG	400,	PPG	and	ethanol	(1:3:5:1,	v/v).	Between	60–120	μL	dosing	solution	was	slowly	

administered	 over	 1	 minute.	 Administration	 was	 carried	 out	 within	 30	 minutes	 of	

preparation	of	the	solutions	of	suspensions	containing	the	compound	

	

4.3.5 Sample	collection	

Animal	study	samples	were	collected	via	tail	tip	bleeding	in	heparinised	collection	tubes	

and	gently	vortexed	to	prevent	coagulation.	Mice	were	placed	in	a	restraining	device	to	
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assist	the	process	of	blood	sampling.	Whole	blood	samples	for	analysis	were	collected	for	

all	 compounds	except	 for	WHN012.	Plasma	samples	were	prepared	 from	whole	blood	

samples	for	this	compound	because	a	reliable	extraction	method	in	whole	blood	could	not	

be	 developed,	 as	 determined	 during	 extraction	 method	 development	 (Section	 4.3.7).	

Whole	blood	samples	for	WHN012	were	collected	at	pre-determined	time	points	(0.08,	

0.25,	0.5,	1.5,	2.5,	and	4	hours)	for	both	the	oral	and	intravenous	groups	and	centrifuged	

for	 5	minutes	 at	 5590	 g	 to	 obtain	 the	 plasma	 layer.	 Plasma	was	 transferred	 to	 clean	

collection	tubes	and	frozen	at	-80°C.	For	the	oral	dose	of	AD01,	PhX6,	DpNEt,	RMB005,	

RMB059,	and	RMB060,	blood	samples	were	collected	at	0.5,	1,	3,	5,	8,	10	and	24	hours,	

gently	vortexed	and	kept	on	ice.	Additionally,	the	intravenous	study	group	had	an	extra	

time	point	at	0.16	hours.	Approximately	20	µL	of	blood	was	sampled	at	each	time	point	

and	no	more	than	approximately	160	µL	of	blood	was	collected	throughout	the	24-hour	

sampling	period,	which	is	well	within	the	guidelines.	Blood	samples	were	frozen	at	-80°C.	

	

4.3.6 Calibration	standards	and	quality	control	sample	preparation	

Blank	whole	blood	collected	in	lithium	heparin	tubes	from	C57BL/6	mice,	was	used	for	

the	preparation	of	calibration	standards	(STDs)	and	quality	control	(QC)	samples.	Various	

solutions	 for	 spiking	 blank	 matrix	 were	 tested	 to	 optimize	 the	 spiking	 method	 and	

improve	reproducibility.	Weighed	amounts	of	the	compounds	were	dissolved	in	DMSO	to	

generate	solutions	at	concentrations	of	1	mg/mL,	on	the	day	of	calibration	STDs	and	QC	

preparation.	 Stock	 solutions	 of	WHN012,	 AD01,	 and	 PhX6	were	 spiked	 at	 the	 highest	

nominal	 concentration	directly	 into	 the	matrix	 from	 the	 freshly	prepared	DMSO	stock	

solutions,	and	serially	diluted	with	blank	matrix	across	the	calibration	range	(Table	4-1).	

Each	calibration	standard	was	vortexed	vigorously	for	one	minute	between	each	dilution.		

In	the	case	where	serial	dilutions	did	not	produce	acceptable	accuracy	and	precision,	a	

parallel	 spiking	 method	 from	 working	 solutions	 were	 used.	 Working	 solutions	 were	

prepared	in	a	spiking	solution	(1:1	mix	of	mobile	phases,	v/v)	from	freshly	prepared	stock	

solutions	 and	 spiked	 in	 parallel	 at	 equal	 volumes	 across	 the	 concentration	 range	 to	

achieve	the	nominal	concentrations	of	STDs	and	QCs	in	blood.	DpNEt	and	RMB005	were	

prepared	as	working	solutions	in	spiking	solutions.		

STDs	for	WHN012	were	prepared	in	mouse	plasma	at	the	highest	nominal	concentration	

from	the	freshly	prepared	1	mg/mL	DMSO	stock	solution,	and	serially	diluted	across	the	
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calibration	 range.	 The	 same	 approach	was	 carried	 out	 for	 preparation	 of	QC	 samples.	

Preparation	of	STDs	and	QC	samples	in	mouse	whole	blood	or	plasma	were	completed	in	

Eppendorf	tubes	immersed	in	an	ice	bath	(at	0°C)	and	all	samples	were	frozen	at	-80°C.	

Details	of	mobile	phases	used	for	STD	and	QC	preparation	are	described	in	Appendix	B.	

	

Table	4-1:	Calibration	standard	concentration	range	

Compound	
Standard	curve	range	(ng/mL)	

Low	 High	

WHN012	 3.90	 4000	

AD01	 7.80	 4000	

PhX6	 3.90	 4000	

DpNEt	 15.6	 4000	

RMB005	 2.00	 3000	

DQ	 2.00	 4000	

	

	

4.3.7 Extraction	methods	

PK	 analysis	 requires	 reliable	 and	 selective	 extraction	 methods	 to	 be	 developed	 and	

optimized	 for	 biological	 matrices	 prior	 to	 analysis.	 Various	 extraction	 methods	 from	

blood	 or	 plasma	 were	 investigated	 to	 determine	 the	 maximal	 recovery	 and	

reproducibility	from	the	matrix.	This	included	protein	precipitation	extraction	(PPE)	with	

acidified	and	basified	organic	solvents	such	as	acetonitrile	(ACN)	and	methanol	(MeOH),	

mixtures	of	ACN	and	MeOH	or	liquid-liquid	extraction	(LLE)	over	a	broad	pH	range	(pH	

3–11).		

Briefly,	WHN012	required	liquid-liquid	extraction	with	aqueous	buffer	at	pH	8	and	ethyl	

acetate.	 The	 plasma	 samples	 (15	µL)	were	 vortexed	with	 35	µL	 buffer	 containing	 an	

appropriate	 concentration	 of	 the	 ISTD	 and	 350	 µL	 ethyl	 acetate	 for	 2	 minutes.	 The	

samples	 were	 centrifuged	 at	 5590	 g	 for	 5	 minutes.	 The	 organic	 phase	 (300	 µL)	 was	

transferred	 to	 clean	polypropylene	 test	 tubes	 and	was	evaporated	 to	dryness	under	a	
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steady	 stream	 of	 nitrogen.	 The	 dried	 samples	 were	 reconstituted	 with	 a	 mixture	 of	

aqueous	and	organic	mobile	phases	(1:1,	v/v),	transferred	to	a	96-well	analysis	plate	and	

analysed	with	LC-MS/MS.		

For	the	analysis	of	PhX6,	AD01,	DpNEt,	RMB005,	and	DQ,	20	µL	of	whole	blood	sample	

was	 precipitated	 with	 100	 µL	 ice	 cold	 organic	 solvent	 (Table	 4-2)	 containing	 an	

appropriate	 concentration	 of	 the	 ISTD	 and	 vortexed	 for	 1	 minute.	 Following	

centrifugation	at	5590	g	for	5	minutes,	50	µL	of	the	supernatant	was	transferred	to	a	96-

well	analysis	plate.	Fifty	microliters	of	aqueous	mobile	phase	were	added	to	the	samples	

before	submission	 for	LC-MS/MS	analysis.	Adequately	high	and	 reproducible	 recovery	

was	obtained	with	the	above	described	methods,	as	shown	by	the	percentage	recovery	

and	precision	in	Table	4-2.		

	

Table	 4-2:	 Summary	 of	 optimized	 extraction	 methods	 from	 biological	 matrices	 and	
recovery	

Compound	 Matrix	 Extraction	method	 Mean	%	recovery	
(%	CV)	

WHN012	 Plasma	 LLE	(pH	8)	 112	(3.9)	

PhX6	 Whole	blood	 PPEa	 95	(2.3)	

AD01	 Whole	blood	 PPEa	 106	(8.6)	

DpNEt	 Whole	blood	 PPEa	 88	(11.3)	

RMB005	 Whole	blood	 PPEb	 62	(0.1)	

DQ	 Whole	blood	 PPEb	 60	(11.1)	

ACN,	acetonitrile;	FA,	formic	acid;	LLE,	liquid-liquid	extraction;	PPE,	protein	precipitation	

extraction;	a0.1%	FA	in	ACN;	b100%	ACN	

	

4.3.8 LC-MS/MS	quantifications	

The	transitions	used	for	quantification	of	the	compounds	are	listed	in	Appendix	C.	These	

transitions	were	followed	on	an	AB	Sciex	3200	QTRAP	mass	spectrometer.	Quantification	

accuracy	and	precision	were	measured	for	the	calibration	range	of	the	standard	curve	and	

the	quality	controls	samples.	The	quantification	statistics	of	each	compound	are	shown	in	
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Appendix	D.	Overall	 the	analytical	methods	performed	well	during	PK	sample	analysis	

with	standard	and	QC	samples	achieving	an	accuracy	(%Nom)	between	81.3–114.8%	for	

all	samples,	with	precision	(%CV)	below	14.8%,	indicating	good	reproducibility.	

Correlation	coefficients	 for	all	curves	were	greater	than	0.998.	Carryover	was	assessed	

during	each	experiment	using	an	extracted	blank	matrix	sample	injected	right	after	the	

highest	calibration	standard.	No	significant	carryover	was	observed.	

	

4.3.9 Validation	experiments	

The	 validation	 guidelines	 from	 the	 FDA258	 and	 EMEA259,	 as	 referred	 to	 in	 Chapter	 3,	

suggest	 that	 bioanalytical	 methods	 used	 during	 preclinical	 development	 should	 be	

validated	as	FFP.	The	validation	of	sample	handling,	processing,	and	analysis	during	PK	

experiments	 were	 done	 to	 ensure	 reliability	 of	 the	 results.	 The	 following	 validation	

experiments	 were	 conducted:	 stability	 of	 compounds	 in	 stock	 solutions	 and	 working	

solutions,	autosampler	stability,	carry-over,	matrix	effects,	stability	in	matrix,	specificity,	

and	extraction	recovery.	The	validation	data	of	all	compounds	are	presented	in	Appendix	

D.	

	

4.3.10 Data	analysis	

Whole	blood	and	plasma	concentrations	of	 the	compounds	were	determined	using	the	

same	 optimised	 quantitative	 LC-MS/MS	 analytical	 methods	 described	 in	 Appendix	 C.	

Quantification	of	the	analytes	(metabolites)	was	done	using	quadratic	regression	of	peak	

area	 ratio	 versus	 concentration	 with	 1/concentration	 (1/x)	 weighting.	 Experimental	

sample	concentrations	were	calculated	from	the	calibration	curve.	All	calibration	curves	

showed	 regression	 above	 0.988.	 Calibration	 curves	 of	 all	 compounds	 are	 listed	 in	

Appendix	D.		

	

4.3.11 Non-compartmental	analysis	

Study	samples	were	analysed	in	terms	of	concentration	versus	time.	The	concentrations	

obtained	 from	 the	 calibration	 curves	 were	 used	 during	 non-compartmental	 analysis	
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(NCA),	 using	 Microsoft	 Excel	 Add-In	 PKSolver309	 to	 determine	 the	 following	 PK	

parameters:	

• Cmax	in	µM	

• Tmax	in	hours	

• t1/2	in	hours	

• Area	under	the	concentration-time	curve	from	zero	to	infinity	(AUC0-∞)	in	min∙µmol/L	

• CL	in	mL/min/kg	

• Vd	in	L/kg	

• BA	in	percentage	

	

4.4 Results	and	discussion	
The	 seven	 compounds	 were	 administered	 orally	 and	 intravenously	 to	 healthy	 mice.	

Although	 the	 experimental	 endpoint	 of	 sample	 collection	 was	 at	 24	 hours,	 not	 all	

compounds	remained	above	the	limit	of	quantitation.	The	exception	to	this	was	WHN012,	

for	which	sample	collection	only	continued	until	4	hours.	The	limit	of	quantitation	for	the	

compounds	were	as	follows:	2.00	ng/mL	(RMB005	and	DQ);	3.9	ng/mL	(WHN012	and	

PhX6);	7.80	ng/mL	(AD01)	and	15.6	ng/mL	(DpNEt).	

In	order	to	determine	if	the	methods	applied	to	analyse	the	PK	samples	were	reliable	and	

robust,	several	validation	tests	were	evaluated.	Overall,	the	methods	used	to	administer,	

extract,	 and	 process	 the	 samples,	 proved	 to	 be	 robust	 in	 providing	 accurate	 and	

reproducible	results.	Results	from	validation	tests	are	summarised	in	Appendix	D.	
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4.4.1 WHN012	

	

Table	4-3:	Summary	of	in	vitro	ADME	characteristics	of	WHN012	

	 In	vitro	ADME	assays	 	 	 	 	 	

Compound	
Solubility	
(uM,	pH	
2/6.5/7.4)	

LogD		

(pH	7.4)	

LogPapp	
(pH	6.5)	

Plasma	t1/2	
(min)	

PPB	
(%)	

Microsomal	
protein	binding	
(%)	

Predicted	hepatic	
CL	(mL/min/kg)	

Mouse	 Human	 Mouse		 Human	

WHN012	 10/24/27	 1.9	 -3.2	 >150	 98	 54	 61	 49.1		 11.8	

	

WHN012	was	administered	as	described	in	Section	4.3.4.	The	concentration	administered	

to	animals	were	increased	from	in-house	standard	dosing	concentrations	from	20	mg/kg	

to	50	mg/kg	for	the	oral	(PO)	group	and	5	mg/kg	to	10	mg/kg	for	the	intravenous	(IV)	

groups	 (n=3	 per	 group).	 The	 latter	 decision	 was	 made	 since	 the	 current	 clinical	

artemisinins	are	highly	susceptible	to	metabolism	and	characterized	by	short	half-lives	

and	rapid	elimination.271,310	Initially,	the	absorption	and	metabolism	of	WHN012	was	of	

main	interest	through	a	more	intensive	4	hour	sampling	schedule.	If	WHN012	had	shown	

more	 promising	 data,	 this	 would	 have	 warranted	 a	 follow-up	 24-hour	 PK	 study.	 The	

plasma	 profiles	 of	 WHN012	 obtained	 from	 intravenous	 and	 oral	 dosing	 groups	 are	

graphically	represented	in	Figure	4-2.	Calculated	PK	parameters	are	shown	in	Table	4-4.	

	

Figure	4-2:	The	concentration-time	profiles	of	WHN012	after	a)	intravenous	and	b)	oral	
administration	of	the	compound.	The	IC50	of	the	NF54	parasite	strain	is	indicated	by	
the	dashed	line.	Values	are	mean	±	SEM.	

a	 b	
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Table	 4-4:	 Summary	 of	 PK	 parameters	 of	 WHN012	 following	 oral	 and	 intravenous	
administration	in	mice.	

	 Value	of	the	parameter	by	administration	
route	(mean	±	SEM)	

Parameter	 PO	(50	mg/mL)	 IV	(10	mg/mL)	

Cmax	(µM)	 2.32	±	0.34	 	

Tmax	(h)	 0.50	±	0.00	 	

Elimination	t1/2	(h)	 	 1.34	±	0.28	

CL	(mL/min/kg)	 	 58.90	±	2.01	

Vd	(L/kg)	 	 6.92	±	1.71	

AUC0-∞	(min∙µmol/L)	 289	±	31	 347	±	11	

BA	(%)	 17	±	2	 	

	

Following	 single	 oral	 administration	 of	 50	 mg/kg,	 the	 plasma	 concentration	 rapidly	

increased	 to	 a	 Cmax	 of	 2.32	 µM	 after	 30	minutes	 (Tmax).	 The	 plasma	 concentration	 of	

WHN012	remained	above	the	in	vitro	IC50	for	at	least	4	hours	as	indicated	in	Figure	4-2a	

and	b.	The	mean	area	under	the	curve	(AUC0-¥)	was	289	±	31	min∙µmol/L.		

Following	 intravenous	 administration	 of	 a	 single	 10	mg/kg	 dose,	 there	was	 a	 slightly	

faster	elimination	phase	that	lasted	for	the	first	30	min,	after	which	the	rate	of	elimination	

was	apparently	constant.	The	elimination	t1/2	was	1.34	±	0.28	hours.	This	was	reflected	

by	a	moderate	CL	rate	of	58.90	±	2.01	mL/min/kg.	The	Vd	was	6.92	L/kg	and	the	mean	

AUC0-¥	 values	 of	 WHN012	 after	 intravenous	 dosing	 was	 347	 ±	 11	 min∙µmol/L.	 The	

absolute	oral	BA	was	calculated	by	comparison	of	the	intravenous	an	oral	dose	to	their	

respective	AUC’s.	A	low	BA	of	17%	was	observed	for	WHN012.		

The	predicted	in	vitro	ADME	characteristics	of	WHN012	correlated	well	with	the	in	vivo	

PK	 profile.	 Although	 the	 predicted	 solubility	 at	 physiological	 pH	 could	 have	 limited	

intestinal	absorption	of	WHN012,	the	compound	was	rapidly	absorbed,	as	indicated	by	

the	 Tmax,	 owing	 to	 ideal	 lipophilicity	 and	 permeability	 properties.	 The	 AUC’s	 from	

intravenous	and	oral	dosing	were	 low,	considering	 the	high	dosing	concentration.	The	

AUC0-¥	 from	 intravenous	 dosing	 was	 expected	 to	 be	 higher,	 as	 100%	 of	 the	 drug	 is	
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administered	into	circulation,	which	may	be	consequential	of	the	fast	rate	of	CL.257,276	Cmax,	

the	 point	 at	 which	 absorption	 of	 WHN012	 was	 greater	 than	 the	 distribution	 and	

elimination,	 is	 an	 important	 parameter	 to	 consider,	 as	 it	 could	 indicate	 if	 plasma	

concentration	 levels	 could	 cause	 toxicity,	 especially	 from	 higher	 doses.	 Fortunately,	

WHN012	had	high	selectivity	(SI>1000)	towards	parasites,	as	the	compound	expressed	

very	low	general	toxicity	(IC50	>200	µM).		

The	 calculated	 elimination	 t1/2	 was	 short	 (t1/2	 1.34	 h)	 following	 intravenous	

administration	and,	though	not	as	rapid	as	artemisinin	(t1/2	0.8	h),311	still	comparable	to	

other	artemisinins.310,312,313	Fast	eliminating	drugs	used	for	malaria	therapy,	such	as	the	

artemisinin	class	of	compounds	which	have	very	short	half-lives,	are	advised	to	be	used	

in	 combination	 with	 longer	 t1/2	 drugs	 to	 prevent	 the	 development	 of	 resistance	 by	

parasites.		

The	systemic	CL	of	58.90	±	2.01	mL/min/kg	was	considered	moderate	to	high.276	The	idea	

behind	incorporation	of	the	electronegative	fluorine	atom	into	the	aromatic	group	in	the	

WHN	series	was	to	render	the	compounds	more	resistant	to	metabolic	oxidation	during	

Phase	 I	 metabolism;	 as	 has	 previously	 been	 demonstrated	 in	 other	 fluorinated	

artemisinin	derivatives	as	well	as	quinine	derivatives.314–318	Unfortunately,	the	use	of	the	

p-fluorophenyl	 group	 in	 WHN012	 did	 not	 have	 a	 marked	 effect–the	 compound	 still	

presented	moderate	to	high	CL.	The	hepatic	CL	predicted	from	the	in	vitro	 intrinsic	CL	

(49.1	 mL/min/kg)	 was	 slightly	 lower	 than	 the	 observed	 CL.	 In	 addition,	 the	 in	 vivo	

intrinsic	 CL	 of	 the	 unbound	 fraction	 (CLint,u)	 was	 calculated–as	 this	 offers	 the	 most	

accurate	interpretation	of	CL.251	The	actual	CLint,u	value	of	2950	mL/min/kg,	so	derived,	

suggested	that	CL	was	in	fact	much	faster,	as	was	predicted	from	the	metabolic	stability	

assays	 described	 in	 Chapter	 3.	 Although	 plasma	 protein	 binding	 was	 determined	 in	

human	 plasma,	 it	 offered	 valuable	 insights	 in	 the	 interpretation	 of	 PK	 data,	 as	

demonstrated	by	the	in	vivo	CLint,u.	

The	elimination	trend	of	the	intravenous	profile	in	Figure	4-2a	suggested	that	WHN012	

expressed	 first	 order	 elimination	 kinetics,	 by	 which	 a	 constant	 fraction	 of	 drug	 is	

eliminated	per	unit	time.	The	AUC0-¥	indicates	the	total	exposure	of	the	compound	in	the	

system.	By	comparing	the	intravenous	and	oral	profiles,	the	oral	AUC0-¥	is	lower	than	that	

of	 the	 intravenous.	 This	 suggests	 that	 poor	 solubility,	 as	 characterized	 during	 in	 vitro	

ADME	evaluations	(Section	3.4.1),	could	significantly	hamper	absorption	of	WHN012.	In	

addition,	 WHN012	 could	 suffer	 first	 pass	 metabolism	 after	 absorption	 when	 passing	
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through	the	liver	upon	oral	dosing,	as	the	first	pass	effect	is	avoided	during	intravenous	

administration.	 It	 is	 also	 important	 to	 consider	 that	 extraction	 by	 the	 gut-wall	 could	

potentially	contribute	to	the	low	AUC	values.251		

The	intravenous	profile	of	WHN012	incorporates	a	high	Vd,	indicating	that	the	compound	

distributes	 to	 the	 tissues	 and	 other	 compartments.	 In	 relationship	 to	 the	 lipophilicity	

(LogD7.4	 1.94)	 and	 high	 protein	 binding	 (fu	 0.02)	 determined	 from	 the	 in	 vitro	

investigations,	 it	 is	possible	 that	WHN012	could	bind	non-specifically	 to	other	tissues.	

Substantial	distribution	into	tissue	could	result	in	low	AUC	of	the	compound.	The	BA	of	

WHN012	was	low	(17%)	and	below	that	observed	for	artemisinin,	DHA	and	artemether	

which	ranges	from	19-35%	in	rats.271,310	Although	these	values	are	considered	very	low,	

the	high	intrinsic	activities	can	partially	counter	the	effect	of	low	oral	BA.	In	the	context	

of	this	project,	further	optimization	to	the	WHN	series	in	terms	of	solubility	and	stability	

are	imperative	for	the	development	of	newer,	more	efficient	artemisinin	derivatives.		

	

4.4.2 AD01	

	

Table	4-5:	Summary	of	in	vitro	ADME	characteristics	of	AD01	

	 In	vitro	ADME	assays	 	 	 	 	 	

Compound	
Solubility	
(uM,	pH	2,	
6.5	and	7.4)	

LogD		

(pH	7.4)	

LogPapp	
(pH	6.5)	

Plasma	t1/2	
(min)	

PPB	
(%)	

Microsomal	
protein	binding	
(%)	

Predicted	hepatic	
CL	(mL/min/kg)	

Mouse	 Human	 Mouse		 Human	

AD01	 >150/>150
/>150	

0.2	 -6.4	 85	 nd	 nd	 nd	 80.6	 16.2	

	

The	analogue	of	MB	was	administered	orally	(n=5)	and	intravenously	(n=5)	to	mice	as	

described	in	Section	4.3.4.	AD01	is	a	salt	with	a	chloride	counter	ion;	this	results	in	the	

net	molecular	mass	of	340.5	 g/mol.	As	a	 result,	 the	 net	 concentration	 of	 AD01	 ‘active	

compound’	 upon	 dosing	 was	 calculated	 as	 18.1	 mg/kg	 and	 4.6	 mg/kg	 for	 oral	 and	

intravenous	 dosing,	 respectively.	 Whole	 blood	 concentration-time	 profiles	 of	 AD01	

obtained	from	intravenous	and	oral	dosing	groups	are	graphically	represented	in	Figure	
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4-3a	and	4-3b,	respectively.	The	PK	parameters	were	determined	by	NCA	and	shown	in	

Table	4-6	below.	

	

	

Table	 4-6:	 Summary	 of	 PK	 parameters	 of	 AD01	 following	 oral	 and	 intravenous	
administration	in	mice.	

	 Value	of	the	parameter	by	administration	
route	(mean	±	SEM)	

Parameter	 PO	(18.1	mg/mL)	 IV	(4.6	mg/mL)	

Cmax	(µM)	 0.25	±	0.05	 	

Tmax	(h)	 0.88	±	0.13	 	

Elimination	t1/2	(h)	 	 2.51	±	0.07	

CL	(mL/min/kg)	 	 74.41	±	6.68	

Vd	(L/kg)	 	 16.24	±	1.73	

AUC0-∞	(min∙µmol/L)	 101	±	19	 186	±	15	

BA	(%)	 15	±	4	 	

	

Following	a	single	oral	administration	of	18.1	mg/kg,	AD01	reached	a	Cmax	of	0.25	µM	in	

whole	 blood	 at	 0.88	 hours.	 The	 Cmax	 achieved	 after	 oral	 administration	 reached	 a	

concentration	higher	than	the	in	vitro	IC50	(0.023	µM),	and	the	exposure	levels	remained	

a	 b	

Figure	4-3:	The	concentration-time	profiles	of	AD01	after	a)	intravenous	(n=5)	and	
b)	oral	(n=5)	administration	of	the	compound.	The	IC50	of	the	NF54	parasite	strain	
is	indicated	by	the	dashed	line.	Values	are	mean	±	SEM.	
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above	the	IC50	for	at	least	10	hours.	AD01	had	very	high	selectivity	towards	the	parasites	

(SI	=	>1000).	The	AUC0-∞	was	101	±	19	min∙µmol/L.		

AD01	blood	concentrations	were	detectable	 for	10	hours	after	 IV	administration,	after	

which	 the	 signal	 fell	 below	 the	 limit	 of	 quantitation	 (7.80	 ng/mL).	 An	 apparent	

elimination	t1/2	of	2.51	hours	was	calculated,	which	was	reflective	of	the	rapid	rate	of	CL	

(74.41	 mL/min/kg).	 The	 apparent	 Vd	 was	 16.24	 L/kg	 and	 AUC0-∞	 was	 186	 ±	 15	

min∙µmol/L.	Consequently,	a	low	BA	of	15%	was	observed	for	AD01.	

The	 overall	 in	 vivo	 PK	 profile	 of	 AD01	 correlated	 well	 with	 the	 in	 vitro	 ADME	

characteristics.	 It	was	predicted	 that	AD01	would	present	high	 solubility	at	 a	 low	and	

physiological	pH	levels,	low	partitioning	to	lipid	environments	(LogD	<	1)	and	low	passive	

transcellular	 permeability.	 Lipophilicity	 and	 permeability	 influence	 the	 extent	 of	

absorption	from	the	oral	dose.	The	low	Cmax	value	observed	from	oral	dosing	(Table	4-6)	

suggested	 that	passive	diffusion	 over	 the	 intestinal	membrane	was	 limited	 by	 the	 low	

lipophilicity	and	ionization	of	the	compound	in	solution.319		

In	vitro	microsomal	stability	assays	allowed	scaling	of	the	CLint	to	predicted	in	vivo	hepatic	

CL.	The	compound	was	expected	to	be	rapidly	cleared	with	a	predicted	hepatic	CLH	value	

of	80.6	mL/min/kg.	The	calculated	in	vivo	CL	(74.41	±	6.68	mL/min/kg)	was	very	similar	

to	 the	 predicted	 CL,	 both	 indicating	 that	 AD01	 was	 rapidly	 cleared	 from	 the	 system.	

Unfortunately,	 intrinsic	 in	 vivo	 CL	 values	 could	 not	 be	 reported,	 as	 determination	 of	

protein	binding	was	not	possible	for	AD01.	

AD01	was	 unstable	 during	 investigation	 of	 stability	 in	 human	 plasma	 (Section	 3.4.4),	

which	suggested	non-CYP	biotransformation	potentially	contributed	to	the	metabolism	

of	 AD01.320	 	 The	 relatively	 short	 t1/2	 and	 rapid	 CL	 of	 AD01	 resulted	 in	 an	 incomplete	

profile	with	shorter	observation	time	for	the	whole	blood	concentrations,	above	the	limit	

of	quantitation,	following	intravenous	dosing.	The	elimination	trend	of	the	intravenous	

graph	suggests	that	AD01	is	subject	to	first	order	elimination	kinetics.	A	fast	CL	rate	also	

impacted	the	extent	of	exposure,	which	was	reflected	by	the	AUC’s.		

The	low	AUC	observed	in	oral	PK	profile	indicate	the	oral	BA	of	AD01	is	very	low:	this	was	

calculated	to	be	15%.	This	could	be	due	to	many	reasons,	such	as	first	pass	metabolism	in	

the	gut	wall	or	liver,	poor	absorption	due	to	low	partitioning	to	lipid	environments,	low	

passive	 transcellular	 permeability	 and	 potential	 efflux	 transport.	 The	 latter	 was	

investigated	by	Sanarathna	et	al.	in	a	study	which	strongly	suggest	that	MB	is	a	substrate	
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for	P-gp	and	multidrug	resistance	protein	which	mediated	 its	 transport	out	of	 cells.270	

Because	AD01	and	MB	are	structurally	so	similar,	these	findings	suggest	that	AD01	could	

also	be	highly	susceptible	to	efflux	transport.	Additionally,	the	stability	of	AD01	in	plasma	

was	low	and	suggested	chemical	interactions,	such	as	hydrolysis	in	plasma,	also	limited	

the	BA	of	AD01.321	If	the	circulating	whole	blood	concentrations	following	oral	dosing	is	

unable	 to	remain	above	the	 IC50,	more	 frequent	dosing	would	be	 required	 to	maintain	

potentially	therapeutic	levels.		

With	the	above	in	mind,	the	effective	combination	of	AD01	with	a	fast-acting	artemisinin	

and	 potentially	 a	 third	 partner	 quinolone,	 could	 remain	 beneficial	 in	 the	 redox	 drug	

combination	rationale.	AD01	presented	a	high	apparent	Vd	(16.24	±	1.73	L/kg,	Table	4-

6),	 similar	 to	MB.	 In	 a	 study	 carried	 out	 by	 Peter	 et	 al.,	 the	 PK	 profile	 of	MB	 and	 its	

distribution	into	organs	in	rats	was	established.	It	was	found	that	MB	was	subjected	to	

extensive	 ‘first-pass	 distribution’	 to	 the	brain,	 intestinal	wall,	 liver,	 and	 bile,	 following	

intravenous	 and	 intraduodenal	 administration.322	 The	 researchers	 concluded	 that	 this	

was	a	likely	reason	for	large	difference	in	the	observed	AUC	values.		

The	 target	 of	 antimalarial	 therapy	 resides	 predominantly	 in	 the	 blood.	 Intravenous	

administration,	which	resulted	in	higher	circulating	concentrations,	would	be	preferred.	

However,	this	route	of	administration	poses	its	own	challenges	with	regards	to	patient	

compliance,	storage,	and	access	to	treatment.	Considering	the	well-known	synergy	of	MB	

with	artemisinins,207,323	it	is	worth	investigating	the	potential	interaction	of	AD01	with	an	

artemisinin,	 as	 this	 can	 further	 guide	 and	 encourage	 optimisation	 of	MB	 analogues	 in	

future	studies.	
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4.4.3 PhX6	

	

Table	4-7:	Summary	of	in	vitro	ADME	characteristics	of	PhX6.	

	 In	vitro	ADME	assays	 	 	 	 	 	

Compound	
Solubility	
(uM,	pH	2,	
6.5	and	7.4)	

LogD		

(pH	7.4)	

LogPapp	
(pH	6.5)	

Plasma	t1/2	
(min)	

PPB	
(%)	

Microsomal	
protein	binding	
(%)	

Predicted	hepatic	
CL	(mL/min/kg)	

Mouse	 Human	 Mouse		 Human	

PhX6	 >150/<5/	
<5	

1.0	 -4.4	 >150	 90	 99	 99	 88.2	 20.2	

	

The	phenoxazine	derivative	PhX6	was	administered	orally	(n=5)	and	intravenously	(n=5)	

to	mice	as	described	 in	Section	4.3.4.	PhX6	was	provided	as	 the	 conjugate	acid	with	a	

nitrate	(NO3-)	counterion	and	the	dosing	concentrations	were	adjusted	according	to	salt	

formation.	The	whole	blood	concentration	profiles	of	PhX6	obtained	 from	intravenous	

and	oral	dosing	groups	are	graphically	represented	in	Figure	4-4a	and	4-4b,	respectively.	

Following	PK	samples	analysis,	NCA	was	used	to	determine	the	PK	parameters	shown	in	

Table	4-8,	below.	

	

	

	

Figure	4-4:	The	concentration-time	profiles	of	PhX6	after	a)	 intravenous	and	b)	oral	
administration	of	the	compound.	The	IC50	of	the	NF54	parasite	strain	is	indicated	by	the	
dashed	line.	Values	are	mean	±	SEM.	

a	 b	
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Table	 4-8:	 Summary	 of	 PK	 parameters	 of	 PhX6	 following	 oral	 and	 intravenous	
administration	in	mice.	

	 Value	of	the	parameter	by	administration	
route	(mean	±	SEM)	

Parameter	 PO	(17.2	mg/mL)	 IV	(4.5	mg/mL)	

Cmax	(µM)	 3.45	±	0.68	 	

Tmax	(h)	 0.80	±	0.12	 	

Elimination	t1/2	(h)	 	 7.96	±	0.73	

CL	(mL/min/kg)	 	 21.47	±	1.76	

Vd	(L/kg)	 	 14.92	±	2.09	

AUC0-∞	(min∙µmol/L)	 1150	±	216	 540	±	44	

BA	(%)	 60	±	12	 	

	

Following	oral	administration	at	a	single	dose	of	17.2	mg/kg	(Figure	4-4b),	PhX6	reached	

a	 Cmax	 concentration	 of	 43.45	 ±	 0.68	 µM.	 Thereafter,	 the	 concentration	 declined	 as	 a	

multiphasic	elimination	curve.	The	exposure	concentrations	of	PhX6	remained	above	the	

in	vitro	IC50	of	activity	for	the	duration	of	the	study.	PhX6	proved	to	be	highly	selective	

towards	parasites	with	a	SI	>	1000	(Table	2.3,	Section	2.3).	The	observed	Cmax	was	reached	

at	approximately	0.80	hours.	The	mean	AUC0-∞	was	1150	±	216	min∙µmol/L	and	indicated	

encouraging	overall	exposure	of	the	compound	following	oral	administration.		

PhX6	was	slowly	cleared	from	the	systemic	circulation	at	21.47	±	1.76	mL/min/kg	which	

resulted	in	a	long	t1/2	of	7.96	hours.	The	Vd	was	14.90	L/kg	and	the	mean	AUC0-∞	after	IV	

dosing	was	540	±	44	min∙µmol/L.	Of	all	the	compounds	investigated	in	this	chapter,	PhX6	

presented	the	highest	oral	BA	of	60%.		

The	in	vitro	ADME	characteristics	correlated	well	with	the	in	vivo	observed	PK	profile	of	

PhX6.	The	lipophilicity	and	passive	transcellular	permeability	of	PhX6	allowed	for	good	

absorption	from	the	oral	dose,	as	indicated	by	the	Cmax	and	AUC	values.	The	in	vitro	kinetic	

solubility	assay	predicted	that	PhX6	would	have	limited	solubility	at	pH	7.4	and	6.5,	and	

high	 solubility	 at	 pH	 2.	 The	 physiological	 pH	 range	 of	 the	 intestinal	 environment	 is	

between	 6.8–8,	where	 drugs	 are	 predominantly	 absorbed.278	 Comparing	 the	 apparent	

permeability	(-4.4)	and	solubility	(greater	than	150	µM	at	pH	2	and	less	5	µM	at	pH	6.5	
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and	pH	7.4,	respectively),	it	is	possible	that	as	ionised	PhX6	molecules	leave	the	stomach	

(pH	1.4–2.1)	 it	gradually	 transformed	to	the	unionized	 species	as	 it	passes	 though	the	

intestine	(pH	4.4–6.6)	in	balance	between	soluble	(ionised)	and	permeable	(unionised)	

species.324	PhX6	 is	probably	absorbed	from	early	sections	of	 the	duodenum	where	the	

stomach	contents	from	gastric	emptying	first	enters	the	intestine.269	A	test	preparation	of	

PhX6	in	the	dosing	formulation	(deionised	water)	was	prepared	before	the	experiment	to	

test	the	solubility.	The	apparent	satisfactory	solubility	which	was	observed	during	in	vivo	

evaluation,	may	be	attributed	to	the	difference	in	compound	preparation	during	in	vitro	

solubility	testing,	as	the	dosing	formulation	preparation	was	directly	in	aqueous	solution.		

The	 microsomal	 assays	 predicted	 extensive	 liver	 metabolism	 (CLH	 88.2	 mL/min/kg).	

However,	 this	 was	 not	 observed	 in	 the	 mouse	 PK	 study	 (21.47	 ±	 1.76	 mL/min/kg).	

Additionally,	 the	 derived	 CLint,u	 suggested	 a	 much	 faster	 CL	 (214.7	 mL/min/kg).	 The	

elimination	phase	of	PhX6,	as	 indicated	 in	Figure	4-4a,	shows	multiphasic	elimination.	

Following	 intravenous	 administration,	 PhX6	 presented	 a	 long	 t1/2	 of	 approximately	 8	

hours.	Compounds	with	longer	half-lives	are	favoured	for	use	in	combination	with	faster	

acting,	 short	 t1/2	 drugs.	 The	 AUC	 obtained	 from	 oral	 administration	 shows	 that	 the	

compound	is	significantly	absorbed	in	the	bloodstream.	This	suggested	that	PhX6	can	be	

maintained	in	the	system	and	offers	better	potential	to	elicit	its	pharmacological	effect.	

Therefore,	 greater	 exposure	 of	 a	 drug	 in	 the	 system	 could	 translate	 to	 greater	

concentrations	 of	 the	 compound	 available	 at	 the	 therapeutic	 site	 of	 action.36	

Subsequently,	 combinations	 of	 PhX6	 with	 artemisinins	 would	 further	 encourage	 its	

development	as	a	redox	drug	candidate.		

Benzo(α)phenoxazines	that	were	previously	investigated325	showed	similar	PK	profiling	

to	PhX6.	Benzo(α)phenoxazine	derivatives	possessing	the	aminopyridine	ring	not	only	

presented	comparable	activity	 to	MB,	but	also	have	superior	PK	profiles	to	derivatives	

containing,	for	example,	alkyl	halides.	The	in	vitro	selectivity	and	PK	properties	of	PhX6	

are	encouraging	for	further	development.		
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4.4.4 DpNEt	

	

Table	4-9:	Summary	of	in	vitro	ADME	characteristics	of	DpNEt.	

	 In	vitro	ADME	assays	 	 	 	 	 	

Compound	
Solubility	
(uM,	pH	2,	
6.5	and	7.4)	

LogD		

(pH	7.4)	

LogPapp	
(pH	6.5)	

Plasma	t1/2	
(min)	

PPB	
(%)	

Microsomal	
protein	binding	
(%)	

Predicted	hepatic	
CL	(mL/min/kg)	

Mouse	 Human	 Mouse		 Human	

DpNEt	 >150/>150
/>150	

2.3	 -3.7	 >150	 94	 16	 25	 22.3	 4.00	

	

The	 thiosemicarbazone	 derivative	 DpNEt	 was	 administered	 orally	 (n=5)	 and	

intravenously	 (n=5)	 as	 described	 in	 Section	 4.3.4.	 The	 experimental	 samples	 were	

analysed	 with	 LC-MS/MS	 and	 the	 whole	 blood	 concentration	 profiles	 obtained	 from	

intravenous	and	oral	dosing	groups	are	graphically	represented	in	Figure	4-5.	The	data	

was	analysed	with	NCA	analysis	in	order	to	determine	the	PK	parameters	listed	in	Table	

4-10	below.	

	

	

	

a	 b	

Figure	4-5:	The	concentration-time	profiles	of	DpNEt	after	a)	intravenous	and	a)	oral	
administration	of	the	compound.	The	IC50	of	the	NF54	parasite	strain	is	indicated	by	the	
dashed	line.	Values	are	mean	±	SEM.	
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Table	 4-10:	 Summary	 of	 PK	 parameters	 of	 DpNEt	 following	 oral	 and	 intravenous	
administration	in	mice.	

	 Value	of	the	parameter	by	administration	
route	(mean	±	SEM)	

Parameter	 PO	(20	mg/mL)	 IV	(5	mg/mL)	

Cmax	(µM)	 6.32	±	1.15	 	

Tmax	(h)	 0.70	±	0.12	 	

Elimination	t1/2	(h)	 	 1.12	±	0.13	

CL	(mL/min/kg)	 	 10.20	±	0.93	

Vd	(L/kg)	 	 1.00	±	0.16	

AUC0-∞	(min∙µmol/L)	 550	±	148	 1795	±	198	

BA	(%)	 8	±	2	 	

	

Following	a	single	oral	dose	of	20	mg/kg,	DpNEt	exhibited	a	mean	Cmax	concentration	of	

6.32	±	1.15	µM	after	0.70	hours.	The	exposure	concentrations	of	DpNEt	remained	above	

the	IC50	for	the	duration	of	the	experimental	time	period.	The	mean	AUC0-∞	was	550	±	148	

min∙µmol/L.	The	elimination	 t1/2	was	short	 (1.12	±	0.13	h).	DpNEt	was	slowly	 cleared	

from	the	system	(10.20	±	0.93	mL/min/kg).	The	mean	IV	group	AUC0-∞	was	quantified	as	

1795	±	198	min∙µmol/L	and	the	Vd	was	1	L/kg.	The	BA	was	calculated	as	8%.		

The	properties	of	DpNEt	predicted	from	the	in	vitro	ADME	assays	suggested	that	DpNEt	

would	be	well	absorbed	across	the	intestinal	membrane	(Table	4-9).	High	solubility	was	

observed	 across	 all	 pH	 levels	 tested	 (>150	 µM),	 as	 well	 as	 high	 apparent	 passive	

transcellular	permeability	(LogPapp	-3.7).	DpNEt	also	expressed	ideal	lipophilicity	in	the	

range	 which	 facilitates	 the	 absorption	 across	 membranes.	 Although	 a	 high	 Cmax	 was	

achieved,	suggesting	good	absorption,	high	BA	was	not	achieved.		

BA	relies	on	two	main	parameters,	namely	absorption	and	CL.251	It	is	worth	considering	

the	possibilities	why	DpNEt	had	a	low	BA,	despite	the	extent	of	absorption.	Firstly,	the	

predicted	 hepatic	 CL	 obtained	 from	 in	 vitro	 metabolic	 stability	 assays	 (CLH	 22.3	

mL/min/kg,	 Table	 4-9)	 correlated	 well	 with	 the	 in	 vivo	 blood	 CL	 (10.2	 mL/min/kg).	

However,	when	including	the	effect	of	protein	binding	to	determine	CLint,u,	a	value	of	170	
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mL/min/kg	was	calculated.	Thus,	the	systemic	CL	did	not	correlate	with	the	low	BA.	One	

may	speculate	that	the	liver	is	not	the	main	route	of	CL	for	DpNEt.		

Three	 physiological	 processes	 are	 involved	 during	 CL	 of	 xenobiotics	 from	 the	 system	

namely	 metabolic	 transformation,	 renal	 excretion,	 and	 hepatobiliary	 excretion.	 The	

physiochemical	properties	of	a	compound	may	give	indications	of	which	rate-determining	

mechanism	 would	 be	 favoured.	 In	 the	 case	 of	 a	 lipophilic	 compound,	 metabolic	

transformation	 by	 the	 liver	 is	 favoured,	whereas	 hydrophilic	 or	 polar	 compounds	 are	

more	likely	to	be	cleared	by	active	or	passive	excretion.251		

The	hydrophilicity	and	polar	nature	of	DpNEt	in	conjunction	with	the	in	vivo	parameters	

suggest	 that	 the	route	of	elimination	of	DpNEt	is	more	likely	 to	be	via	hepatobiliary	or	

renal	 excretion.	 During	 hepatobiliary	 excretion,	 drugs	 are	 actively	 transported	 by	

organic-anion-transporting	polypeptides,	breast	cancer	resistance	protein	(BCRP),	P-gp	

and	multidrug	resistance	protein	uptake/efflux	transporters	expressed	on	the	hepatocyte	

membrane.	Transporter	proteins	recognize	substrates	in	the	blood	and	secrete	them	into	

the	bile	via	canalicular	transporters	(Figure	4-6).251,326	CL	by	the	kidneys	are	mediated	by	

glomerular	filtration.	Compounds	that	are	not	highly	bound	to	plasma	proteins,	such	as	

DpNEt,	are	able	to	pass	through	the	glomeruli	into	the	proximal	convoluted	tubule,	or	be	

deposited	 into	 the	 renal	 blood	 flow	 by	 active	 transporters	 expressed	 at	 the	 proximal	

convoluted	tubule.251		

	

Figure	4-6:	Schematic	of	the	hepatobiliary	system.	Reprinted	with	permission	from	
Smith	D.A,	Beaumont	K.,	Maurer	T.S,	Di	L.,	Clearance	 in	drug	design.	 J	Med	Chem.	
2019;62(5):2245–55.	Copyright	(2019)	American	Chemical	Society.251			
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Transport	proteins	responsible	for	active	uptake	such	as	P-gp,	MRP-2,	MRP-4	and	BCRP,	

are	also	widely	present	on	the	apical	side	of	enterocyte	membranes.327	 	Many	clinically	

used	drugs	for	various	diseases	encounter	the	obstacle	of	multidrug	resistance	induced	

by	molecular	‘pumps’	which	actively	remove	xenobiotics	from	cells.	These	may	comprise	

a	family	of	protein	transporters	collectively	known	as	the	adenosine	triphosphate	ATP-

binding	cassette	superfamily,	of	which	P-gp	is	the	most	prevalent.328,329	According	to	Aller	

et	al.,	P-gp	transport	proteins	are	partial	to	hydrophobic	and	aromatic	interactions330	and	

thus	aromatic	rings	such	as	those	found	in	DpNEt	could	make	the	compound	more	likely	

to	be	a	substrate	for	P-gp.	However,	this	needs	to	be	confirmed	with	cell-based	assays	in	

order	to	obtain	more	conclusive	results.		

The	thiosemicarbazone	chelators	have	proven	their	antimalarial	potency	and	potential	as	

antimalarial	drug	candidates.331–333	Parkinson	et	al.	evaluated	the	efficacies	of	a	series	of	

thiosemicarbazones	in	both	in	vitro	and	in	vivo	and	identified	the	thiosemicarbazone	TSC3	

with	a	structure	similar	to	DpNEt	as	highly	effective	(ED50	1.2	mg/kg/day)	in	suppressing	

Plasmodium	berghei	ANKA-strain	parasites	in	the	Peters	4-day	test	after	once	daily	oral	

dosing	of	16	mg/kg	over	a	4	day	period.334	Further	evaluation	in	a	modified	Thompson	

test	revealed	that	TSC3	had	a	cure	rate	of	58%	at	16	mg/kg	administered	orally	for	3	days.	

These	promising	data	encourages	the	optimization	of	this	series	of	compounds	through	

conduct	of	careful	PK	and	pharmacodynamic	studies.	However,	the	surprisingly	low	oral	

BA	of	DpNEt	precludes	further	investigation	in	combination	studies.		

	

4.4.5 RMB005	

	

Table	4-11:	Summary	of	in	vitro	ADME	characteristics	of	RMB005.	

	 In	vitro	ADME	assays	 	 	 	 	 	

Compound	
Solubility	
(uM,	pH	2,	
6.5	and	7.4)	

LogD		

(pH	7.4)	

LogPapp	
(pH	6.5)	

Plasma	t1/2	
(min)	

PPB	
(%)	

Microsomal	
protein	binding	
(%)	

Predicted	hepatic	
CL	(mL/min/kg)	

Mouse	 Human	 Mouse		 Human	

RMB005	 <5/<5/<5	 3.2	 -6.3	 >150	 92	 99	 99	 81.2	 12.6	
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The	DQ	amide	RMB005	was	used	as	aqueous	suspension	and	organic	dosing	formulations,	

as	described	in	Section	4.3.4.	The	whole	blood	concentration	profiles	of	RMB005	obtained	

from	 intravenous	 (n=5)	 and	 oral	 (n=5)	 dosing	 groups	 are	 graphically	 represented	 in	

Figure	4-7.	The	data	was	analysed	by	NCA	to	determine	the	parameters	listed	below	in	

Table	4-12.	

	

	

Table	 4-12:	 Summary	 of	 PK	 parameters	 of	 RMB005	 following	 oral	 and	 intravenous	
administration	in	mice.	

	 Value	of	the	parameter	by	administration	
route	(mean	±	SEM)	

Parameter	 PO	(20	mg/mL)	 IV	(5	mg/mL)	

Cmax	(µM)	 0.49	±	0.02	 	

Tmax	(h)	 0.70	±	0.12	 	

Elimination	t1/2	(h)	 	 2.62	±	0.61	

CL	(mL/min/kg)	 	 28.50	±	2.17	

Vd	(L/kg)	 	 6.59	±	1.83	

AUC0-∞	(min∙µmol/L)	 59	±	2	 377	±	32	

BA	(%)	 4	±	0.3	 	

	

	

a	 b	

Figure	4-7:	The	concentration-time	profiles	of	RMB005	after	a)	 intravenous	and	b)	
oral	administration	of	the	compound.	The	IC50	of	the	NF54	parasite	strain	is	indicated	
by	the	dashed	line.	Values	are	mean	±	SEM.	
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Following	a	single	oral	dose	of	20	mg/kg,	the	mean	whole	blood	Cmax	reached	a	maximum	

of	 0.49	 ±	 0.02	 µM	 at	 approximately	 0.70	 hours	 (Table	 4-12).	 Even	 though	 the	 total	

systemic	exposure	of	RMB005	was	considered	poor,	the	Cmax	was	above	the	in	vitro	IC50	

(0.04	µM,	Fig	4-7).	The	whole	blood	concentrations	were,	however,	below	the	 reliable	

limit	of	quantification	after	five	hours	and	fell	below	that	of	the	IC50.	The	mean	AUC0-∞	was	

59	±	2	min∙µmol/L.	After	a	single	intravenous	dose	of	5	mg/kg,	the	CL	was	classified	as	

relatively	low	(28.50	±	2.17	mL/min/kg),	and	the	t1/2	was	relatively	short	(2.62	±	0.61).	

The	mean	AUC0-∞	was	377	±	32	min∙µmol/L	and	the	BA	was	low	(4%).		

The	 in	 vivo	 profile	 of	 RMB005	 correlates	 well	 with	 the	 predicted	 in	 vitro	 ADME	

parameters	in	terms	of	solubility	and	exposure.	Although	RMB005	was	quickly	absorbed,	

the	 extent	 of	 exposure	 was	 limited–presumably	 by	 the	 poor	 solubility	 (<5	 µM).	 The	

dynamic	state	of	equilibrium	at	which	solubility	functions	in	a	living	system,	as	described	

in	 Chapter	 3,	 likely	 did	 not	 favour	 membrane	 permeability	 of	 the	 small	 amount	 of	

compound	that	was	available	in	solution,	as	the	passive	permeability	was	also	very	low	

(LogPapp	-6.3).	Consequently,	the	low	AUC	observed	following	oral	dosing	is	an	intricate	

product	 of	 the	 lack	 of	 solubility	 as	well	 as	 the	 restricted	membrane	 permeability	 and	

resulted	in	very	low	BA.	The	BA	was	relative	to	DQ,	which	showed	a	6%	relative	BA	after	

an	80	mg/kg	oral	microsuspension	dose	in	mice.229		

In	terms	of	efficacy	at	the	pharmacological	target,	RMB005	would	potentially	not	be	able	

to	passively	cross	membranes,	even	if	only	a	small	amount	is	able	to	remain	in	solution.	

The	calculation	of	CLint	which	corrected	for	the	free	fraction	(fu	0.08),	produced	a	CL	value	

much	higher	than	the	original	parameter	(356	mL/min/kg).	As	RMB005	is	moderately	to	

highly	bound	to	plasma	proteins,	the	inclusion	of	the	unbound	fraction	allows	for	more	

appropriate	 interpretation	of	 the	compound	being	metabolised	 in	the	system251	 and	 is	

reflected	by	the	short	t1/2	(2.62	h).	Poor	PK	properties	of	this	compound	precludes	further	

investigation.	
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4.4.6 RMB059	and	RMB060	

	

Table	4-13:	Summary	of	in	vitro	ADME	characteristics	of	RMB059	and	RMB060.	

	 In	vitro	ADME	assays	 	 	 	 	 	

Compound	
Solubility	
(uM,	pH	2,	
6.5	and	7.4)	

LogD		

(pH	7.4)	

LogPapp	
(pH	6.5)	

Plasma	t1/2	
(min)	

PPB	
(%)	

Microsomal	
protein	binding	
(%)	

Predicted	hepatic	
CL	(mL/min/kg)	

Mouse	 Human	 Mouse		 Human	

RMB059	 <5/<5/<5	 2.9	 -5.8	 66	 nd	 nd	 nd	 75.2	 19.7	

RMB060	 nd	 2.9	 -6.3	 <8	 nd	 nd	 nd	 77.2	 18.6	

	

As	discussed	 in	Chapter	2,	RMB059	and	RMB060	were	synthesised	 from	DQ	as	newer	

decoquinate	 derivatives.	 These	 compounds	 were	 introduced	 and	 investigated	

subsequently	to	RMB005.	The	aim	in	this	investigation	was	to	establish	if	RMB059	and	

RMB060	had	improved	PK	profiles	in	terms	of	solubility,	stability	and	exposure	relative	

to	 RMB005.	 RMB059	 and	RMB060	were	 administered	 orally	 (n=3)	 and	 intravenously	

(n=3)	as	described	in	Section	4.3.4.		

During	LC-MS/MS	assay	development,	 it	was	discovered	 that	 the	 compounds	RMB059	

and	RMB060	were	very	unstable.	Further	investigation	and	method	validation	tests	for	

potential	explanations	revealed	that	the	compounds	were	converted	to	DQ,	the	‘parent’	

compound	from	which	they	were	synthesized.		

The	major	challenge	of	working	with	the	carbamate	quinolone	derivatives	RMB059	and	

RMB060	was	their	stability	in	whole	blood.	The	compounds	were	generally	unstable	in	

whole	 blood	 which	 suggests	 that	 they	 would	 be	 labile	 as	 soon	 as	 being	 inserted	 or	

absorbed	into	the	systemic	circulation,	and	potentially	be	hydrolysed	in	the	stomach.		

The	 validation	 of	 bioanalytical	 methods	 of	 DQ	 are	 summarised	 in	 Appendix	 D.	 NCA	

analysis	of	DQ	(as	metabolite	of	RMB059	and	RMB060)	was	carried	out	(Table	4-14	and	

4-15,	 respectively).	 The	 whole	 blood	 concentration	 profiles	 of	 DQ	 obtained	 from	

intravenous	 and	 oral	 dosing	 of	 RMB059	 and	 RMB060	 are	 graphically	 represented	 in	

Figures	4-8	and	4-9,	respectively.	
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a	 b	

Figure	4-8:	The	concentration-time	profiles	of	DQ	after	a)	 intravenous	and	b)	oral	
administration	of	RMB059.	The	IC50	of	the	NF54	parasite	strain	is	indicated	by	the	
dashed	line.	Values	are	mean	±	SEM.	

Figure	4-9:	The	 concentration-time	profiles	of	DQ	after	a)	 intravenous	and	a)	oral	
administration	of	RMB060.	The	IC50	of	the	NF54	parasite	strain	is	indicated	by	the	
dashed	line.	Values	are	mean	±	SEM.	

a	 b	
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Table	 4-14:	 Summary	 of	 PK	 parameters	 of	 DQ	 following	 oral	 and	 intravenous	
administration	of	RMB059	in	mice.	

	 Value	of	the	parameter	by	administration	
route	(mean	±	SEM)	

Parameter	 PO	(20	mg/mL)	 IV	(5	mg/mL)	

Cmax	(µM)	 0.23	±	0.05	 	

Tmax	(h)	 1.67	±	0.67	 	

Elimination	t1/2	(h)	 	 4.79	±	1.66	

CL	(mL/min/kg)	 	 19.40	±	3.14	

Vd	(L/kg)	 	 8.00	±	2.96	

AUC0-∞	(min∙µmol/L)	 101	±	44	 573	±	98	

BA	(%)	 nd	 	

	

Table	 4-15:	 Summary	 of	 PK	 parameters	 of	 DQ	 following	 oral	 and	 intravenous	
administration	of	RMB060	in	mice.	

	 Value	of	the	parameter	by	administration	
route	(mean	±	SEM)	

Parameter	 PO	(20	mg/mL)	 IV	(5	mg/mL)	

Cmax	(µM)	 0.11	±	0.01	 	

Tmax	(h)	 1.67	±	0.67	 	

Elimination	t1/2	(h)	 	 4.66	±	1.16	

CL	(mL/min/kg)	 	 21.50	±	3.38	

Vd	(L/kg)	 	 8.88	±	2.87	

AUC0-∞	(min∙µmol/L)	 63	±	9	 592	±	108	

BA	(%)	 nd	 	
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The	mean	Cmax	of	DQ	after	oral	dosing	of	RMB059	was	0.23	±	0.05	µM.	The	low	Cmax	was	

probably	a	combination	of	hydrolysis	 in	 the	stomach	and	blood	hydrolysis	of	RMB059.	

The	Cmax	of	DQ	was	observed	at	approximately	1.67	hours	post-dose	as	depicted	in	Figure	

4-7B,	where	after	 it	 slowly	 declined.	The	whole	blood	 concentrations	 of	DQ	remained	

above	the	IC50	(0.026	µM)	for	at	least	8	hours,	after	which	the	concentrations	fell	below	

the	lower	limit	of	quantitation	(LLOQ).	The	mean	AUC0-∞	was	101	±	44	min∙µmol/L.	The	

elimination	 t1/2	 was	 4.79	 hours	 and	 CL	 of	 DQ	 was	 relatively	 slow	 (19.40	 ±	 3.14	

mL/min/kg).	 The	 Vd	 was	 8	 L/kg	 and	 the	 mean	 AUC0-∞	 of	 DQ	 following	 intravenous	

administration	of	RMB059	was	573	±	98	min∙µmol/L.	

DQ	presented	a	Cmax	concentration	of	0.11	µM	at	1.67	hours	from	a	single	oral	dose	of	

RMB060	and	the	exposure	was	low	(63	±	9	min∙µmol/L).	Following	the	single	intravenous	

administration	of	RMB060,	the	elimination	t1/2	of	DQ	was	4.66	±	1.16	hours,	which	was	

very	 similar	 to	 RMB059.	 DQ	 also	 demonstrated	 a	 slow	 hepatic	 CL	 of	 21.50	 ±	 3.38	

mL/min/kg.	The	Vd	was	8.88	L/kg	and	the	mean	AUC0-∞	was	592	±	108	min∙µmol/L.	The	

whole	blood	concentrations	of	DQ	remained	above	the	IC50	until	10	hours,	after	which	the	

concentrations	fell	below	the	LLOQ.	

With	reference	to	the	rationale	for	investigating	the	derivatives	RMB059	and	RMB060,	it	

is	concluded	that	these	compounds	did	not	offer	improved	solubility,	systemic	exposure,	

or	 metabolic	 stability	 when	 compared	 to	 RMB005,	 even	 though	 enhancing	 BA	 was	

expected	from	the	incorporation	of	carbamates.62	Many	physical	properties	play	a	critical	

role	in	the	in	vivo	performance	of	compounds	during	PK	studies,	such	as	solubility	and	

stability.	RMB059	and	RMB060	were	converted	to	DQ	at	a	significant	rate.	Additionally,	

the	 exceptionally	 poor	 solubility	 of	 DQ	 in	 water229	 further	 limited	 the	 extent	 of	 DQ	

absorption.	From	this,	it	can	be	concluded	that	the	ethyl	ester	carbamate	quinolone	DQ	

derivative	 series	 need	 optimization	 in	 terms	 of	 both	 in	 terms	 of	 solubility,	 and	 in	

enhancing	the	stability	of	certain	metabolic	 ‘soft-spots’	such	as	 the	esters,	amides,	and	

carbamates	which	are	more	susceptible	to	hydrolysis.243		
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4.5 Summary	and	conclusion	
As	 described	 in	 Chapter	 3,	 bioanalytical	 assays	 used	 during	 preclinical	 investigation	

should	be	robust,	accurate,	and	precise,	and	validated	according	to	“fit	for	purpose”	FDA	

guideline	 criteria.	 Validation	 of	 the	 assays	 included	matrix	 stability,	 recovery,	 matrix	

effects,	 carry	 over,	 and	 formulation	 stability.	 The	 assays	 proved	 to	 be	 robust	 and	

performed	 well	 during	 PK	 sample	 analysis.	 However,	 two	 compounds,	 RMB059	 and	

RMB060	were	exceptions	to	this	outcome,	as	they	were	found	to	be	very	unstable	in	whole	

blood.	 An	 assay	 was	 developed	 for	 DQ	 (the	 ‘metabolite’	 of	 RMB059	 and	 RMB060)	 to	

indirectly	evaluate	PK	properties	of	these	compounds.	

A	summary	of	PK	parameters	of	all	compounds	evaluated	is	shown	in	Table	4-16.	In	vitro-

in	vivo	correlations	were	observed	between	ADME	characterisation	and	PK	profiles,	and	

in	vitro	data	aided	in	interpretation	of	PK	parameters.		

As	 described	 in	 Chapter	 2,	 the	 rationale	 for	 development	 of	 the	 amino-artemisinin	

WHN012	 and	 related	 derivatives	 originated	 with	 the	 demonstration	 that	 the	 amino-

artemisinin	AMS	has	improved	PK	properties	with	respect	to	the	current	clinically-used	

artemisinins.261,335	However,	it	is	found	that	AMS	itself	possesses	superior	solubility	(220	

µM	at	pH	7.2)	and	lipophilicity	(LogD	2.49	at	pH	7.4)	when	compared	to	WHN012.261		

Haynes	et	al.	 concluded	 that	AMS	 offered	 improved	BA	and	stability	 in	 comparison	 to	

artemisinin.261,336	For	the	purpose	of	this	research	project,	AMS	should	be	considered	as	

the	oxidant	partner	in	the	in	vitro	investigations	to	follow,	for	the	fact	that	WHN012	did	

not	present	 improved	PK	properties.	 	Based	on	this	outcome,	AMS	was	selected	as	 the	

preferred	oxidant	partner	drug	for	combination	experiments.	As	mentioned	previously,	

systemic	exposure	of	the	compounds	fundamentally	impacts	their	efficacy.		

The	phenoxazine	PhX6	and	phenothiazine	AD01,	both	potential	redox	compounds,	had	

oral	BA	values	of	60%	and	15%,	respectively.	Of	all	the	different	compounds	evaluated	in	

this	 study,	PhX6	had	 the	best	PK	properties	and	was	 identified	as	 the	most	successful	

compound	to	investigate	further	in	in	vitro	combination	experiments	together	with	AMS.	

Additionally,	 due	 to	 previously	 established	 synergistic	 interaction	 between	 MB	 and	

artemisinins,	AD01	was	considered	for	investigation	as	well.		
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The	PK	evaluation	of	the	RMB	compounds,	derivatives	of	decoquinate,	indicate	that	these	

do	not	have	improved	PK	properties	in	comparison	to	DQ,	which	are	potentially	due	to	

poor	solubility	and	lack	of	stability.		

The	aim	of	the	work	described	in	this	chapter	was	to	identify	compounds	with	favourable	

PK	 properties	 for	 further	 development.	 In	 the	 next	 chapter,	 the	 in	 vitro	 combination	

experiments	are	discussed	for	PhX6,	AD01,	and	AMS	in	fixed-ratio	combination	analysis.		
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Table	4-16:	Summary	of	in	vivo	PK	parameters	after	oral	and	intravenous	administration	in	mice.	

Parameter	
Compound	

WHN012	 AD01	 PhX6	 DpNEt	 RMB005	 RMB059-DQ	 RMB060-DQ	

Intravenous	 	 	 	 	 	 	 	

	Elimination	t1/2	(h)	 1.34	±	0.28	 2.51	±	0.07	 7.96	±	0.73	 1.12	±	0.13	 2.62	±	0.61	 4.79	±	1.66	 4.66	±	1.16	

	CL	(mL/min/kg)	 58.90	±	2.01	 74.41	±	6.86	 21.47	±	1.76	 10.20	±	0.93	 28.50	±	2.17	 19.40	±	3.14	 21.50	±	3.38	

	Vd	(L/kg)	 6.92	±	1.71	 16.24	±	1.73	 14.92	±	2.09	 1.00	±	0.16	 6.59	±	1.83	 8.00	±	2.96	 8.88	±	2.87	

	AUC0-∞	(min∙µmol/L)	 347	±	11	 186	±	15	 540	±	44	 1795	±	198	 377	±	32	 573	±	98	 592	±	108	

Oral	 	 	 	 	 	 	 	

	Cmax	(µM)	 2.32	±	0.34	 0.25	±	0.05	 3.45	±	0.68	 6.32	±	1.15	 0.49	±	0.02	 0.23	±	0.05	 0.11	±	0.01	

	Tmax	(h)	 0.50	±	0.00	 0.88	±	0.13	 0.80	±	0.12	 0.70	±	0.12	 0.70	±	0.12	 1.67	±	0.67	 1.67	±	0.67	

	AUC0-∞	(min∙µmol/L)	 289	±	31	 101	±	19	 1150	±	216	 550	±	148	 59	±	2	 101	±	44	 63	±	9	

	BA	(%)	 17	±	2	 15	±	4	 60	±	12	 8	±	2	 4	±	0.3	 nd	 nd	

AUC,	area	under	the	concentration-time	curve;	CL,	clearance;	Cmax,	maximum	plasma	concentration;	Tmax,	time	to	reach	Cmax;	Vd,	volume	

of	distribution.	Intravenous	and	oral	administered	doses	of	all	compounds	were	5	mg/kg	and	20	mg/kg,	respectively,	except	for	WHN012	

which	was	10	mg/kg	and	50	mg/kg,	respectively.
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5 	In	vitro	isobole	analysis	
of	drug	interactions		
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5.1 Introduction	
Successful	treatment	of	many	diseases,	including	cancer,	tuberculosis,	HIV,	and	malaria,	

relies	on	combination	therapy.	This	strategy	 is	preferred	over	monotherapy	as	it	often	

achieves	greater	therapeutic	efficacy	and	potentially	shortens	duration	of	treatment.	In	

the	case	of	 infectious	disease,	 it	may	also	delay	the	development	of	drug	resistance.337	

Currently,	 the	 continued	 use	 of	 first-line	 ACTs	 is	 threatened	 by	 the	 delay	 in	 parasite	

clearance	times.183	The	WHO	has	 strongly	recommended	against	 the	administration	of	

artemisinins,	 or	 any	 derivatives,	 in	 monotherapy	 for	 uncomplicated	 malaria,	 due	 to	

parasites	developing	resistance.79	As	a	result,	current	drug	development	research	focuses	

on	finding	new	partner	compounds	to	use	in	combination	which	will	hopefully	delay	the	

onset	of	resistance	to	existing	therapies.338		

As	 described	 in	 Chapter	 1,	 the	 overarching	 goal	 of	 the	 Flagship	 Project,	 of	 which	 this	

research	 forms	part,	 is	 to	develop	new	compounds	that	 can	be	used	together	with	 the	

existing	 artemisinins,	 or	 new	 artemisinin	 derivatives	 that	 can	 protect	 the	 artemisinin	

component	from	emergence	of	resistance.		

The	partner	 compound	should	 ideally	be	 longer	acting,	have	a	different	mechanism	of	

action	 to	 the	 artemisinin	 and	 have	 a	 synergistic	 interaction.	 Extensive	 research	 on	

artemisinin	 derivatives	 have	 provided	 many	 active	 compounds,	 for	 example,		

hydroxyartemisinin	 derivatives,339	 triazolyl	 artemisinins340	 and	 endoperoxides	 which	

includes	arterolane	 (OZ277)	 and	 artefenomel	 (OZ439).341	 AMS	 (Figure	5-1)	 is	derived	

from	DHA	and	has	demonstrated	in	vitro	antiplasmodial	activities	superior	to	those	of	the	

current	artemisinins	applied	clinically.	AMS	was	selected	as	the	artemisinin	component	

in	the	combination	investigations	described	in	this	chapter,	for	its	well-described	activity	

profile,	as	well	as	lack	of	metabolism	to	DHA.261,342	Additionally,	a	lack	of	neurotoxicity	

has	been	established	for	AMS.261,343	AMS	exhibited	superior	efficacy	and	PK	over	clinically	

used	artemisinins	and	improved	antiplasmodial	potency	against	an	array	of	parasite	life	

stages.207,261		
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As	described	in	Chapter	1,	oxidant	drugs	should	be	considered	for	combination	with	redox	

compounds	 and	 investigated	 as	 potential	 antimalarial	drug	 candidates,	 for	 the	 overall	

benefit	 that	the	oxidant	abruptly	induces	oxidative	stress,	which	 is	 then	maintained	or	

enhanced	by	redox	cycling	of	the	redox	drug	partner.	From	the	initial	group	of	compounds	

identified	in	Chapter	2,	two	compounds	were	selected	for	investigation	in	vitro	based	on	

their	 high	 antiplasmodial	 activity	 towards	 P.	 falciparum,	 PK	 profiles	 and	 expected	

favourable	interaction	with	artemisinins.	These	compounds	are	predicted	to	have	redox	

cycling	potential,	based	on	the	classes	of	compounds	they	belong	to.	It	is	predicted	that	

they	will	potentiate	antimalarial	efficacy	by	amplification	of	oxidative	stress.127		

The	 first	 compound	 selected	 for	 isobole	 analysis	was	PhX6.	 The	 compound	presented	

nanomolar	 activity	 against	 CQS	 and	 CQR	 P.	 falciparum	 parasite	 strains	 in	 vitro	 and	

demonstrated	high	selectivity	toward	the	parasites.	In	vitro	ADME	analysis	and	in	vivo	PK	

studies	displayed	favourable	physiological	properties.	PhX6	was	absorbed	well	from	oral	

administration	in	a	healthy	murine	model	and	achieved	a	BA	of	60%	(Section	4.4.3).	The	

elimination	t1/2	from	the	mouse	model	was	8	hours,	which	would	be	ideal	for	delivering	a	

longer	duration	of	treatment	after	the	faster	eliminating	AMS.		

AD01	was	 selected	 for	 its	 chemical	 similarity	 to	MB,	being	 the	slightly	more	 lipophilic	

ethyl	analogue	of	 the	 redox	parent.	 In	vivo	 PK	analysis	 revealed	a	 lower	exposure	and	

shorter	t1/2	of	the	compound	in	comparison	to	PhX6.	However,	 if	the	compound	shows	

synergistic	interaction	with	AMS,	exposure	levels	in	vivo	could	potentially	be	enough	to	

elicit	a	sufficient	pharmacological	effect.	These	compounds	(Figure	5-2)	were	evaluated	

for	 their	potential	 synergistic	 interactions	 in	 vitro	as	 this	 result	 could	greatly	enhance	

their	 efficacy	 in	 vivo.344	 It	 is	 important	 to	note	here	that	 the	expression	of	 therapeutic	

Figure	5-1:	Structure	of	artemisone.	
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efficacy	is	not	only	dependent	on	biological	activity	of	the	compounds,	but	also	on	PK	and	

metabolic	components	which	are	likely	to	influence	the	observation	in	vivo.338,345	

Compounds	AD01	and	PhX6	were	analysed	in	combination	with	AMS	by	a	modified	fix-

ratio	 isobologram	 analysis	 originally	 described	 by	 Fivelman	 et	 al.337	 The	method	was	

adapted	and	simplified	from	the	traditional	checkerboard	assay.346	Fivelman	argues	the	

fixed	ratio	method	is	simpler,	with	easier	calculations	and	is	more	accurate	compared	to	

the	checkerboard	assay,	which	 is	affected	by	day	to	day	variations	 in	single	 initial	 IC50	

concentrations.	The	main	aim	of	the	work	described	in	this	chapter	was	to	determine	if	

an	oxidant	drug	(AMS)	together	with	a	redox	compound	(AD01	or	PhX6)	would	produce	

synergistic	 interactions,	 where	 synergy	 is	 defined	 as	 compounds	 delivering	 greater	

efficacy	together	than	when	used	alone.347		

	

	

5.2 Materials	
All	materials	used	 in	this	chapter	are	listed	 in	Appendix	A.	Only	materials	of	analytical	

grade	or	higher	were	used.	

Figure	 5-2:	 Molecular	 structures	 of	 compounds	 tested	 in	 in	 vitro	 combinations.	
Artemisone	(a)	was	tested	in	combination	against	either	AD01	(b)	or	PhX6	(c).	

a	

b	 c	
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5.3 Methods	
5.3.1 Sample	preparation	

The	preparation	of	all	samples	used	in	this	chapter	is	described	in	Appendix	A.		

Compound	stock	solution	were	prepared	in	100%	DMSO	(2	mM)	except	for	CQ	which	was	

dissolved	in	distilled	water	(20	mg/mL).	

	

5.3.2 Parasite	survival	assay	

Parasite	 culturing	 methods	 and	 parasite	 survival	 assay	 methods	 are	 described	 in	

Appendix	A.	The	72-hour	pLDH	parasite	 survival	 assay	against	 the	CQS	NF54	parasite	

strain	was	used	to	achieve	isobole	analysis.		

	

5.3.3 Fixed-ratio	combination	experiments	

AMS,	a	10-alkylaminoartemisinin	derivative	of	DHA,	was	selected	as	the	oxidant	partner	

drug	for	investigation	in	combination	studies.	AMS	was	investigated	in	combination	with	

PhX6	 or	 AD01	 using	 the	modified	 fixed-ratio	method	 against	 CQS	NF54	P.	 falciparum	

parasites	in	the	standard	72-hour	pLDH	assay.149		

The	two	compounds	were	tested	alone	and	in	combination	at	ratios	of	3:1,	1:1,	1:3	and	

1:9,	 and	 were	 prepared	 as	 six	 solutions	 (Table	 5-1).	 The	 first	 (C1)	 and	 last	 (C6)	

combination	 solution	 contained	either	drug	A	 (AMS)	or	drug	B	(AD01	or	PhX6)	alone.	

Compounds	were	diluted	 from	2	mM	DMSO	stock	solutions	and	combination	solutions	

were	prepared	 in	CM	from	working	solutions	 to	obtain	 the	 final	 in-well	 concentration	

fraction	of	each	compound	in	combination.	Concentration	ranges	for	combinations	were	

prepared	from	the	predetermined	single	IC50	values;	such	that	the	IC50	of	the	individual	

compounds	would	fall	in	the	middle	of	the	plate.	

The	 solutions	were	added	 to	 the	 sterile	 assay	 plate	and	 serial	 dilutions	were	made	 in	

subsequent	wells	 across	 the	 plate	with	 a	multichannel	 pipette	 (Figure	 5-3).	 The	 final	

concentration	of	DMSO,	once	diluted	in	the	plate,	was	less	than	0.05%	and	did	not	have	

any	effect	on	the	cultures.	The	plates	were	incubated	 for	72	hours,	as	described	on	pg.	

184-186,	Appendix	A.	
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Table	 5-1:	 Combination	 solutions	 labelled	 C1	 to	 C6	 for	 the	 fixed	 ratios	 in	 each	
combination	and	final	in-well	concentrations	of	each	fraction	of	drug	in	combinations,	
after	addition	of	pRBC's.	

Combinations	 Fraction	
of	A	

Fraction	
of	B	

	 Concentration	(nM)	

	 Compound	A	 	 Compound	B	

	 AMS	 	 AD01	 or	 PhX6	

C1	 1	 0	 	 100	 	 0	 	 0	

C2	 3	 1	 	 75	 	 25	 	 200	

C3	 1	 1	 	 50	 	 50	 	 400	

C4	 1	 3	 	 25	 	 75	 	 600	

C5	 1	 9	 	 10	 	 90	 	 720	

C6	 0	 1	 	 0	 	 100	 	 800	
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5.3.4 Data	analysis		

The	absorbance	of	 the	plates	was	read	at	620	nm.	Data	sets	of	each	combination	were	

used	 to	 generate	 sigmoidal	 dose-response	 curves	using	GraphPad	Prism	version	 5	 for	

Windows	(GraphPad	Software	Inc.,	La	Jolla,	California).	Each	data	point	obtained	from	the	

combination	samples	was	represented	in	two	data	sets.	Each	combination	(C2,	C3,	C4,	and	

C5)	 was	 thus	 represented	 by	 two	 curves–one	 curve	 for	 each	 of	 the	 drugs	 in	 the	

combination	with	respect	 to	 its	 concentration	 range.	A	 single	 curve	was	generated	 for	

each	of	the	single	compounds	tested.	Therefore,	10	sigmoidal	dose-response	curves	were	

Figure	5-3:	Representation	of	 the	assay	plate	 layout.	The	highest	 concentration	of	
combination	samples	was	added	in	triplicate	to	column	3.	Three	96-well	plates	were	
prepared	similarly,	with	row	A–C	and	Row	D–F	of	the	first	plate	containing	C1	and	
C2,	the	second	plate	containing	C3	and	C4	and	the	third	plate	containing	C5	and	C6.	
Column	1	contained	only	CM	which	served	to	account	for	absorbance	from	uninfected	
RBC’s	 in	medium.	Column	2	contained	parasitized	RBC’s	 in	medium	and	served	as	
negative	 control	 (100%	 parasite	 growth).	 The	 positive	 control	 CQ	 was	 added	 in	
duplicate	to	row	G–H	on	all	three	plates.	
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constructed	during	one	experiment.	Compounds	were	tested	in	technical	triplicates	and	

on	three	separate	occasions.		

	

5.3.5 Calculation	of	FIC50	values	

The	 IC50	 values	 were	 used	 to	 calculate	 the	 50%	 fractional	 inhibitory	 concentrations	

(FIC50)	 of	 drug	 A	 within	 the	 respective	 combination	 (Equation	 5-1),	 i.e.	 the	 extent	 of	

growth	 inhibition	 by	 the	 combination	 (drug	 A	 +	 drug	B)	 divided	 by	 the	 inhibition	 by	

application	 of	 the	 drug	 alone	 (drug	 A)	 (Equation	 5-1).	 The	 same	 was	 done	 for	 FIC50	

calculation	of	drug	B	(Equation	5-2).	The	sum	of	FICs	was	calculated	by	addition	of	FIC50	

(A)	and	FIC50	(B)	(Equation	5-3)	in	order	to	determine	the	interaction	of	the	compounds.	

The	 same	 equations	were	 used	 to	 determine	 the	 FIC90	 values	 from	 the	 IC90’s.	 A	 value	

derived	from	Equation	5-3	of	<	0.80	indicated	synergy;	>	1.4	indicated	antagonism	and	=1	

indicated	addition.347,348		

Equation	5-1:	FIC50	of	compound	A	

!"#!"(%) = 	
"#!"	(% + *)

"#!"	%
	

	

Equation	5-2:	FIC50	of	compound	B	

!"#!"(*) = 	
"#!"	(* + %)

"#!"	*
	

	

Equation	5-3:	Sum	of	FIC50	

+!"#!" =	!"#!"	(%) +	!"#!"	(')	

	

Finally,	FIC50	values	of	compounds	in	respective	combinations	were	plotted	on	a	graph	as	

an	isobologram	(Figure	5-4).	Addition	interaction	(blue	field)	would	be	observed	for	data	

points	plotted	around	the	midline	(1,1).	Synergistic	interactions	(green	field)	would	have	

data	 points	 below	 the	midline	 and	 data	 points	 of	 antagonistic	 interactions	 (red	 field)	
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would	lie	above	the	midline.	In	addition,	the	shape	of	the	isobologram	gave	an	indication	

of	 the	 interaction	 in	 the	 combination.	 A	 concave	 shape	 indicates	 synergy	 and	 convex	

shape	indicates	antagonism.	Data	points	around	a	straight	line	indicate	addition.	

	

	

5.3.6 Statistical	testing	

Statistical	testing	for	the	significance	of	shift	in	the	∑FIC50’s	was	achieved	by	a	one-way	

analysis	of	variance	(ANOVA)	test	(with	statistical	significance	accepted	for	p	<	0.05)	with	

Tukey’s	 Multiple	 Comparison	 test	 using	 GraphPad	 Prism	 version	 5	 for	 Windows	

(GraphPad	Software	Inc.,	La	Jolla,	California).		

	

5.4 Results	and	discussion	
Isobole	analysis	requires	the	determination	of	individual	IC50	values	for	the	compounds,	

before	fixed	ratio	concentration	ranges	can	be	set.	The	single	compound	IC50‘s	of	AD01	

(CQS	 NF54	 23.1	 nM)	 and	 PhX6	 (CQS	 NF54	 41.8	 nM)	 were	 determined	 previously,	 as	

discussed	in	Chapter	2.	The	pLDH	parasite	survival	assay,	as	described	in	Appendix	A,	was	

used	to	determine	the	IC50	of	AMS.	An	IC50	of	4.50	±	2.42	nM	against	the	CQS	NF54	parasite	
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Figure	 5-4:	 Representative	 graph	 of	 classification	 areas	 for	 ∑FIC	 values.	 ∑FIC	
values	are	classified	as	 'synergistic'	 (<0.8)	 if	plotted	 in	 the	green	field,	 ‘additive’	
(0.8–1.4)	when	plotted	in	the	blue	field	and	‘antagonistic’	(>1.4)	when	plotted	in	
the	red	field.	(FIC,	fractional	inhibitory	concentration).		
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strain	was	obtained	for	AMS	and	was	consistent	with	values	in	the	literature.207	The	IC50s	

from	 the	 combination	assays	were	used	 to	determine	mean	FIC50’s	 and	Sum	of	FIC50’s	

(∑FIC50’s)	in	each	combination	of	AMS	+	AD01	and	AMS	+	PhX6,	as	described	earlier337,347	

and	is	shown	in	Table	5-2.		

The	combination	of	AMS	and	AD01	at	different	ratios	presented	IC50	values	between	3.40	

nM	to	1.35	nM	for	AMS	and	10.35	nM	to	0.92	nM	for	AD01	(Table	5-2a).	Combination	

experiments	with	AD01	showed	the	IC50	values	were	lowered	across	all	the	combination	

ratios,	i.e.	the	combination	IC50’s	were	lower	than	those	of	either	AMS	(6.16	nM)	or	AD01	

(23.31	 nM)	 alone.	 This	 indicated	 that	 these	 worked	 better	 together	 than	 as	 single	

compounds.	IC50‘s	from	the	combination	of	AMS	and	PhX6	revealed	similar	trends	with	

values	 ranging	 from	1.84	nM	 to	 0.61	nM	 for	AMS	 and	21.21	 nM	 to	3.20	 nM	 for	PhX6,	

compared	to	the	IC50	of	AMS	(2.86	nM)	and	PhX6	(45.61	nM)	alone	(Table	5-2a).		

The	 FIC50	 of	 AMS	 in	 combination	 with	 AD01	 or	 PhX6	 in	 respective	 combination	

experiments	were	used	to	calculate	the	∑FIC50’s	of	each	combination.	Isobolograms	were	

constructed	 from	 resulting	 ∑FIC50’s	 and	 curve	 shapes	 were	 observed	 to	 determine	

synergy,	 antagonism	 or	 addition.	 Both	 AMS	 +	 AD01	 and	 AMS	 +	 PhX6	 combinations	

produced	 a	 concave	 curve	 shape	 (Figure	 5-5a	 and	 5c)	 which	 indicated	 synergistic	

interactions.	 To	 clearly	 define	 interaction	 of	 two	 compounds,	 the	 ∑FIC50	 values	were	

classified	 as	 the	 following:	 values	 below	 0.8	 indicate	 synergism,	 above	 1.4	 indicate	

antagonism	and	between	0.8	and	1.4	 indicate	addition.349	∑FIC50	 ranged	between	0.61	

and	 0.71	 for	 AMS	 +	 AD01	 and	 between	 0.73	 and	 0.87	 for	AMS	 +	 Phx6.	 Therefore,	 all	

combinations	were	 classified	as	having	synergistic	 interactions,	except	 the	1:9	 ratio	of	

AMS	 +	 PhX6,	 which	 was	 weakly	 additive	 (∑FIC50	 0.87).	 The	 IC90	 values	 were	 also	

calculated	(Table	5-2b)	and	used	to	construct	an	isobologram	from	the	FIC90’s	(Figure	5-

5b	and	5d),	in	order	to	confirm	the	trends	seen	at	IC50	level.	A	similar	trend	of	interaction	

is	seen	for	both	sets	of	combination	experiments	between	the	IC50	and	IC90	levels.	
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Table	5-2a:	FIC50	and	∑FIC50	of	artemisone	(drug	A)	in	fixed-ratio	combination	with	AD01	or	PhX6	(Drug	B).	

Combination	 Combination	
Ratio	(A:B)	

aMeanIC50	±	SD	(nM)	 	 aMean	FIC50	
∑FIC50	 Interaction	

Drug	A		 Drug	B		 	 Drug	A		 Drug	B		

AMS	+	AD01	 1:0	 6.16	±	2.92	 nd	 	 1.00	±	0.0	 nd	 1.00	 	

	 3:1	 3.40	±	1.44	 0.92	±	0.40	 	 0.56	±	0.08	 0.04	±	0.02	 0.60	 Synergy	

	 1:1	 1.97	±	0.83	 2.04	±	0.78	 	 0.34	±	0.07	 0.09	±	0.04	 0.43	 Synergy	

	 1:3	 1.14	±	0.38	 3.63	±	1.53	 	 0.20	±	0.05	 0.16	±	0.08	 0.36	 Synergy	

	 1:9	 1.35	±	0.54	 10.35	±	2.40	 	 0.25	±	0.13	 0.46	±	0.15	 0.71	 Synergy	

	 0:1	 nd	 23.31	±	2.49	 	 nd	 1.00	±	0.0	 1.00	 	

AMS	+	PhX6	 1:0	 2.86	±	1.01	 nd	 	 1.00	±	0.0	 nd	 1.00	 	

	 3:1	 1.84	±	0.59	 3.20	±	1.34	 	 0.65	±	0.02	 0.09	±	0.05	 0.73	 Synergy	

	 1:1	 1.46	±	0.46	 7.88	±	3.67	 	 0.51	±	0.06	 0.20	±	0.09	 0.72	 Synergy	

	 1:3	 0.91	±	0.31	 14.17	±	6.13	 	 0.32	±	0.01	 0.38	±	0.20	 0.70	 Synergy	

	 1:9	 0.61	±	0.35	 21.21	±	2.22	 	 0.21	±	0.05	 0.67	±	0.17	 0.87	 Addition	

	 0:1	 nd	 45.61	±	5.69	 	 nd	 1.00	±	0.0	 1.00	 	
a	Results	shown	are	the	mean	IC50	values	and	SD	from	at	least	three	independent	experiments	
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Table	5-2b:	FIC90	and	∑FIC90	of	artemisone	(drug	A)	in	fixed-ratio	combination	with	AD01	or	PhX6	(Drug	B).	

Combination	 Combination	
Ratio	(A:B)	

aMean	IC90	±	SD	(nM)	 	 aMean	FIC90	
∑FIC90	 Interaction	

Drug	A		 Drug	B		 	 Drug	A		 Drug	B		

AMS	+	AD01	 1:0	 9.56	±	6.78	 nd	 	 1.00	±	0.00	 nd	 1.00	 	

	 3:1	 5.25	±	3.82	 1.53	±	0.88	 	 0.58	±	0.16	 0.04	±	0.02	 0.62	 Synergy	

	 1:1	 3.63	±	1.74	 3.62	±	1.76	 	 0.47	±	0.24	 0.09	±	0.05	 0.55	 Synergy	

	 1:3	 2.20	±	1.05	 7.09	±	4.62	 	 0.27	±	0.08	 0.17	±	0.11	 0.43	 Synergy	

	 1:9	 2.18	±	1.19	 15.76	±	5.01	 	 0.27	±	0.12	 0.37	±	0.15	 0.64	 Synergy	

	 0:1	 nd	 44.71	±	11.37	 	 nd	 1.00	±	0.00	 1.00	 	

AMS	+	PhX6	 1:0	 5.20	±	1.48	 nd	 	 1.00	±	0.00	 nd	 1.00	 	

	 3:1	 2.75	±	0.77	 4.94	±	2.24	 	 0.53	±	0.01	 0.08	±	0.06	 0.61	 Synergy	

	 1:1	 2.70	±	1.28	 13.63	±	5.09	 	 0.50	±	0.10	 0.20	±	0.11	 0.71	 Synergy	

	 1:3	 1.44	±	0.76	 120.52	±	5.92	 	 0.27	±	0.07	 0.33	±	0.23	 0.59	 Synergy	

	 1:9	 1.09	±	0.85	 47.38	±	8.81	 	 0.19	±	0.10	 0.65	±	0.18	 0.85	 Addition	

	 0:1	 nd	 78.94	±	34.25	 	 nd	 1.00	±	0.00	 1.00	 	
a	Results	shown	are	the	mean	IC90	values	and	standard	deviation	(SD)	from	at	least	three	independent	experiments.	
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The	combination	of	AMS	with	AD01	or	PhX6	in	a	fixed	combination	ratio	against	CQS	NF54	

parasites	presented	a	marked	shift	in	the	mean	IC50’s	of	AMS.	In	order	to	determine	the	

significance	of	the	shift,	combination	∑FIC50’s	of	AMS	were	compared	to	the	∑FIC50	of	AMS	

alone,	using	the	one-way	ANOVA	test	(p	<	0.05)	(Figure	5-6).	For	AMS	in	combination	with	

AD01,	the	combination	ratios	with	the	most	significant	shift	was	observed	for	1:1	and	1:3	

(One-way	ANOVA,	p	£	0.001,	F	=	14.08,	df	=	4).	Combination	ratio	3:1	was	also	calculated	

a	 b	

c	 d	

Figure	5-5:	FIC50	 (left)	 and	FIC90	 values	 (right)	of	AMS	and	AD01	 (top)	or	PhX6	
(bottom)	determined	at	various	ratios	(3:1,	1:1,	1:3	and	1:9)	for	a	CQS	(NF54)	strain	

of	P.	falciparum.	The	resulting	synergistic	effects	of	the	compounds	in	combination	
is	indicated	by	the	concave	isobolograms.	Independent	dose-response	curves	of	the	

fixed	 drug	 combinations	 were	 determined	 using	 the	 pLDH	 assay	 against	

intraerythrocytic	asexual	parasites	for	72	hours.	The	dashed	line	corresponds	to	an	

indifferent	interaction.	The	solid	line	indicates	the	respective	isobole	curve	of	the	

drug	 combination.	 Data	 are	 the	 means	 of	 3	 independent	 experiments.	 (FIC,	

fractional	inhibitory	concentration).	
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to	 be	 significantly	 different	 (p	 £	 0.05),	 but	 less	 so	 than	 the	 formerly	 mentioned	

combinations.	For	AMS	+	PhX6,	combination	ratio	1:3	was	the	only	combination	to	show	

a	significant	shift	(One-way	ANOVA,	p	£	0.05,	F	=	6.091,	df	=	4).		

	

	

	

Pro-oxidant	 redox	 compounds,	 such	 as	 MB,	 have	 been	 investigated	 previously	 with	

artemisinins	and	are	associated	with	notably	favourable	interactions.207,323,350	AMS	was	

shown	to	be	very	synergistic	with	MB	in	vitro,	and	had	a	mean	∑FIC50	value	of	0.75	and	

0.61,	respectively	against	early	and	late	stage	gametocytes.207	The	authors	concluded	that	

the	 in	 vitro	gametocytocidal	 effects	of	artemisinin	derivatives	may	be	augmented	with	

strategic	combination	of	MB	and	that	the	findings	encourage	further	investigation	in	order	

to	 supplement	 the	 evidence	 of	 redox	 combinations.	 The	 high	 efficacy	 of	 MB-based	

combinations207,344,351207	 strongly	 encourages	 further	 investigation	 into	 synergistic	

interaction	between	artemisinins	and	redox	compounds	like	MB.		

	

It	 was	 anticipated	 that	 synergism	between	AMS	 in	 combination	with	AD01	 and	PhX6	

would	 be	 observed,	 because	 of	 their	 structural	 similarities	 to	 compounds	 previously	

Figure	5-6:	∑FIC50	values	of	a)	AMS	+	AD01	and	b)	AMS	+	PhX6	combinations	at	
difference	combination	ratios	and	tested	against	the	single	concentrations	(blue	

bar).	Significant	differences	were	measured	between	fixed	drug	combinations	

using	a	one-way	ANOVA	test	(p	<	0.05).	

*	p	£	0.05;	**	p	£	0.01;	***	p	£	0.001	

a	 b	
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tested	in	the	same	class,	as	well	as	the	principle	of	their	proposed	redox	mechanism.207,352	

Overall,	AD01	and	PhX6	presented	favourable	in	vitro	interactions	with	AMS	and	showed	

a	noticeable	shift	in	the	IC50‘s	of	AMS.	These	findings	strongly	suggest	that	the	synergistic	

effects	of	AD01	and	PhX6	with	AMS	are	a	consequence	of	their	biochemical	mechanism	by	

the	redox	cycling	principle.	

These	results	are	beneficial	because	the	positive	 interaction	with	artemisinins	support	

the	 hypothesis	 of	 including	 redox	 compounds	 in	 artemisinin-based	 therapy,	 as	

artemisinins	are	currently	the	most	active	antimalarial	drugs	both	in	terms	of	the	dosage	

amounts	 required,	 and	 rapidity	 in	 inducing	 parasite	 clearance.	 Furthermore,	 using	

artemisinin	derivatives	such	as	AMS	as	the	oxidant	drug	in	the	combination	is	beneficial	

as	it	has	a	PK	profile	superior	to	artemisinin,	artesunate,	and	DHA.	It	is	also	simple	and	

inexpensive	to	produce	AMS	and	the	drug	has	shown	to	have	improved	safety	compared	

to	the	other	artemisinins.261,353			

In	vivo	efficacy	does	not	only	rely	on	biological	activity	but	is	also	highly	dependent	on	PK.	

As	discussed	in	Chapter	2,	successful	and	efficient	combinations	with	the	artemisinins	are	

dependent	on	a	second	partner	compound	with	a	longer	t1/2,	to	prevent	the	formation	of	

resistant	parasites.	AD01	and	PhX6	were	both	selected	for	evaluation	in	the	fixed-ratio	

combination	assays.	As	AD01	is	structurally	similar	to	MB,	it	was	expected	to	show	some	

degree	of	synergistic	interaction	with	AMS.207	PhX6,	on	the	other	hand,	was	the	leading	

compound	to	be	evaluated	for	combinations,	as	its	PK	profile	was	far	superior	to	all	the	

other	compounds	evaluated	in	Chapter	4.		The	combination	ratio	1:3	revealed	a	significant	

synergistic	interaction	of	AMS	with	PhX6.	Therefore,	it	is	suggested	that	PhX6	is	a	better	

partner	 for	AMS	 than	AD01.	Although	synergistic	 activity	with	AD01	was	greater	 than	

PhX6	in	combination	ratio	1:1	and	1:3,	it	probably	will	not	be	chosen	for	further	studies.	

Because	of	 its	 superior	PK	profile,	 coupled	with	 its	 synergism	with	AMS,	PhX6	will	be	

taken	forward.342	Clearly,	whilst	AD01	has	excellent	efficacies	(Section	2.3)	and	is	strongly	

synergistic	with	AMS,	newer	more	lipophilic	and	metabolically	more	stable	analogues	of	

AD01	are	required.	
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5.5 Summary	and	Conclusion	
Two	redox	compounds,	AD01	and	PhX6,	were	assessed	in	vitro	in	combination	with	AMS	

using	 the	modified	 fixed-ratio	method	 to	 identify	 potential	 synergistic	 interactions.337	

Both	compounds	improved	the	IC50	of	AMS	in	combination	compared	to	that	of	AMS	alone.	

The	∑FIC50’s	were	 all	 classified	 as	 predominantly	 synergistic	 and	 an	 ANOVA	 test	was	

applied	 to	 distinguish	 significant	 interactions	 according	 to	 the	 ∑FIC50’s	 of	 each	

concentration	ratio.	Significant	synergistic	 interactions	were	 identified	 for	AD01	 in	the	

combination	ratios	of	3:1,	1:1	and	1:3	as	well	as	PhX6	in	combination	ratio	of	1:3.		

Although	the	significance	of	interaction	of	AD01	with	AMS	was	greater	than	that	of	PhX6,	

it	 is	 important	to	consider	that	highly	efficacious	drugs	need	good	PK	properties	to	be	

successful	 as	 clinically	 used	 therapies.	 With	 regards	 to	 malaria,	 high	 level	 of	 efficacy	

together	with	drugs	that	have	multiple	mechanisms	and	different	elimination	half-lives	

are	 essential	 in	 overcoming	 disease	 burden	 and	 preventing	 the	 emergence	 of	

resistance.338	With	this	in	mind,	PhX6	was	 identified	as	having	the	most	favourable	PK	

profile	of	all	compounds	evaluated,	as	well	as	having	significant	synergistic	interaction	

with	 AMS.	 This	 will	 increase	 the	 potential	 of	 therapeutic	 efficacy	 of	 PhX6	 in	 vivo	 in	

combination	 with	 AMS.	 These	 findings	 strongly	 encourage	 further	 investigation	 of	

efficacy	 in	vivo	 in	order	to	ascertain	if	 the	synergistic	 interactions	are	translatable	to	a	

living	model.		
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6 	Conclusions	and	future	
work
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The	 effective	 treatment	 and	 control	 of	 malaria	 is	 increasingly	 threatened	 by	 the	

development	of	drug-resistant	parasites.	Drugs	that	were	once	used	 in	highly	effective	

therapies	 in	 malaria	 endemic	 areas	 have	 been	 replaced	 by	 ACTs.	 Even	 though	

artemisinins	are	the	most	rapidly	acting	and	effective	drugs,	their	efficacy	for	the	global	

control	 and	 cure	 of	 malaria	 is	 threatened	 by	 increased	 emergence	 of	 resistance.	

Guidelines	such	as	the	WHO	Global	Technical	Strategy	for	Malaria	for	2016–2030,1	which	

aims	to	drastically	reduce	incidence	and	eventually	eliminate	malaria,	highlights	the	need	

for	ongoing	development	of	new	drugs.		

As	 outlined	 in	 Chapter	 1,	 the	 concept	 underpinning	 this	 research	 is	 of	 potentiating	

oxidative	stress	within	the	parasite’s	proliferating	environment	by	combining	an	oxidant	

drug	with	a	redox	drug	capable	of	maintaining	high	levels	of	ROS	through	its	redox	cycling	

ability.	 The	 concept	 was	 tested,	 establishing	 whether	 compounds	 presented	 selective	

activity	against	CQS	and	CQR	P.	falciparum	parasites,	whether	they	possess	suitable	PK	

properties	to	be	rationally	selected	for	further	evaluation	in	drug	combinations	and	if	they	

demonstrated	anticipated	drug	interactions	with	an	artemisinin	derivative	in	preliminary	

in	vitro	combination	investigations.		

In	this	thesis	seven	compounds	are	identified	from	a	compound	library	constructed	from	

a	 multidisciplinary	 collaboration.	 These	 were	 initially	 selected	 based	 on	 their	

antiplasmodial	 activity.	 The	 compounds	 were	 artemisinin	 derivatives,	 phenoxazines,	

phenothiazines,	 thiosemicarbazones,	 and	 quinolone	 derivatives.	 The	 compounds	were	

evaluated	for	their	antiplasmodial	activity	against	the	CQS	NF54	strain	and	the	CQR	Dd2,	

K1,	and	W2	parasites.	Additionally,	general	toxicity	evaluation	with	the	mammalian	CHO	

cell	line	showed	that	the	inhibitory	activity	of	compounds	WHN012,	AD01,	PhX6,	DpNEt,	

RMB005,	RMB059	and	RMB060	were	very	selective	for	the	parasites,	as	indicated	by	the	

selectivity	index	(SI>270;	Table	2-3).	

WHN012,	 an	 aryl	 urea	 derived	 from	 DHA-piperazine,	 was	 selected	 as	 the	 oxidant	

compound.	The	compound	showed	remarkably	good	activity	against	both	CQR	and	CQS	

parasite	 strains.	 Although	 the	 artemisinins	 are	 regarded	 the	 most	 active	 antimalarial	

drugs,	 they	are	known	to	be	very	unstable.	 It	was	expected	that	 the	electronegative	p-

fluorophenyl	 functional	 group	 would	 make	 the	 compound	 less	 susceptible	 to	 liver	

metabolism	and	thereby	improve	total	exposure.	However,	WHN012	had	high	in	vitro	and	

in	vivo	CL,	and	ultimately	did	not	show	improved	BA	over	other	artemisinin	derivatives.	

After	considering	the	data,	it	was	decided	that	AMS	should	be	considered	as	the	oxidant	
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drug	for	combination	experiments	to	follow.	The	exceptional	activity	and	selectivity	of	the	

WHN	 compound	 class	 certainly	 do	 justify	 their	 worth	 for	 further	 investigation	 and	

generating	yet	newer	compounds	optimised	in	terms	of	stability	and	solubility.		

AD01	is	an	ethyl	derivative	of	MB,	a	known	redox	drug.	Although	AD01	showed	excellent	

solubility,	 the	 lack	of	 lipophilicity	and	poor	passive	permeability	limited	 its	absorption	

and	contributed	 to	 low	BA	 (14%).	Poor	 stability	of	AD01	was	observed	 in	 the	plasma	

stability	assay	and	this	was	also	reflected	in	the	animal	experiments.	The	susceptibility	of	

the	 compound	 to	metabolism	may	 indicate	 that	 active	 metabolites	 are	 being	 formed.	

Future	studies	will	focus	on	this	possibility.		

Phenoxazines	 like	 PhX6	 have	 been	 shown	 to	 be	 active	 redox	 cycling	 compounds	 and	

express	good	antiplasmodial	activity.	Despite	poor	solubility	at	higher	pH’s,	PhX6	showed	

a	remarkably	good	BA	of	60%	in	the	mouse	model	and	together	with	being	highly	active	

against	both	CQS	and	CQS	strains	of	the	parasite,	was	clearly	a	good	candidate	to	progress	

to	 combination	experiments.	PhX6	was	tested	 in	 combination	with	AMS	and	showed	a	

distinct	shift	in	the	activity	of	AMS,	indicating	a	significant	synergistic	interaction.	AD01	

was	also	considered	for	in	vitro	combination	work	as	its	close	similarity	to	MB	suggests	

that	synergy	with	AMS	was	likely.	Both	PhX6	and	AD01	showed	significant	synergy	with	

AMS	in	vitro.	The	results	indicate	that	redox	cycling	between	an	oxidant	and	redox-active	

drug	is	potentially	driving	the	synergistic	interaction	between	the	compounds.	Overall,	

these	findings	suggested	that	PhX6	is	 the	 ideal	candidate	for	further	investigation	with	

AMS	for	future	in	vivo	combination	studies.		

DpNEt,	that	is	structurally	different	to	the	phenoxazines	and	phenothiazines,	was	another	

redox	compound	selected	based	on	 its	high	activity	and	selectivity	and.	The	compound	

displayed	promising	physicochemical	properties.	However,	evaluation	of	the	PK	profile	

showed	 that	 DpNEt	 had	 surprisingly	 low	 BA	 (8%).	 The	 predicted	 hepatic	 CL,	 in	 vivo	

systemic	CL	and	low	Vd	raised	the	question	of	whether	DpNEt	was	subject	to	other	routes	

of	 elimination.	 It	 was	 hypothesised	 that	 DpNEt,	 although	 being	 absorbed	 well,	 was	

potentially	 a	 substrate	 for	 P-gp	 transporters	 that	 could	 ultimately	 influence	

concentrations	seen	in	whole	blood.		

Lastly,	 the	 RMB	 compounds	 derived	 from	 decoquinate	 (DQ)	 were	 investigated	 as	

potential	longer	acting	third	partner	compounds	to	the	redox	cycling	combination.	The	

amide	 derivative	 of	 DQ,	 RMB005	 was	 expected	 to	 show	 improved	 physicochemical	
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properties	to	DQ,	but	it	turned	out	to	have	poor	solubility	and	permeability,	resulting	in	

very	 low	BA	(4%).	The	carbamate	derivatives	RMB059	and	RMB060	were	expected	to	

show	improved	physicochemical	properties	over	RMB005.	However,	 these	compounds	

turned	out	to	be	very	unstable	under	physiological	conditions	and	were	rapidly	converted	

to	 DQ	 under	 the	 assay	 conditions.	 Stability,	 together	with	 solubility	 and	 permeability,	

plays	a	key	role	in	candidate	selection	and	should	therefore	be	optimised	before	further	

investigation	of	this	series	of	compounds.		

The	work	discussed	in	this	thesis	centres	on	a	novel	set	of	compounds	having	efficient	and	

selective	inhibition	of	CQS	and	CQR	P.	falciparum	parasites,	as	well	as	promising	in	vitro	

and	 in	 vivo	properties.	 The	 evaluation	 of	 the	 PK	 properties	 and	 in	 vitro	 combinations	

resulted	 in	 the	 identification	 of	 the	 potentially	 efficacious	 PhX6+AMS	 combination.	

Considering	 these	 results,	 it	 is	 highly	 recommended	 that	 this	 combination	 be	 further	

investigated.	

Research	 limitations	 can	 result	 in	 the	 incomplete	or	 incorrect	 interpretation	of	results	

from	a	study	and	thus	influence	downstream	research	based	on	those	data.	Firstly,	AD01	

and	DpNEt	are	suspected	to	be	subject	to	active	transport	mechanisms,	based	on	their	PK	

profiles	 obtained	 from	 the	 mouse	 model.	 For	 the	 determination	 of	 membrane	

permeability	 using	 the	 PAMPA	 assay,	 the	 permeability	 mechanism	 is	 limited	 to	 the	

passive	diffusion	as	the	assay	does	not	possess	the	capacity	to	facilitate	active	transport.	

Therefore,	a	cell-based	model,	such	as	the	Caco-2	permeability	assay	is	required	in	order	

to	determine	if	these	compounds,	that	may	be	subject	to	active	transport	in	vivo,	are	being	

absorbed	 and	 eliminated	 through	 other	mechanisms.278	 Although	 the	 PAMPA	 assay	 is	

considered	to	be	relatively	basic,	it	remains	the	preferred	model	in	HTS	environments	and	

is	a	more	economic	model	to	use.		

The	 general	 stability	 of	 the	 RMB	 compounds	 should	 be	 addressed.	 As	 mentioned	

previously,	 RMB059	 and	 RMB060	were	 too	 unstable	 and	whole	 blood	 concentrations	

from	murine	 experiments	 could	 not	 be	 quantified.	Whole	 blood	 concentrations	 of	 the	

parent	DQ	was	calculated	instead.	In	this	case	it	was	not	possible	to	determine	the	BA	of	

DQ	that	was	available	for	absorption	into	the	bloodstream	and	indirectly	determine	the	

extent	to	which	RMB059	and	RMB060	were	converted	to	DQ.	Another	question	was	raised	

regarding	how	the	RMB	compounds	were	able	to	retain	their	activity	during	initial	in	vitro	

activity	 screening,	 whilst	 showing	 stability	 issues	 under	 assay	 conditions.	 Future	
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investigations	in	this	class	of	compounds	should	aim	to	determine	if	they	potentially	act	

as	prodrugs	to	DQ,	and	indeed	if	these	have	superior	kill	kinetics	to	DQ	itself.		

Although	the	work	described	 in	this	 thesis	answered	several	research	questions,	some	

new	research	questions	arose	 that	were	beyond	the	scope	of	 this	study	and	should	be	

addressed	in	future	studies.		

In	order	to	fully	understand	the	synergistic	interaction	of	PhX6+AMS,	this	combination	

should	be	evaluated	 in	 an	 in	 vivo	 efficacy	model	 in	order	 to	 establish	 the	 relationship	

between	PK	and	efficacy	of	the	compounds.	This	can	be	achieved	with	the	SCID	humanised	

mouse	 model.	 Furthermore,	 from	 these	 investigations,	 one	 will	 not	 only	 be	 able	 to	

determine	the	pharmacodynamics	of	these	compounds,	but	also	gain	insight	on	how	their	

PK	profiles	are	affected	in	a	diseased	model.	The	SCID	model	should	ultimately	be	used	to	

determine	if	the	combination	of	PhX6+AMS	is	able	to	retain	its	high	activity	and	remain	

synergistic	 in	 a	 dynamic,	 living	 system.	 Additionally,	 gametocyte	 and	 transmission-

blocking	activity	are	a	central	focus	for	drug	discovery	for	antimalarials.	In	the	efforts	to	

eradicate	malaria	this	should	be	investigated	in	potential	antimalarial	compounds	such	as	

PhX6.	 While	 AMS	 has	 shown	 significant	 gametocytocidal	 activity	 and	 synergistic	

interaction	with	MB,	it	would	be	valuable	to	determine	if	PhX6	could	synergize	the	redox	

imbalance	in	transmissible	gametocyte	stages.		

Lastly,	combinations	were	completed	in	vitro	against	the	NF54	CQS	parasite	strain	only.	

While	this	shows	promising	and	confirmatory	data	on	the	expected	interaction	between	

an	 oxidant	 and	 redox-active	 drug,	 it	 should	 be	 noted	 that	 activity	 in	 resistant	 strains,	

specifically	 artemisinin	 resistant	 strains,	 also	 play	 a	 key	 role	 in	 the	 progression	 of	 a	

compound	in	preclinical	research.	This	is	a	research	objective	that	should	be	addressed	

in	 future	 studies,	 as	 it	 would	 provide	 valuable	 additional	 information	 regarding	 the	

potential	to	overcome	or	delay	resistance	formation.	
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8 	Appendices	
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Appendix	A	
Appendix	A	presents	the	materials,	instruments,	sample	preparation	and	methods	used	

during	culturing	of	P.	falciparum	parasites	and	mammalian	cells,	and	in	vitro	screening	

assays.	

List	of	materials		
Table	8-1:	List	of	materials	used	for	the	culturing	of	P.	falciparum	parasites.	

Materials	used	for	tissue	culture	of	parasites	 Supplier	

RPMI	 1640	 with	 glutamine,	 without	 sodium	 bicarbonate	
(R6504)	

Sigma	Life	Science	

HEPES	(N-2-[hydroxyethyl]piperizine-N’-2-[ethanesulfonic	
acid])	

D-(+)-Glucose	

Hypoxanthine	

Gentamicin	solution	

Sodium	bicarbonate	

Sodium	L-lactate	

D-	Sorbitol	

Phosphate	buffered	saline	(PBS)	tablet	

Sodium	chloride	
Merck	

Glycerine	(1,2,3	–	propantriol)	

Sodium	dihydrogen	phosphate	

Merck	Oil	for	immersion	lenses	

Giemsa’s	azur	eosin	methylene	blue	solution	

Albumax	II	 Gibco	

Potassium	chloride	 Sigma	
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Table	8-2:	List	of	materials	used	for	the	pLDH	assays.	

Materials	used	for	the	pLDH	assays	 Supplier	

3-Acetylpyridine	adenine	dinucleotide	(APAD)	

Sigma	Life	Sciences	

Calcium	L-lactate	hydrate	

Trizma	base	(Tris)	

Chloroquine	

(C18H26ClN3.2H3PO4,	Mw	=	515.87	g/mol)	

Artesunate	(C19H28O8,	Mw	=	384.42	g/mol)	

Nitro	blue	tetrazolium	salt	(NBT)	
Merck		

Phenazine	ethosulphate	

Dimethyl	sulfoxide	(DMSO)	
Merck	

Triton	X	100	

	

Table	8-3:	List	of	materials	used	for	the	culturing	of	mammalian	cells.	

Materials	used	for	culture	of	mammalian	cell	lines	 Supplier	

Dulbecco’s	modified	Eagles	Medium	(DMEM)	

Merck	Sodium	bicarbonate	(NaHCO3)	

Gentamicin	solution	

HAM’S	F-12	 Thermo-Scientific	

Trypsin	

Sigma	Phosphate	buffered	saline	(PBS)	tablet	

Fetal	calf	serum	
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Table	8-4:	List	of	materials	used	for	the	mammalian	cell	survival	assay.	

Materials	used	for	the	MTT	assay	 Supplier	

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

Thermo	Scientific	

Crystal	violet		
Merck	

Emetine	hydrochloride	(C29H40N2O4·2HCl,	Mw	=	553.56	g/mol)	

	

Instrumentation	

Water	bath	

A	GRANT	digital	Y6	water	bath	or	a	YIH	DER	BL-710	water	bath	was	used	throughout	all	

in	vitro	P.	falciparum	studies.	The	temperature	of	the	water	was	maintained	at	37°C.		

Incubator	

A	 Labcon	 508IU	 incubator	 maintained	 at	 37°C	 was	 used	 to	 store	 all	 cultures	 of	 P.	

falciparum.	 A	 Nuaire	 Autoflow	 CO2	 Air	 Jacketed	 Incubator	 was	 used	 to	 store	 all	

mammalian	cell	lines.		

Light	microscope	

A	Laborlux	12	Leitz	Light	microscope	was	used	to	view	thin	films	of	malaria	parasites	on	

glass	microscope	slides,	in	order	to	determine	parasitaemia	by	counting	and	determine	

the	integrity	of	cultures.	A	Sigma	bright	line	hemacytometer	(Z353,	962-9)	was	used	to	

determine	cell	counts.	

Vortex	

A	Scientific	Industries	Vortex	Genie2	(G560E)	was	used	to	homogenize	all	suspensions	

and	solutions,	where	required.		

Weighing	balance	

A	Satorius	CPA2P	Micro-Analytical	Balance	was	 used	 to	weigh	out	 all	 compounds	and	

standards.	

Centrifuge	

An	Eppendorf	Centrifuge	5810R	or	5804	was	used	to	centrifuge	cultures	in	Greiner	Falcon	

tubes	(15	and	50	mL).	An	Eppendorf	deep	well	plate	attachment	(A-2-DWP)	was	used	for	

suspensions	in	96-well	plates.		
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pH	meter	

A	bench	Jenway	3510	pH	meter	fitted	with	a	924	007	glass	Jenway	electrode	to	determine	

and	adjust	 the	pH	of	all	solutions.	The	pH	meter	was	calibrated	before	use	with	buffer	

solutions	 at	 pH	 4.00	 ±	 0.01	 and	 7.00	 ±	 0.01	 kept	 at	 a	 room	 temperature	 of	 ~23°C.	

Electrodes	were	stored	immersed	in	a	3	M	KCl	solution	obtained	from	Sigma	Aldrich.	

Plate	reader	

A	Turner	Biosystems	Modulus	Plate	Reader	was	used	to	determine	the	absorbance	of	the	

MTT-	and	NBT-treated	plates,	at	540	nm	and	620	nm,	respectively.	

Software	

GraphPad	Prism	version	5	(GraphPad	Software	Inc.)	for	Windows	was	used	to	analyse	all	

data	and	calculate	 statistical	 significance	 (GraphPad	Software	 Inc.,	 La	 Jolla,	California).	

ChemDraw	 Professional	 V16.0.1.4	 (PerkinElmer)	 was	 used	 to	 generate	 chemical	

structures	and	figures.		

	

Sample	preparation	–	Lactate	dehydrogenase	assay	

Preparation	of	compounds	and	reference	controls	

All	novel	compounds	were	dissolved	in	100%	DMSO,	while	chloroquine	and	artesunate	

(as	positive	controls)	were	dissolved	in	distilled	water.	Stocks	were	stored	at	-20°C	until	

used.	Wells	 containing	 uninfected	 RBCs	 in	 CM	 served	 as	 ‘blank’	 controls,	 while	 wells	

containing	only	infected	RBCs	in	CM	served	as	parasite	growth	controls.	

Preparation	of	CM	

The	following	was	added	to	1	L	distilled	water	for	incomplete	CM:	10.4	g/L	RPMI	1640	

(containing	 glutamine,	 but	 without	 sodium	 bicarbonate),	 4	 g/L	 D-(+)-glucose,	 6	 g/L	

HEPES,	0.088	g/L	Hypoxanthine,	5	g/L	Albumax	and	0.05	g/L	gentamycin.	The	medium	

was	 pre-filtered	 (0.45	 µm	 filter)	 and	 then	 filter	 sterilized	 (0.22	 µm	 membrane)	 into	

autoclaved	bottles.	Medium	was	stored	at	4°C	until	used.	

CM	was	made	by	adding	8.4	mL	5%	sodium	bicarbonate	to	200	mL	incomplete	medium	

and	stored	at	4°C	until	used.	

Wash	medium	was	prepared	in	the	same	manner	as	incomplete	medium	but	omitting	the	

Albumax.	The	medium	was	stored	at	4°C	until	used.	
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Sodium	bicarbonate	

	A	5%	solution	of	NaHCO3	was	prepared	by	adding	50	g	NaHCO3	to	1	L	distilled	water.	The	

solution	was	stored	at	4°C	until	used.	

Sodium	chloride	(12%)	

A	12%	solution	of	sodium	chloride	was	prepared	by	dissolving	12	g	of	NaCl	in	100	mL	of	

distilled	water.	The	solution	was	filter	sterilized	(0.22	μm	membrane)	into	an	autoclaved	

glass	bottle	and	stored	at	4°C	until	needed.		

Sodium	chloride	(1.8%)	

The	solution	was	prepared	by	dissolving	1.8	g	of	NaCl	in	100	mL	of	distilled	water.	The	

solution	was	 filter	 sterilized	 (0.22	 μm	membrane)	 into	an	autoclaved	 glass	bottle	 and	

stored	at	4°C	until	needed.	

Sodium	chloride	(0.9%)	with	glycerine	(0.2%)	

The	solution	was	prepared	by	dissolving	0.9	g	of	NaCl	and	0.2	mL	glycerine	in	100	mL	of	

distilled	water.	The	solution	was	filter	sterilized	(0.22	μm	membrane)	into	an	autoclaved	

glass	bottle	and	stored	at	4°C	until	needed.	

PBS	

A	phosphate	buffer	solution	was	prepared	by	dissolving	1	tablet	 in	200	mL	of	distilled	

water.	The	final	solution	consisted	of	0.01	M	phosphate	buffer,	0.0027	M	KCl	and	0.14	M	

NaCl	with	a	pH	of	7.4	at	25°C.	

Giemsa	staining	solution	

A	10%	Giemsa	stain	solution	was	prepared	by	adding	1:10	volumes	of	Giemsa	stain	to	

PBS.	

Sorbitol	solution	

A	5%	D-	Sorbitol	solution	was	prepared	by	dissolving	50	g	of	D-sorbitol	in	1	L	of	distilled	

water.	The	solution	was	sterile	filtered	through	a	membrane	(0.22	μm)	into	autoclaved	

glass	bottles	and	stored	at	4°C	until	needed.	

Human	red	blood	cells	

Washed	 type	O	positive	 human	RBCs	were	 obtained	 from	 the	Groote	 Schuur	Hospital	

blood	bank.	Blood	was	washed	twice	with	wash	medium,	by	adding	equal	parts	of	blood	

and	medium	to	a	50	mL	Falcon	tube,	under	sterile	conditions.	The	blood	was	centrifuged	
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at	 1200	x	g	 for	 5	minutes	 and	 the	 supernatant	was	 aspirated.	The	washed	blood	was	

stored	at	4°C.	

MALSTAT	solution	

The	following	was	dissolved	in	150	mL	of	distilled	water:	400	µL	TritonX100,	4	g	L-lactate,	

1.32	g	Tris	buffer,	and	22	mg	of	APAD.	The	pH	was	adjusted	to	9	with	32%	HCl	and	the	

final	volume	made	up	to	200	mL.	The	solution	was	stored	at	4°C.	

NBT	solution	

Nitrolbue	tetrazolium	and	phenazine	ethosulphate	was	weighed	out	at	a	20:1	ratio,	i.e.	

0.16	mg/mL	and	3.2	mg/mL,	respectively.	The	solution	was	made	up	in	distilled	water	

and	covered	with	aluminium	foil,	as	the	reagents	are	light	sensitive.	The	solution	was	kept	

at	4°C	until	needed.		

	

Sample	preparation	–	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl	tetrazolium	
bromide	(MTT)	assay	

Preparation	of	compounds	and	reference	control	

All	novel	compounds	were	dissolved	in	100%	DMSO,	while	emetine	(as	positive	control)	

was	dissolved	in	distilled	water.	Stocks	were	stored	at	-20°C	until	used.	Wells	containing	

only	culturing	medium	served	as	 the	 ‘blank’	controls,	while	wells	containing	cells	with	

culturing	medium	served	as	the	cell	growth	control.	

Preparation	of	CM	

Incomplete	Dulbecos	Modified	Eagles	Medium	(DMEM)	was	prepared	by	adding	13.53	g	

of	DMEM	powder	and	3.7	g	NaHCO3	to	1L	of	distilled	water.	The	resultant	solution	was	

stirred	for	30	minutes	and	the	pH	adjusted	to	7.1.	Lastly,	500	μl/L	gentamycin	was	added.	

The	 solution	 was	 pre-filtered	 (0.45	 µm	 filter)	 and	 then	 filter	 sterilized	 through	 a	

membrane	(0.22	μm)	into	autoclaved	glass	bottles.		

Incomplete	HAMS	F-12	medium	was	prepared	by	adding	one	bottle	of	HAMS	F-12	to	1	L.	

The	 solution	was	 stirred	 for	 30	minutes	 and	 the	 pH	 adjusted	 to	 7.1.	 Lastly,	 500	 μl/L	

gentamycin	 was	 added.	 The	 solution	 was	 pre-filtered	 (0.45	 µm	 filter)	 and	 then	 filter	

sterilized	through	a	membrane	(0.22	μm)	into	autoclaved	glass	bottles.	
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CM	for	the	CHO	cell	line	was	made	up	by	adding	the	following	to	an	autoclaved	glass	bottle:	

10%	heat	inactivated	fetal	calf	serum:	45%	DMEM:	45%	HAMS	F-12.	The	medium	was	

stored	at	4°C,	until	needed.	

Thawing	 medium	 for	 the	 CHO	 cell	 line	 was	 made	 up	 by	 adding	 the	 following	 to	 an	

autoclaved	glass	bottle:	30%	heat	inactivated	fetal	calf	serum:	35%	DMEM:	35%	HAMS	F-

12	

Fetal	calf	serum	(FCS)	

Fetal	calf	serum	was	prepared	by	heat	inactivation	at	56°C	for	30	minutes.	The	serum	was	

stored	at	4°C	in	sterile	Falcon	tubes	for	short	term	use.		

PBS	

A	phosphate	buffer	solution	was	prepared	by	dissolving	1	tablet	in	200	mL	of	distilled	

water,	which	yielded	a	solution	consisting	of	0.01	M	phosphate	buffer,	0.0027	M	KCl,	and	

0.14	M	NaCl	with	a	pH	of	7.4	at	25°C.	

Trypsin		

A	0.25%	Trypsin	solution	was	prepared	by	adding	0.10	g	of	Trypsin	to	100	mL	of	PBS.	The	

solution	was	stored	at	4°C.	

Crystal	violet	dye	

A	10%	crystal	violet	solution	was	prepared	in	PBS	and	stored	at	room	temperature.	

MTT	

A	5mg/mL	solution	of	MTT	was	prepared	in	PBS	and	filter	sterilized	(0.45	µm	filter)	into	

an	autoclaved	glass	bottle.	The	solution	was	covered	with	aluminium	foil,	as	MTT	is	light	

sensitive.		

	

Methodology	–	Lactate	dehydrogenase	assay	

Thawing	of	P.	falciparum	cultures	

The	CQS	NF54	(derived	from	a	patient	near	Schiphol,	Amsterdam	presumed	to	be	of	West	

African	origin)	and	CQR	Dd2	(derived	from	W2-MEF,	 Indochina	 III/CDC)	P.	 falciparum	

parasite	strains	obtained	from	MR4	were	used	throughout	the	study.	
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Parasites	were	thawed	by	slowly	adding	1	volume	of	12%	sodium	chloride	to	5	volumes	

of	thawed	parasites	with	constant	mixing.	After	5	minutes,	10	mL	of	1.8%	NaCl	was	added	

and	centrifuged	for	5	minutes	at	400	x	g.	The	supernatant	was	removed	and	10	mL	of	

0.9%	NaCl	with	glucose	was	added	and	allowed	to	stand	for	5	minutes.	The	solution	was	

centrifuged	for	5	minutes	at	400	x	g.	After	removing	the	supernatant,	the	pellet	was	placed	

into	culture.	

Continuous	culture	of	P.	falciparum	

Cultures	 were	 maintained	 under	 sterile	 conditions	 throughout	 cultivation	 process	 in	

washed	O+	human	RBC	at	a	5%	haematocrit	in	CM.	CQS	and	CQR	strains	were	cultured	

according	 to	a	modified	method	 of	Trager	and	 Jensen.142	 Cultures	were	 transferred	 to	

sterile	centrifuge	tubes	from	the	culture	flask	and	centrifuged	at	750	x	g	for	5	minutes.	

The	supernatant	was	aspirated,	and	a	thin	blood	smear	slide	was	prepared	on	a	glass	slide.	

The	slide	was	fixed	with	methanol,	rinsed	with	tap	water	and	stained	with	the	Giemsa	

staining	 solution	 for	10	minutes.	A	 light	microscope	with	 an	oil	 emersion	 lens	 (100	 x	

objective)	was	used	to	view	the	slide	in	order	to	determine	the	predominant	phase	of	the	

culture.	Parasitaemia	was	calculated	as	a	percentage	of	the	infected	RBCs	counted,	over	

the	total	number	of	cells	counted.	For	a	trophozoite	culture,	the	pellet	was	diluted	with	

washed	human	RBCs	to	5%	parasitaemia	 in	40	mL	fresh	CM	and	transferred	back	to	a	

clean	 flat-bottomed	culture	 flask.	 In	 the	case	of	a	predominantly	 ring	 culture,	 the	 cells	

were	 incubated	 on	 the	 bench	 with	 10	 mL	 sorbitol,	 according	 to	 Lambros	 and	

Vanderberg,354	 to	 lyse	 the	cells	 containing	trophozoites.	After	15	minutes,	 the	cultures	

were	centrifuged,	and	the	supernatant	carefully	removed.	The	pellet	was	resuspended	in	

fresh	CM	and	transferred	to	a	clean	flat-bottomed	culture	flask.	The	flasks	were	gassed	

with	a	mixture	of	3%	O2,	4%	CO2,	and	93%	N2	for	1	minute	and	incubated	at	37°C.	

Lactate	dehydrogenase	assay	

The	CQS	and	CQR	P.	falciparum	strains	were	used	in	the	lactate	dehydrogenase	assay	to	

determine	in	vitro	antiplasmodial	activity,	with	a	modified	method	described	by	Makler	

et	al.149	All	compounds	tested	in	the	study	were	prepared	from	powdered	form	to	a	stock	

concentration	in	DMSO,	except	for	CQ,	which	was	prepared	in	distilled	water.	Compounds	

were	diluted	in	CM	and	200	µL	of	the	highest	concentration	was	added	to	a	sterile	96-well	

plate.	A	two-fold	dilution	was	achieved	across	the	plate	by	transferring	100	µL	form	the	

highest	 concentration	 into	 the	 adjacent	well,	 containing	 equal	 volume	 of	 CM.	 A	 stock	

culture	 of	 synchronous	 ring	 stage	 P.	 falciparum	 parasites	 was	 diluted	 to	 a	 2%	
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parasitaemia	with	a	2%	haematocrit,	using	washed	human	RBCs	in	CM.	By	adding	100	µL	

of	pRBC	to	the	drug-containing	wells,	the	final	parasitaemia	and	haematocrit	of	1%	was	

achieved.	Plates	were	incubated	for	72	hours	at	37°C	in	airtight	chambers	and	gassed	in	

the	same	manner	as	with	maintaining	continuous	cultures.		

Plates	 were	 frozen	 at	 overnight	 -80°C	 after	 completion	 of	 the	 incubation	 period	 and	

analysed	 as	 per	 the	method	 of	Makler	 et	 al.149	 Aliquots	 of	 15	 µL	 from	 each	well	 was	

removed	and	transferred	to	wells	containing	100	µL	of	the	MALSTAT	solution.	After	a	30-

minute	 incubation	at	room	temperature,	25	µL	of	NBT	was	added	to	each	well	and	the	

plates	were	left	to	develop	in	the	dark	for	approximately	10	minutes.	Plates	were	read	at	

620	nm.	

	

	

	

Methodology	–	MTT	assay	

Thawing	of	mammalian	cell	cultures	

Vials	containing	aliquots	of	CHO	cells	were	removed	from	liquid	nitrogen	and	placed	on	

ice.	After	slightly	thawing	on	ice,	the	cells	were	transferred	from	cryotubes	to	sterile	15	

mL	Falcon	tubes	containing	9	mL	of	thawing	medium.	After	the	pellet	thawed	completely,	

the	tubes	were	centrifuged	at	750	x	g	for	5	minutes.	The	supernatant	was	aspirated,	the	

pellet	resuspended	 in	1	mL	cold	thawing	medium	and	transferred	to	a	cell	suspension	

flask	containing	9	mL	thawing	medium.	The	flask	was	incubated	at	37°C	(with	5%	CO2)	

and	left	for	48	hours	to	allow	attachment.		

Figure	8-1:	Representative	dose-response	curve	for	artemisone	and	PhX6	
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Sub	culturing	of	mammalian	cell	cultures	

Viewing	of	flasks	under	a	light	microscope	(100	x	objective)	allowed	assessment	of	cell	

confluency.	Elongated	cells	indicate	attachment	and	appear	round	when	detached	from	

the	 flask	 surface.	 Medium	 was	 aspirated	 and	 the	 cells	 rinsed	 twice	 with	 sterile	 PBS.	

Trypsin	was	heated	to	37	°C	in	a	water	bath	and	added	to	the	flask	to	detach	the	cells.	The	

flask	was	incubated	for	5-10	minutes	at	room	temperature	and	gently	agitated	to	ensure	

detachment	of	all	cells.	After	confirmation	of	detachment,	5	mL	of	heated	CM	was	added	

to	the	 flask	to	 inhibit	 the	Trypsin.	The	culture	was	transferred	to	sterile	15	mL	Falcon	

tubes	and	centrifuged	at	750	 x	g	 for	 5	minutes.	Medium	was	 aspirated	and	 the	 pellet	

resuspended	in	5	mL	CM,	from	which	1	mL	of	cell	suspension	was	transferred	to	a	new	

flask	containing	9	mL	CM.	The	flask	was	incubated	at	37°C	(with	5%	CO2).		

MTT	cytotoxicity	assay	

A	cell	culture	stock	was	prepared	at	a	concentration	of	105	cells/mL.	Cells	were	counted	

on	 a	 hemacytometer	 under	 a	 microscope	 (100	 x	 objective)	 by	 adding	 20	 μL	 of	 cell	

suspension	to	20	μL	crystal	violet	dye	and	adding	20	μL	of	the	mixture	to	a	chamber	on	

the	hemacytometer.		

The	cell	culture	was	added	to	a	sterile	96-well	plate	and	placed	in	the	incubator	at	37°C	

with	5%	CO2	for	24	hours	to	allow	attachment.	Tenfold	dilutions	of	the	compounds	and	

standard	were	made	 in	autoclaved	Eppendorf	 tubes,	 in	CM.	The	medium	was	carefully	

aspirated	from	the	wells	and	200	μL	of	the	dilutions	was	added	to	the	wells.	Plates	were	

covered	with	sterile	lids	and	incubated	for	48	hours.		

As	MTT	is	light	sensitive,	the	staining	and	incubation	process	needed	to	be	completed	in	

the	 dark.	 Twenty-five	 microliters	 of	 sterile	 MTT	 was	 added	 to	 each	 well	 and	 left	 to	

incubate	at	room	temperature	for	4	h.	Plates	were	covered	with	foil	and	centrifuged	at	

200	rpm	for	10	minutes,	the	medium	carefully	aspirated	and	100	μL	of	DMSO	added	to	

dissolve	the	crystals.	After	being	briefly	shaken,	the	absorbance	was	read	at	540	nm	on	

the	plate	reader.		
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Appendix	B	
Appendix	B	presents	 all	materials	 and	 sample	 preparation	 used	during	 in	 vitro	ADME	

assays	

	

List	of	materials		
Table	8-5:	Summary	of	materials	used	during	ADME	assays.	

Materials	used	in	all	ADME	assays	 Supplier	

KH2PO4	(MW	=	136.09	g/mol)	 Merck	

K2HPO4	(MW	=	174.19	g/mol)	 Merck	

Acetonitrile	 Merck	

DMSO		 Sigma-Aldrich	

Formic	acid	 Sigma	

Purified	water	 Millipore	

Carbamazepine	(ISTD,	C15H12N2O,	MW	=	236.27	g/mol)	 Sigma	

Materials	used	in	kinetic	solubility	assays	 Supplier	

Hydrocortisone	(MW	=	362.5	g/mol)	 Sigma	

NaCl	(MW=	58.4	g/mol)	 Sigma	

KCl	(MW	=	74.6	g/mol)	 Sigma	

Na2HPO4.7H2O	(MW	=	286.1	g/mol)	 Sigma	

37%	HCl	 Sigma	

Reserpine	(MW	=	608.7	g/mol)	 AiBST	Zimbabwe	

Materials	used	in	lipophilicity	assays	 Supplier	

Octanol	 Sigma	

Ouabain	(C29H44O12·8H2O,	MW	=	728.77	g/mol)	 Sigma	

Hydrocortisone	(C21H30O5,	MW	=	362.46	g/mol)	 Sigma	

Verapamil	(C27H39ClN2O4,	MW	=	491.06	g/mol)	 Sigma	
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Table	8-6:	Summary	of	materials	used	during	ADME	assays	(continued)	

Materials	used	in	plasma	stability	assay	 Supplier	

Procaine	hydrochloride	(C13H21ClN2O2,	MW	=	272.77	g/mol)	 Sigma	

Vinpocetin	(C22H26N2O2,	MW	=	350.45	g/mol)	 Sigma	

Human	plasma	
Groote	Schuur	Hospital	
Blood	bank	

Materials	used	in	metabolic	stability	assay	 Supplier	

NADPH	 Sigma	

Propranolol	hydrochloride	(C16H21NO2·HCl,	MW	=	295.8	g/mol)	 Sigma	

Midazolam	 maleate	 salt	 (C18H13ClFN3	 ·	 C4H4O4,	 MW	 =	 441.8	
g/mol)	

AiBST	Zimbabwe	

MMV390048	(MW	=	939.39	g/mol)	
UCT,	 internal	
compound	

Human	and	mouse	liver	microsomes	 Xenotech	

Materials	used	in	plasma	protein	binding	assay	 Supplier	

Caffeine	(C8H10N4O2,	MW	=	194.19	g/mol)	 Sigma		

Warfarin	(C19H16O4,	MW	=	308.33	g/mol)	 Sigma	

Human	plasma		
Groote	Schuur	
Hospital	Blood	bank	

Materials	used	in	microsomal	protein	binding	assay	 Supplier	

Propranolol	 hydrochloride	 (C16H21NO2	 ·	 HCl,	 MW	 =	 295.8	
g/mol)	

Sigma	

Warfarin	(C19H16O4,	MW	=	308.33	g/mol)	 Sigma	

Human	and	mouse	liver	microsomes	 Xenotech	
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Table	8-7:	Summary	of	materials	used	during	ADME	assays	(continued)	

Materials	used	in	PAMPA	assay	 Supplier	

Sodium	acetate	anhydrous		 BDH	Chemicals	

37%	HCL	 Sigma	

NaCl	(MW=	58.4	g/mol)	 Sigma	

NaOH	(MW	=	40	g/mol)	 Sigma	

KCl	(MW	=	74.6	g/mol)	 Sigma	

Na2HPO4.7H2O	(MW	=	286.1	g/mol)	 Sigma	

Lucifer	Yellow	CH	dipotassium	salt	(MW	=	521.57	g/mol)	 Sigma	

Warfarin	(C19H16O4,	MW	=	308.33	g/mol)	 Sigma	

	

Instrumentation	

Water	bath	

A	New	Brunswick	 Scientific	 Innova	 3100	Reciprocal	water	 bath	was	 used	 to	 incubate	

assay	plates	where	required.	

Vortex	

A	Scientific	Industries	Vortex	Genie2	(G560E)	was	used	to	homogenize	all	suspensions	

and	solutions,	where	required.		

Weighing	balance	

A	Satorius	CPA2P	Micro-Analytical	Balance	was	 used	 to	weigh	out	 all	 compounds	and	

standards.	

Ultracentrifuge	

Optima	L-80XP	Beckman	with	a	 titanium	 fixed	angle	rotor	(Type	42.2	Ti)	was	used	 to	

centrifuge	microsamples	at	42000	rpm.		

pH	meter	

A	bench	Jenway	3510	pH	meter	fitted	with	a	924	007	glass	Jenway	electrode	to	determine	

and	adjust	 the	pH	of	all	solutions.	The	pH	meter	was	calibrated	before	use	with	buffer	

solutions	 at	 pH	 4.00	 ±	 0.01	 and	 7.00	 ±	 0.01	 kept	 at	 a	 room	 temperature	 of	 ~23°C.	

Electrodes	were	stored	immersed	in	a	3	M	KCl	solution	obtained	from	Sigma	Aldrich.	
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Orbital	plate	shaker	

Plates	were	agitated	on	an	MS	3	Digital	Shaker	(IKA,	Staufen,	Germany).	

HPLC-DAD	

Samples	were	analysed	by	a	HPLC-DAD	(Agilent	1200	Rapid	Resolution	HPLC	with	a	diode	

array	detector)	(Agilent,	Little	Falls,	Wilmington,	USA).	

LC-MS/MS	

Samples	were	analysed	by	LC-MS/MS	which	consisted	of	a	Schimadzu	high-performance	

liquid	 chromatography	 (HPLC)	 system	 (Kyoto,	 Japan),	 coupled	 to	 an	AB	 Sciex	 3200	Q	

TRAP	mass	spectrometer	(AB	Sciex,	Massachusetts,	USA).	

Software	

Analyst	software	version	1.6.2	(SCIEX,	Massachusetts,	USA)	was	used	to	analyse	the	data	

collected.	 Excel	 2013	 for	 Windows	 was	 used	 to	 do	 all	 calculations	 from	 raw	 data	

(Microsoft	Office	Excel	2010).	GraphPad	Prism	version	5	for	Windows	was	used	construct	

all	graphs,	where	applicable	(GraphPad	Software	Inc.,	La	Jolla,	California).		

	

Sample	preparation	

Preparation	of	reference	controls	and	test	compounds	

All	control	and	test	compounds	were	dissolved	in	100%	DMSO	and	stored	at	-20°C	until	

used.	

Preparation	of	phosphate	buffer	at	pH	7.4	and	6.5	

Phosphate	buffered	saline	(PBS)	was	prepared	by	adding	0.8	g	NaCl,	0.2	mg	KCl,	0.155	g	

Na2HPO4.7H2O	and	0.2	g	KH2PO4	 to	100	mL	purified	water.	The	pH	was	measured	and	

adjusted	to	pH	7.4	and	6.5	with	0.05	M	HCL	or	0.05	M	NaOH.	

Hydrochloric	acid	solution	at	pH	2		

A	 hydrochloric	 acid	 solution	was	 prepared	 by	 adding	 83	µL	 of	 37%	HCl	 to	 50	mL	 of	

purified	water	in	a	100	mL	volumetric	flask.	The	flask	was	filled	to	the	line	with	purified	

water	and	the	pH	was	measured	and	adjusted	to	pH	2,	if	needed.		

Potassium	dihydrogen	phosphate	stock	solution	(1	M)	

A	stock	solution	of	potassium	dihydrogen	phosphate	was	prepared	by	dissolving	13.6	g	of	

KH2PO4	in	100	mL	purified	water.	The	solution	was	stored	at	4°C	until	used.		
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Dipotassium	phosphate	stock	solution	(1	M)		

A	stock	solution	of	dipotassium	phosphate	was	prepared	by	dissolving	17.4	g	of	K2HPO4	

in	100	mL	purified	water.	The	solution	was	stored	at	4°C	until	used.	

Potassium	phosphate	buffer	(0.1	M)	

A	phosphate	buffer	was	prepared	by	mixing	19.8	mL	of	potassium	dihydrogen	phosphate	

solution	and	80.2	mL	of	dipotassium	phosphate	solution	and	diluting	the	mixture	to	1	L	

in	a	glass	bottle.	The	solution	was	stored	at	4°C	until	used.		

Lucifer	yellow	stock	(10mM)	

A	10	mM	solution	of	lucifer	yellow	was	prepared	by	dissolving	5.2	mg	in	1	mL	purified	LC-

MS/MS	water.	The	solution	was	stored	at	-20°C	until	needed.	

5%	Hexadecane	in	Hexane	

A	5%	(v/v)	stock	solution	of	hexadecane	in	hexane	artificial	lipid	solution	was	prepared	

and	stored	at	room	temperature	for	up	to	one	month.	

Preparation	of	the	artificial	membrane	

Fifteen	microliters	of	 the	5%	hexadecane	solution	were	carefully	added	 to	each	of	 the	

wells	of	the	donor	plate,	as	close	as	possible	to	the	PAMPA	membrane.	The	solution	was	

evaporated	in	a	fume	hood	for	approximately	1	hour.	

Measuring	Lucifer	Yellow	for	assessment	of	membrane	integrity	

To	assess	the	integrity	of	the	artificial	membrane,	100	µL	of	acceptor	samples,	equilibrium	

samples,	 and	 blank	 acceptor	 buffer	 (pH	 7.4)	 were	 added	 to	 a	 black	 96-well	 plate.	

Fluorescence	was	measured	using	a	plate	reader	(Blue	filter;	490	nm	excitation/510–570	

nm	emission	wavelengths).	If	 the	fluorescence	reading	of	acceptor	samples	are	greater	

than	3	times	the	blank	buffer	readings,	 the	membrane	integrity	of	 those	samples	were	

disrupted.		

Carbamazepine	internal	standard	solutions		

A	stock	solution	of	carbamazepine	was	prepared	by	dissolving	5.9	mg	in	250	mL	purified	

water.	A	0.1	µM	working	solution	was	prepared	by	diluting	the	stock	solution	1:999	(v/v)	

in	ACN.	Both	solutions	were	stored	at	-20°C	until	used.		
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Nicotinamide	adenine	dinucleotide	phosphate	solution	(10	mM)	

A	solution	of	nicotinamide	adenine	dinucleotide	phosphate	was	prepared	by	dissolving	

8.3	mg	of	NADPH	in	1	mL	purified	water.	As	the	solution	cannot	be	prepared	in	advance	

and	stored,	it	was	prepared	right	before	addition	to	the	assay	plate.		

Preparation	of	mobile	phases	for	HPLC-DAD	analysis	

Aqueous	mobile	phases	consisted	of	0.1%	formic	acid	solution	in	purified	water	with	5%	

organic	 mobile	 phase.	 The	 organic	 phase	 consisted	 of	 a	 0.1%	 formic	 acid	 solution	 in	

acetonitrile	(ACN).		

Preparation	of	mobile	phases	for	LC-MS/MS	analysis	

Aqueous	 and	 organic	 solutions	 were	 prepared	 for	 each	 compound	 identified	 during	

method	 development.	 Aqueous	 mobile	 phases	 consisted	 of	 either	 0.1%	 formic	 acid	

solution	 in	 deionised	 water,	 5	 mM	 ammonium	 acetate	 in	 deionised	 water	 or	 10	 mM	

ammonium	acetate	with	0.1	%	acetic	acid	in	deionised	water.	The	organic	phase	consisted	

of	either	100%	ACN,	0.1%	acetic	acid	in	ACN	or	50:50	(v/v)	solution	of	MeOH	and	ACN	

with	0.1%	acetic	acid.		
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Appendix	C	
	

Appendix	C	presents	the	details	relating	to	the	detection	of	the	different	analytes	during	

LC-MS/MS	analysis.	

	

Table	8-8:	Materials	used	during	sample	preparation	and	analysis	of	pharmacokinetic	

evaluation.	

Material	 Supplier	

Methanol	 Honeywell	

Acetic	acid	
Merck	

Formic	acid	

Hydroxypropyl	Methylcellulose	(0.5%)	

Sigma-Aldrich	

Tween	80	

Dimethyl	sulfoxide		

Dimethylacetamide		

Polyethylene	glycol	

Propylene	glycol		

Ethanol	
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Table	8-9:	Summary	of	aqueous	and	organic	mobile	phase	preparation	 for	LC-MS/MS	

analysis.	

Compound	 Aqueous	phase	 Organic	Phase	

WHN012	 5	mM	NH4CH3CO2	+	0.1%	AA	 MeOH	 and	 ACN	 1:1	 (v:v)	 +	
0.1%	AA	

PhX6	 0.1%	FA	 100%	ACN	

AD01	 0.1%	FA	 100%	ACN	

DpNEt	 0.1%	FA	 100%	ACN	

RMB005	 5	mM	NH4CH3CO2	 100%	ACN	

RMB059	 5	mM	NH4CH3CO2	 100%	ACN	

RMB060	 5	mM	NH4CH3CO2	 100%	ACN	

DQ	 5	mM	NH4CH3CO2	+	0.1%	AA	 0.1%	AA	in	ACN	

AA,	 acetic	 acid;	 ACN,	 acetonitrile;	 FA,	 formic	 acid;	 MeOH,	 methanol;	 NH4CH3CO2,	

ammonium	acetate.	
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Table	 8-10:	 Details	 of	 the	 internal	 standards	 used	 for	 each	 of	 the	 compounds	 during	

analysis	of	the	pharmacokinetic	experiment	samples	

Compound	
analysed	

ISTD	
Molecular	 Mass	
(g/mol)	

Structure	

WHN012	 WHN015	 524.5	

	

AD01	and	PhX6	 MMV902	 392.4	

	

DpNEt	 MMV390048	 393.4	

	

RMB005	 DQ	 417.5	

	

DQ	 RMB073	 520.3	
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Compound	infusions	
Compounds	WHN012,	AD01,	PhX6,	DpNEt,	RMB059,	RMB060,	and	DQ	were	 infused	 in	

positive	electrospray	ionization	(ESI)	mode	at	a	rate	of	10	μL/min.	RMB005	was	infused	

in	negative	ESI	mode.	The	resulting	initial	product	ions	scans	are	shown	in	Figure	8-2	to	

8-9.	

	

	

	

Figure	8-2:	Product	ion	scan	of	WHN012.	
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 +MS2 (341.00) CE (35): 26 MCA scans from Sample 1 (TuneSampleName) of AD01_InitProduct_Pos.wiff (Turbo Spray) Max. 6.4e5 cps.
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Figure	8-3:	Product	ion	scan	of	AD01.	

In
te

ns
ity

 (c
ps

)

m/z (Da)

PhX6
MW: 394.5 Da

Figure	8-4:	Product	ion	scan	of	PhX6.	
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Figure	8-5:	Product	ion	scan	of	DpNEt.	

 -MS2 (475.22) CE (-50): 26 MCA scans from Sample 1 (TuneSampleName) of RMB 005 0125 NEG_InitProduct_Neg.wiff (Turbo Spray) Max. 2.0e5 cps.
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Figure	8-6:	Product	ion	scan	of	RMB005.	
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Figure	8-7:	Product	ion	scan	of	RMB059.	

Figure	8-8:	Product	ion	scan	of	RMB060.	
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Chromatography	
Liquid	 chromatography	was	developed	by	optimization	of	mobile	phase	 conditions	on	

different	analytical	columns	in	terms	of	finding	optimal	peak	shapes	and	retention	times	

(RT).	 Reversed	 phase	 gradient	 chromatography	 was	 superior	 to	 isocratic	

chromatography	 in	 analyte	 retention,	 peak	 shape,	 and	 reproducibility.	 A	 Phenomenex	

Gemini	NX-C18	(5	µm,	2.1	mm	x	50	mm)	(California,	USA)	analytical	column	was	selected	

for	analysis	of	all	compounds	except	RMB059.	A	Restek	Raptor	Biphenyl	(5	µm,	2.1	mm	x	

50	mm)	(Pennsylvania,	USA)	analytical	column	was	selected	for	RMB059.		

Optimal	liquid	chromatography	of	WHN012	was	achieved	with	a	gradient	elution	method	

consisting	of	10	mM	ammonium	acetate	(NH4CH3CO2)	with	0.1%	acetic	acid	(AA)	for	the	

aqueous	mobile	phase	and	a	1:1	mixture	(v/v)	of	methanol	(MeOH)	and	acetonitrile	(ACN)	

for	 the	 organic	 phase,	 similar	 to	 previously	 described	 methods.355,356	WHN012	 had	 a	

retention	 time	 of	 approximately	 3.3	 min	 and	 the	 total	 run	 time	 was	 7	 min.	 During	

development	 of	 methods	 for	 basic	 compounds	 PhX6	 and	 AD01,	 ideal	 ionisation	 was	

observed	in	0.1%	formic	acid	(FA)	solution,	in	contrast	to	methods	previously	described	

Figure	8-9:	Product	ion	scan	of	DQ.	
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that	worked	better	with	ammonium	acetate.357,358	PhX6	eluted	approximately	at	3.2	min	

and	AD01	at	2.5	min.	DpNEt	had	a	retention	time	of	approximately	2.0	min	on	the	Gemini-

NX	column.	Greater	ionization	was	obtained	from	an	acidic	aqueous	mobile	phase	(0.1%	

FA)	from	direct	infusion.	The	Gemini-NX	column	proved	to	be	ideal	for	the	hydrophobic	

RMB005	with	a	retention	time	of	approximately	2.6	min	using	5	mM	ammonium	acetate	

as	aqueous	phase	and	acetonitrile	as	organic	phase.	Compounds	RMB059	and	RMB060	

ionized	better	in	ammonium	acetate	containing	acetic	acid.	Ideal	retention	was	obtained	

for	RMB060	on	the	Gemini	column,	but	a	Restek	Raptor	Biphenyl	column	delivered	better	

retention	 of	 RMB059.	 The	 ideal	 elution	 range	 lies	 within	 the	 gradient	 or	 in	 the	 high	

organic	phase	of	the	gradient.	Polar	compounds	will	elute	early	and	result	in	possible	ion	

suppression.	Elution	beyond	the	high	non-polar	phase	could	also	result	 in	possible	ion	

suppression,	 as	 lipids	 and	 other	 hydrophobic	 background	 molecules	 will	 elute	 late.	

Methods	were	 adjusted	 until	 the	 final	method	 produced	 an	 acceptable	 retention	 time	

within	this	window.		

Table	8-	11:	Summary	of	liquid	chromatography	analytical	conditions.	

Analyte	 Analytical	column	
Flow	rate	

(uL/min)	

Run	 time	
(min)	

Matrix	

WHN012	
Gemini	 NX-C18	 (5	 µm,	 2.1	
mm	x	50	mm)	

600	 7	 Plasma	

AD01	
Gemini	 NX-C18	 (5	 µm,	 2.1	
mm	x	50	mm)	

600	 7	 Whole	
blood	

PhX6	
Gemini	 NX-C18	 (5	 µm,	 2.1	
mm	x	50	mm)	

600	 7	
Whole	
blood	

DpNEt	
Gemini	 NX-C18	 (5	 µm,	 2.1	
mm	x	50	mm)	

600	 5	 Whole	
blood	

RMB005	
Gemini	 NX-C18	 (5	 µm,	 2.1	
mm	x	50	mm)	

600	 5	
Whole	
blood	

RMB059	
Restek	 Raptor	 Biphenyl	 (5	

µm,	2.1	mm	x	50	mm)	
600	 5	 Whole	

blood	

RMB060	
Gemini	 NX-C18	 (5	 µm,	 2.1	
mm	x	50	mm)	

600	 5	
Whole	
blood	

DQ	
Gemini	 NX-C18	 (5	 µm,	 2.1	
mm	x	50	mm)	

600	 6	
Whole	
blood	
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Table	8-12:	MRM	transitions	and	final	mass	spectrometer	conditions.	

Analyte	 Transition	

Dwell	
Time	

(ms)	

Declustering	
potential	

(V)	

Entrance	
Potential	

(V)	

Collision	
Energy	

(V)	

Cell	 Exit	
Potential	

(V)	

WHN012	
490	→	224	 100	 46	 9	 17	 4	

490	→	163	 100	 46	 9	 27	 6	

PhX6	
395	→	351	 150	 131	 9	 31	 6	

	395	→	78.2	 150	 131	 9	 77	 6	

AD01	
341	→	297	 150	 61	 11	 47	 6	

341	→	253	 150	 61	 11	 71	 12	

DpNEt	
286	→	241	 150	 46	 5	 15	 6	

286	→	183	 150	 46	 5	 12	 6	

RMB005	
475	→	334	 150	 -110	 -10	 -34	 -4	

475	→	277	 150	 -110	 -10	 -58	 -4	

RMB059	
531	→	114	 150	 111	 9.5	 41	 2	

	531	→	71.2	 150	 111	 9.5	 69	 2	

RMB060	
608	→	204	 150	 121	 12	 85	 4	

608	→	372	 150	 121	 12	 36	 4	

DQ	
418	→	372	 150	 56	 11	 29	 6	

418	→	203	 150	 56	 11	 57	 4	
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Figure	8-10:	Representative	MRM	chromatograms	of	WHN012.	
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Figure	8-11:	Representative	MRM	chromatograms	of	AD01.	
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Figure	8-12:	Representative	MRM	chromatograms	of	PhX6.	



 
215 

	

	

	 	

Figure	8-13:	Representative	MRM	chromatograms	of	DpNEt.	
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Figure	8-14:	Representative	MRM	chromatograms	of	RMB005.	
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Figure	8-15:	Representative	MRM	chromatograms	of	RMB059.	



 
218 

	

	 	

Figure	8-16:	Representative	MRM	chromatograms	of	RMB060.	
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Figure	8-17:	Representative	MRM	chromatograms	of	DQ.	
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Appendix	D	
	

Appendix	D	represents	 the	outcomes	of	the	partial	validation	as	per	the	FDA	and	EMA	

under	the	FFP	recommendations,	which	were	associated	with	bioanalytical	methods	used	

in	 Chapter	 3	 and	 Chapter	 4.258,259	 To	 adequately	 assess	 possible	 variabilities	 or	

interferences	 with	 accurate	 measurement	 of	 analytes,	 certain	 parameters	 have	 been	

tested	 in	 order	 to	 ensure	 reproducibility	 and	 accuracy	 of	 the	 data	 generated	 in	 this	

project.	 These	 parameters	 included	 linearity,	 accuracy,	 precision,	 stability,	 carryover,	

matrix	effects,	and	extraction	efficiency.	

Linearity	
In	 order	 to	 determine	 the	 systemic	 concentrations	 during	 mouse	 pharmacokinetic	

evaluation,	standard	curves	were	spiked	in	blank	matrix	(Table	4-2,	Chapter	4,	pg.	102)	

consisting	of	at	least	six	concentration	points	(Table	4-1,	Chapter	4,	pg.	101)	and	analysed	

together	with	experimental	samples	via	LC-MS/MS.	The	concentration	of	experimental	

samples	was	then	extrapolated	from	the	standard	curve.	A	quadratic	regression	equation	

was	fitted	to	the	calibration	curves	and	the	1/concentration	(1/x)	weighting	factor	was	

applied.		

QC	samples	should	be	spiked	at	80%	concentration	of	the	highest	calibration	standard	

(upper	limit	of	quantitation),	at	mid-point	and	three	times	the	lower	limit	of	quantitation,	

to	 demonstrate	 accuracy	 and	 precision	 of	 samples	 with	 known	 concentrations.	 It	 is	

important	 to	 acknowledge	 that	 75%	 of	 calibration	 standard	 samples	 and	 67%	 of	 QC	

samples	should	be	included	in	the	analysis	in	order	for	the	curve	to	be	validated.	Variation	

in	back-calculated	standard	curve	samples	should	not	exceed	15%,	excluding	the	LLOQ	

which	should	not	exceed	20%.		
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	 Figure	8-18:	Calibration	curve	of	WHN012	(r	=	0.9998).	

	Figure	8-19:	Calibration	curve	of	AD01	(r	=	0.9987).	
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	 Figure	8-20:	Calibration	curve	of	PhX6	(r	=	0.9990).	

	 Figure	8-21:	Calibration	curve	of	DpNEt	(r	=	0.9991).	
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Figure	8-23:	Calibration	curve	of	DQ	(r	=	0.9986). 

	

Figure	8-	22:	Calibration	curve	of	RMB005	(r	=	0.9981).	
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Accuracy	and	precision	
Final	transitions	of	the	compounds	were	analysed	on	a	3200	QTRAP	mass	spectrometer	

and	used	for	the	quantification	of	peak	areas.	For	data	to	be	deemed	reliable,	one	should	

know	if	the	experimentally	measured	concentration	is	within	an	acceptable	range	of	the	

nominal,	 true	 concentration	 value	 (accuracy)	 and	 if	 the	 degree	 of	 variation	 between	

replicates	(precision)	is	within	an	acceptable	range.		

Quantification	 accuracy	 and	 precision	were	measured	 for	 the	 calibration	 range	 of	 the	

standard	 curve,	 as	 well	 as	 high,	 medium,	 and	 low	 concentration	 QCs	 of	 all	 analytes.	

Variability	 of	 calculated	 concentrations	 between	 standards	 should	 not	 be	 >15%	at	 all	

concentration	levels,	except	the	lower	limit	of	quantitation	that	should	not	be	>20%.	The	

quantification	statistics	of	each	 compound	with	the	range	of	accuracy	(%)	and	highest	

percentage	coefficient	of	variation	(precision,	CV)	of	all	parent	and	metabolite	compounds	

are	shown	in	Table	8-13	and	Table	8-14	respectively.	
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Table	8-13:	Accuracy	and	precision	from	standard	curves	tested	over	calibration	range.	

Compound	 Transition	 Accuracy	(%)	 CV	(%)	

WHN012	 490.312	!	224.200	 91.4	–	109.2	 5.68	

AD01	 341.000	!	297.300	 91.2	–	104.7	 17.8	

PhX6	 395.219	!	351.400	 96.3	–	106.2	 10.4	

DpNEt	 286.165	!	241.300	 86.3	–	106.1	 5.11	

RMB005	 475.218	!	334.200	 83.9	–	114.8	 11.5	

DQ	 418.103	!	372.200	 88.9	–	109.8	 15.5	

	

Table	 8-14:	 Accuracy	 and	 precision	 from	 quality	 control	 samples	 prepared	 at	 high,	

medium	and	low	concentration.	

Compound	 Transition	 Accuracy	(%)	 CV	(%)	

WHN012	 490.312	!	224.200	 89.2	–	102.9	 14.8	

AD01	 341.000	!	297.300	 87.4	–	109.8	 12.2	

PhX6	 395.219	!	351.400	 99.1	–	110.1	 10.2	

DpNEt	 286.165	!	241.300	 85.1	–	106.5	 11.7	

RMB005	 475.218	!	334.200	 94.5	–	106.5	 12.4	

DQ	 418.103	!	372.200	 81.3	–	96.2	 4.2	
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Stability		
Loss	of	compound	sensitivity	was	determined	for	compounds	during	storage,	extraction	

and	analysis	conditions.	These	parameters	included:	

i) stock	solution		

ii) spiking	solution	stability,	

iii) stability	of	the	compounds	on	instrument	by	assessment	of	autosampler	stability	

iv) on	bench	and	freeze/thaw	stability	in	whole-blood	samples		

v) stability	of	the	compounds	in	oral	and	intravenous	formulations.		

Under	the	FFP	recommendations	of	the	FDA,	it	was	determined	that	sample	degradation	

should	not	exceed	20%.	The	stability	values	are	reported	as	percentage	stability	values	

which	reflected	the	stability	of	the	compound	in	relation	to	a	fresh	sample	prepared	just	

before	analysis.	Compound	stability	was	assessed	at	both	a	high	(1000	ng/mL)	and	low	

(25	ng/mL)	concentrations	for	mouse	whole-blood	or	mouse	plasma	(freeze-thaw	and	on	

ice)	and	samples	assessed	for	on-instrument	stability.	Only	high	concentrations	for	the	

oral	and	IV	formulation	stability	samples	were	tested	as	these	compounds	were	dosed	at	

a	single	high	concentration.		

	

i)	Stock	solution,	spiking	solution	and	autosampler	stability	

The	 short-term	 stability	 of	 the	 compounds	 was	 investigated	 in	 DMSO	 stock	 solution.	

During	preparation	of	samples	for	in	vitro	efficacy	studies,	preparation	of	test	samples	or	

calibration	standards,	samples	are	at	room	temperature	(~22°C)	on	bench	for	as	long	as	

2	hours.	Freshly	prepared	stock	solutions	were	compared	to	solutions	 left	on	bench	at	

room	temperature	for	2	hours.	Reference	and	test	samples	were	diluted	to	250	ng/mL	in	

injection	 solution	 containing	 the	 ISTD	and	analysed	with	LC/MS-MS.	The	 stability	was	

reported	 as	 percentage	 stability	 (which	 reflects	 the	 stability	 of	 the	 compound	 in	

comparison	to	the	reference	prepared	just	before	analysis)	and	shown	in	Table	8-15.	

All	the	investigated	compounds,	apart	from	RMB060,	had	acceptable	stability	in	organic	

solution.	Room	temperature	stock	solution	samples	of	RMB060	had	a	degradation	>20%	

and	indicated	that	caution	should	be	taken	with	regards	to	the	time	spent	on	bench.	It	was	

therefore	 not	 possible	 to	 complete	 solubility	 studies	 during	 ADME	 analysis,	 as	 the	

compound	would	not	provide	accurate	data	under	the	experimental	conditions.	
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Table	8-15:	Stability	testing	of	compounds	in	organic	solutions.a	

Compound	
Stock	 solution	
(room	 temp,	
2h)b	

Spiking	
solution	
(room	 temp,	
2h)b	

Autosampler	stability	(24	
h)b	

Highc	 Lowc	

WHN012	 92.6		 98.1	 96.6	 91.4	

PhX6	 96.1		 86.8	 84.6	 83.9	

AD01	 85.2		 94.4	 95.4	 99.7	

DpNEt	 96.5		 88.4	 91.9	 93.7	

RMB005	 95.9		 99.6	 89.9	 81.6	

RMB059	 106.0		 88.5	 98.3	 97.4	

RMB060	 73.8		 94.4	 92.1	 92.6	

DQ	 85.1	 97.2	 99.1	 87.1	

avalues	 represented	 as	 percentages	 compared	 to	 that	 obtained	 from	 freshly	 prepared	

reference	sample;	bvalues	reported	had	a	%CV	less	than	15%;	chigh,	1000	ng/mL;	low,	25	

ng/mL.	Samples	were	analysed	in	triplicate.	
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ii)	Matrix	stability		

Compounds	are	exposed	to	the	matrix	for	some	time	during	preparation	of	standards	and	

QCs	for	calibration	curves	and	during	the	extraction	of	study	samples	and	are	susceptible	

to	enzymes	present	 in	 the	blood	and	plasma.243	 	Awareness	of	stability	of	 the	analytes	

during	 these	 processes	 is	 crucial	 for	 the	 reliability	 and	 reproducibility	 of	 data.	 	 Blank	

matrix	 (mouse	 plasma	 or	 whole	 blood)	 spiked	 with	 analytes	 at	 high	 and	 low	

concentrations	were	 left	 on	 ice	 for	2	 hours	 and	compared	 to	 freshly	 spiked	 reference	

samples.	The	matrix	stability	data	is	presented	in	Table	8-16.	

Table	8-16:	Matrix	stability	on	bench	and	after	a	freeze-thaw	cycles.	

Compound	
Matrix	on	ice,	2hb	

Matrix	 stability	 (-80°C	
freeze-thaw)b	

Highc	 Lowc	 Highc		 Lowc	

WHN012	 111.0	 101.0	 111.6	 103.0	

PhX6	 92.4	 86.2	 88.8	 88.7	

AD01	 92.6	 85.1	 87.1	 93.3	

DpNEt	 96.5	 90.1	 91.4	 88.1	

RMB005	 92.1	 83.1	 81.6	 84.3	

RMB059	 37.8	 25.9	 nd	 nd	

RMB060	 46.3	 49.8	 nd	 nd	

DQ	 104.7	 104.8	 97.8	 99.1	

avalues	 presented	 as	 percentages	 compared	 to	 that	 obtained	 from	 freshly	 prepared	

reference	sample;	bvalues	reported	had	a	%CV	less	than	15%;	chigh,	1000	ng/mL;	low,	25	

ng/mL.	Samples	were	analysed	in	triplicate	

All	 the	 investigated	 compounds	 had	 acceptable	 stability	 in	 their	 respective	 matrices	

(mouse	whole	blood	or	plasma),	except	for	RMB059	and	RMB060.	This	was	also	reflected	

in	 the	 plasma	 stability	 assay	 during	 ADME	 analysis.	 This	 suggested	 that	 they	 were	

substrates	for	hydrolytic	enzymes,	converting	them	to	their	parent	compound	DQ	and	this	

contributed	majorly	to	the	compounds’	instability	in	blood.	It	was	determined,	from	these	

experiments,	that	the	metabolite	DQ	be	analysed	during	in	vivo	experiments	of	these	two	

RMB	compounds.		
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iii)	Formulation	stability	

The	 stability	 of	 compounds	 in	 their	 respective	 solutions	 used	 for	 both	 oral	 and	

intravenous	 administration	 to	 animals	 was	 tested	 over	 the	 course	 of	 30	 minutes,	 as	

compounds	 were	 administered	 within	 30	 minutes	 of	 preparation.	 Compounds	 were	

prepared	as	per	Section	4.3.2	in	Chapter	4,	diluted	in	injection	solution	and	analysed	by	

LC-MS/MS.	The	results	of	the	formulation	stability	are	presented	in	Table	8-17.	

	

Table	8-17:	Stability	of	compounds	in	oral	and	intravenous	dosing	solution.		

Compound	
Formulation	stabilitya	

Oral	 Intravenous	

WHN012	 82.8	 101.5	

PhX6	 82.4	 82.4	

AD01	 101.7	 101.7	

DpNEt	 79.7	 126.9	

RMB005	 113.5	 108.9	

RMB059	 71.7	 106.6	

RMB060	 78.8	 103.6	

avalues	 presented	 as	 percentages	 compared	 to	 that	 obtained	 from	 freshly	 prepared	

reference	sample,	CV	values	were	below	15%	 for	all	values.	Samples	were	analysed	 in	

triplicate		

WHN012,	 PhX6,	 AD01	 and	 RMB005	 presented	 acceptable	 stability	 (i.e.	 <	 20%	

degradation)	in	both	the	oral	and	intravenous	formulations.	Oral	formulations	of	DpNEt,	

RMB059	 and	 RMB060,	 however,	 had	 slightly	 higher	 degradation	 than	 what	 was	

acceptable.	Compound	administration	was	therefore	completed	with	 the	 least	possible	

time	between	compound	preparation	and	administration.	
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Carry	over	
Carry-over	was	monitored	throughout	all	analytical	runs.	This	was	done	by	 injecting	a	

blank	 sample	 containing	 only	 ISTD	 immediately	after	 the	 highest	 calibration	 standard	

sample.	Following	this,	a	double	blank	sample	containing	no	analyte	or	ISTD	was	injected	

to	assess	if	additional	carry-over	effects	by	the	ISTD	was	potentially	contaminating	the	

analyte.	Chromatograms	of	blank	and	double	blank	samples	are	shown	in	Figure	8-24	to	

35.	Contamination	of	 the	blank	or	double	blank	samples	would	 lead	to	high	variability	

between	samples,	inaccurate	calculation	of	peak	areas	and	subsequent	interpretation	of	

the	 concentration	 profile	 of	 the	 compounds.	 No	 contamination	 of	 test	 compound	 or	

internal	 standard	was	 observed	 between	 the	 highest	 standard,	 blank	 or	 double	 blank	

samples,	as	indicated	by	the	comparison	of	chromatograms.		

	

	

WHN015	525.257	®	259.200 

WHN012	490.312	®	224.200 

Figure	8-24:	Chromatogram	of	a	blank	mouse	plasma	sample.	MRM	transitions	of	the	ISTD	

(top)	and	quantifying	ion	for	WHN012	(bottom)	are	shown.	

WHN015	525.257	®	259.200 

WHN012	490.312	®	224.200 

Figure	8-25:	Chromatogram	of	a	double	blank	mouse	plasma	sample.	MRM	transitions	of	

the	ISTD	(top)	and	quantifying	ion	for	WHN012	(bottom)	are	shown.	
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MMV902	393.047	®	314.300 

AD01	341.000	®	297.300 

Figure	8-26:	Chromatogram	of	a	blank	mouse	whole	blood	sample.	MRM	transitions	of	the	

ISTD	(top)	and	quantifying	ion	for	AD01	(bottom)	are	shown.	

MMV902	393.047	®	314.300 

AD01	341.000	®	297.300 

Figure	 8-27:	 Chromatogram	 of	 a	 double	 blank	 mouse	 whole	 blood	 sample.	 MRM	

transitions	of	the	ISTD	(top)	and	quantifying	ion	for	AD01	(bottom)	are	shown.	
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MMV902	393.047	®	314.300 

PhX6	395.219	®	351.400 

Figure	8-28:	Chromatogram	of	a	blank	mouse	whole	blood	sample.	MRM	transitions	of	the	

ISTD	(top)	and	quantifying	ion	for	PhX6	(bottom)	are	shown.	

MMV902	393.047	®	314.300 

PhX6	395.219	®	351.400 

Figure	 8-29:	 Chromatogram	 of	 a	 double	 blank	 mouse	 whole	 blood	 sample.	 MRM	

transitions	of	the	ISTD	(top)	and	quantifying	ion	for	PhX6	(bottom)	are	shown.	
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MMV048	394.145	®	315.300 

DpNEt	286.165	®	241.300 

Figure	8-30:	Chromatogram	of	a	blank	mouse	whole	blood	sample.	MRM	transitions	of	the	

ISTD	(top)	and	quantifying	ion	for	DpNEt	(bottom)	are	shown.	

MMV048	394.145	®	315.300 

	

DpNEt	286.165	®	241.300 

	

Figure	 8-31:	 Chromatogram	 of	 a	 double	 blank	 mouse	 whole	 blood	 sample.	 MRM	

transitions	of	the	ISTD	(top)	and	quantifying	ion	for	DpNEt	(bottom)	are	shown.	
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DQ	416.209	®	275.200 

RMB005	475.218	®	334.200 

Figure	8-32:	Chromatogram	of	a	blank	mouse	whole	blood	sample.	MRM	transitions	of	the	

ISTD	(top)	and	quantifying	ion	for	RMB005	(bottom)	are	shown.	

DQ	416.209	®	275.200 

	

RMB005	475.218	®	334.200 

	

Figure	 8-33:	 Chromatogram	 of	 a	 double	 blank	 mouse	 whole	 blood	 sample.	 MRM	

transitions	of	the	ISTD	(top)	and	quantifying	ion	for	RMB005	(bottom)	are	shown.	
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RMB073	521.398	®	416.400 

DQ	418.103	®	372.200 

Figure	8-34:	Chromatogram	of	a	blank	mouse	whole	blood	sample.	MRM	transitions	of	the	

ISTD	(top)	and	quantifying	ion	for	DQ	(bottom)	are	shown.	

RMB073	521.398	®	416.400 

DQ	418.103	®	372.200 

Figure	 8-35:	 Chromatogram	 of	 a	 double	 blank	 mouse	 whole	 blood	 sample.	 MRM	

transitions	of	the	ISTD	(top)	and	quantifying	ion	for	DQ	(bottom)	are	shown.	
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Matrix	effects	and	extraction	efficiency	
Potential	ion	enhancement	or	suppression	effects	of	components	within	the	matrix	were	

assessed	 using	 the	 Matuszewski	 method.	 The	 method	 utilizes	 a	 calibration	 range	 to	

quantify	 the	 effect	 on	 ionization,	 as	 a	 calculation	 of	 variability.	 The	 compounds	were	

spiked	into	the	matrix	(mouse	plasma	or	whole	blood)	at	a	high	and	low	concentration	

and	analysed	in	order	to	determine	possible	matrix	effects.	Peak	area	ratios	were	used	to	

generate	regression	curves	for	each	replicate	and	determine	the	variability	(%CV).	It	is	

suggested	that	this	precision	value	should	not	exceed	3–4%,	to	be	considered	reliable	and	

free	from	the	relative	matrix	effect	liability.359,360	These	results	are	presented	in	Table	8-

18,	together	with	the	evaluation	of	compound	recoveries	obtained	through	the	extraction	

methods	 described	 in	 Section	 4.3.7.	 No	 matrix	 effects	 were	 observed	 for	 any	 of	 the	

compounds,	 indicating	 that	 their	 methods	 were	 highly	 robust	 and	 reproducible.	

Compound	recovery	was	sufficient	for	all	the	compounds	from	their	respective	matrices	

and	reproducible	as	indicated	by	a	CV	of	<15%.	

Table	8-18:	Matrix	effects	and	recovery	of	compounds	spiked	in	matrix.	

Compound	
Matrix	 Effect	 as	
%	CV	

%	Recovery	

Low	QC		

(25	ng/mL)	

High	QC	

(1000	ng/mL)	

Average	
recovery	(%CV)	

WHN012	 3.5	 82	 96	 89	(11.3)	

PhX6	 3.9	 94	 97	 95	(2.30)	

AD01	 3.2	 113	 99	 106	(8.60)	

DpNEt	 3.3	 109	 115	 112	(3.90)	

RMB005	 1.9	 62	 62	 62	(0.10)	

DQ	 1.4	 65	 55	 60	(11.1)	

Samples	were	analysed	in	triplicate.	

	




