
Pharmacol Res Perspect. 2020;e00618.	 		 	 | 	1 of 14
https://doi.org/10.1002/prp2.618

wileyonlinelibrary.com/journal/prp2

 

Received:	18	May	2020  |  Revised:	28	May	2020  |  Accepted:	30	May	2020
DOI: 10.1002/prp2.618  

O R I G I N A L  A R T I C L E

In vitro and in vivo human metabolism and pharmacokinetics of 
S- and R-praziquantel

Nyasha Nicole Kapungu1,2  |   Xueqing Li3  |   Charles Nhachi2 |    
Collen Masimirembwa1  |   Roslyn Stella Thelingwani1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2020	The	Authors.	Pharmacology Research & Perspectives	published	by	John	Wiley	&	Sons	Ltd,	British	Pharmacological	Society	and	American	Society	for	
Pharmacology	and	Experimental	Therapeutics.

Abbreviations:	4-OH	PZQ,	4-hydroxy	praziquantel;	AUC,	area	under	curve;	ClH,	hepatic	clearance;	Clint,	intrinsic	clearance;	CLuH,int,	intrinsic	hepatic	clearance;	Cmax,	maximum	plasma	
concentration;	CYP,	cytochrome	P450;	DDI,	drug-drug	interactions;	HLM,	human	liver	microsomes;	IVIVE,	in	vitro	to	in	vivo	extrapolation;	Kel,	elimination	rate	constant;	KM,	Michaelis	
Menten	constant;	KTZ,	ketoconazole;	PK,	pharmacokinetic;	PZQ,	praziquantel;	Vmax,	maximum	velocity;	X-OH	PZQ,	X-hydroxy	praziquantel.

1African	Institute	of	Biomedical	Science	and	
Technology	(AiBST),	Harare,	Zimbabwe
2Department	of	Clinical	Pharmacology,	
University	of	Zimbabwe	(UZ),	Harare,	
Zimbabwe
3Research	and	Early	Development,	
Cardiovascular,	Renal	and	Metabolism,	
BioPharmaceuticals	R&D,	AstraZeneca,	
Gothenburg,	Sweden

Correspondence
Roslyn	Stella	Thelingwani,	African	Institute	
of	Biomedical	Science	and	Technology,	Block	
C	Wilkins	Hospital,	Corner	R	Tangwena	and	
Princes	Road,	Harare,	Zimbabwe.
Email:	roslyn.thelingwani@aibst.com

Funding information
International	Science	Program;	Global	
Health	Institute,	Merck	Serono;	African	
Institute	of	Biomedical	Science	and	
Technology

Abstract
Racemic	praziquantel	(PZQ)	is	the	drug	of	choice	for	the	treatment	of	schistosomia-
sis.	R-Praziquantel	(R-PZQ)	has	been	shown	as	the	therapeutic	form,	whereas	S-PZQ	
is less efficacious and responsible for the bitter taste of the tablet. This study aimed 
at	investigating	the	metabolism	of	R-	and	S-PZQ	as	this	could	have	implications	on	
efficacy	and	safety	of	racemate	and	R-PZQ	specific	formulations	under	development.	
In	 vitro	CYP	 reaction	phenotyping	assay	using	10	 recombinant	CYP	 (rCYP)	 isoen-
zymes	showed	hepatic	CYP1A2,	2C19,	2D6,	3A4,	and	3A5	were	the	major	enzymes	
involved	 in	 metabolism	 of	 PZQ.	 Enzyme	 kinetic	 studies	 were	 performed	 by	 sub-
strate	depletion	and	metabolite	formation	methods,	by	incubating	PZQ	and	its	R-	or	
S-enantiomers	in	human	liver	microsomes	(HLM)	and	the	rCYP	enzymes.	The	effect	
of	selective	CYP	inhibitors	on	PZQ	metabolism	was	assessed	in	HLM.	CYP1A2,	2C19,	
and	 3A4	 exhibited	 different	 catalytic	 activity	 toward	PZQ,	R-	 and	 S-enantiomers.	
Metabolism	of	R-PZQ	was	mainly	catalyzed	by	CYP1A2	and	CYP2C19,	whereas	me-
tabolism	of	S-PZQ	was	mainly	by	CYP2C19	and	CYP3A4.	Based	on	metabolic	CLint 
obtained	 through	 formation	 of	 hydroxylated	metabolites,	 CYP3A4	was	 estimated	
to	 contribute	 89.88%	 to	 metabolism	 of	 S-PZQ	 using	 SIMCYP®	 IVIVE	 prediction.	
Reanalysis	of	samples	from	a	human	PZQ-ketoconazole	(KTZ)	drug-drug	interaction	
pharmacokinetic	 study	confirmed	 these	 findings	 in	 that	KTZ,	a	potent	 inhibitor	of	
CYP3A,	 selectively	 increased	 area	 under	 the	 curve	 of	 S-PZQ	by	 68%	 and	 that	 of	
R-PZQ	by	just	9%.	Knowledge	of	enantioselective	metabolism	will	enable	better	un-
derstanding	of	variable	efficacy	of	PZQ	in	patients	and	the	R-PZQ	formulation	under	
development.

K E Y W O R D S

cytochrome-P450,	enantioselectivity,	IVIVE,	praziquantel

www.wileyonlinelibrary.com/journal/prp2
https://orcid.org/0000-0002-3252-8753
https://orcid.org/0000-0003-4751-9726
https://orcid.org/0000-0002-6853-4151
mailto:
https://orcid.org/0000-0001-8396-6609
http://creativecommons.org/licenses/by/4.0/
mailto:roslyn.thelingwani@aibst.com


2 of 14  |     KAPUNGU et Al.

1  | INTRODUC TION

Schistosomiasis is the second most important parasitic infection in 
the	world	after	malaria	with	an	estimated	250	million	people	being	
infected	and	approximately	800	million	people	at	risk	of	infection.1 
Schistosomiasis	 or	 Bilharzia	 is	 caused	 by	 schistosomes,	which	 are	
parasitic trematode worms of the genus Schistosoma. Two thirds of 
the	 cases	 of	 schistosomiasis	 in	 sub-Saharan	 Africa	 are	 attributed	
to S haematobium infection which causes severe urinary tract dis-
eases2 and is a significant cause of clinical morbidity and disability. 
Schistosoma mansoni	is	also	common	in	Africa3 while Schistosoma ja-
ponicum	is	confined	to	Asia.4	Disease	control	relies	on	chemotherapy,	
mass	drug	administration,	and	vector	control	especially	in	endemic	
regions.	Praziquantel	(PZQ)	is	the	drug	of	choice	in	the	treatment	of	
schistosomiasis,	based	on	its	safety	profile	and	effectiveness	across	
all schistosome species.

Current	 formulations	 of	 PZQ	 are	 racemates	 consisting	 of	 R- 
and S-enantiomers. R-PZQ	 showed	 superior	 properties	 than	 its	
S-enantiomer in biological activities5	 and	 cytotoxicity,6 with much 
higher antischistosomal activity and worm reduction rates as indi-
cated	 by	much	 lower	 values	 in	 IC50	 (approx.	 500-fold	 lower)	 and	
ED50	(5-fold	lower)	against	worms	than	its	S-enantiomer,	as	well	as	
lower	cytotoxicity	 in	several	cell	 lines.	However,	pharmacokinetics	
studies	of	PZQ	showed	that	R-PZQ	is	cleared	2.5	times	faster	than	
its S-antipode	from	the	circulating	system	with	a	maximum	plasma	
concentration (Cmax)	levels	of	only	one	third	of	S-PZQ.

7	PZQ	is	me-
tabolized	extensively	in	the	liver	to	the	main	metabolite,	4-hydroxy	
praziquantel	 (4-OH	 PZQ)8	 and	 numerous	 other	 mono-,	 di-,	 and	
tri-hydroxyl	 metabolites	 and	 conjugates.9	 The	 CYP3A4,	 CYP1A2,	
CYP2C9,	and	CYP2C19	have	been	 identified	as	 the	main	enzymes	
metabolizing	the	drug.10,11	The	plasma	half-life	of	PZQ	is	estimated	
to	be	between	1	and	3	hours12	and	more	than	80%	of	the	drug	is	ex-
creted within 24 hours in man.13	The	systemic	bioavailability	of	PZQ	
is,	therefore,	very	low	at	<20%.14

In	vivo,	PZQ	is	well	absorbed.	More	than	80%	of	the	oral	dose	
(taking	into	account	unchanged	drug	and	metabolites)	is	eliminated	
renally indicating a high fraction absorbed.13	 PZQ	 demonstrates	
rapid first pass metabolism and high interindividual variability.7 The 
drug,	however,	 relies	on	metabolism	 for	excretion	with	<0.02%	of	
unmetabolized	PZQ	being	detected	in	urine.15	Therefore,	any	mod-
ulation	of	enzymes	metabolizing	PZQ	 is	 likely	 to	have	a	major	 im-
pact	on	the	pharmacokinetics	of	the	drug.	PZQ	metabolism	is	also	
affected	by	drug-drug	interactions	(DDI)	caused	by	either	inhibition	
or	induction	of	CYPs	1A2,	2C9,	2C19,	and	3A4.	For	example,	co-ad-
ministration	of	PZQ	with	cimetidine	causes	a	100%	 increase	 in	 its	
bioavailability16	most	likely	through	the	inhibition	of	CYP	1A2.

Other	 examples	 include	 inhibitory	 effects	 of	 grapefruit	 juice17 
and	ketoconazole	(KTZ)	on	CYP3A4.18,19 Co-administration with food 
has also been shown to increase bioavailability. Induction has also 
been	shown	with	rifampicin	(CYP2C9,	CYP2C19,	and	CYP3A)20 and 
dexamethasone	(CYP3A4).21	Plasma	PZQ	concentrations	decreased	
to undetectable levels in patients who had been pretreated with ri-
fampicin	for	5	days.	A	50%	reduction	in	PZQ	plasma	concentration	

was observed in patients with parenchymal brain cysticercosis who 
had	been	treated	with	dexamethasone	a	few	days	earlier	to	prevent	
PZQ	related	anti-inflammatory	side	effects.

It	was	 reported	 that	CYP3A,	CYP2C9,	and	CYP2C19	exhibited	
different	catalytic	activity	toward	PZQ	enantiomers	in	vitro	to	PZQ	
metabolites	observed	in	vivo	in	mice,11	however,	there	are	no	studies	
which	have	determined	enantiospecific	metabolism	of	R-	and	S-PZQ	
in	 humans.	 In	 this	 study,	we	 investigated	 stereoselective	metabo-
lism	of	PZQ	 in	vitro	and	 in	vivo	 in	man,	 to	better	understand	and	
rationalize	the	mechanism	behind	the	variable	pharmacokinetics	and	
selective	clearance	of	R-	and	S-PZQ.

2  | MATERIAL S AND METHODS

2.1 | HLM and recombinant CYPs (rCYPs)

Recombinant	 human	 CYP	 (and	 human	 CYP-reductase	 (NR)	 co-
expressed	 in	 Escherichia coli,	 1A1	 (CYP014),	 1A2	 (CYP001),	 2A6	
(CYP011),	 2B6	 (CYP020),	 2C9	 (CYP019),	 2C19	 (CYP008),	 2D6	
(CYP007),	 2E1	 (CYP009),	 3A4	 (CYP002),	 and	3A5	 (CYP015)	were	
obtained	 from	 CYPEX	 (CYPEX).	 Pooled	 human	 liver	 microsomes	
(HLM)	 (UltrapoolTM	HLM150,	 equal	 gender	mix,	 product	 number	
452117)	were	obtained	from	BD	Biosciences	Genetest.

2.2 | Human plasma samples

Plasma	samples	were	obtained	from	the	AiBST	biobank.	They	were	
from	a	PZQ-KTZ	DDI	pharmacokinetic	 study.	 In	 the	study,	 the	ef-
fect	 of	 KTZ	 (200	mg	QD)	 on	 PZQ	 (20	mg/kg)	was	 evaluated	 in	 a	
phase	1,	open	label,	balanced,	and	randomized	clinical	trial	involving	
29	 young	male	 healthy	 volunteers.19	 The	 study	 had	 a	 balanced,	 2	
sequence	crossover	designs	with	a	wash	out	period	of	7	days.	Each	
participant	 served	as	 their	own	control.	Each	participant	provided	
written informed consent to take part in the study and the study 
was	carried	out	according	to	Helsinki	Declaration	of	1975,	as	revised	
in 2008. The study was approved by the Medical Research Council 
of	 Zimbabwe	 (MRCZ)	 and	 the	 Medicines	 Controls	 Authority	 of	
Zimbabwe	(MCAZ).

2.3 | Materials

R-PZQ,	S-PZQ,	cis-4-hydroxy-PZQ,	and	trans-4-hydroxy-PZQ	were	
a	 generous	 gift	 from	 Merck	 Serono.	 5,5-Diethyl-1,3-diphenyl-2-
iminobarbituric	 acid	 was	 obtained	 from	 AstraZeneca.	 PZQ,	 sulfa-
phenazole,	KTZ,	quinidine,	 ticlopidine,	 furafylline,	diazepam	(DPZ),	
acetonitrile	 (ACN),	 β-Nicotinamide	 adenine	 dinucleotide	 2′-phos-
phate	 reduced	 tetrasodium	 salt	 (NADPH),	 formic	 acid,	 potassium	
phosphate	monobasic,	 and	potassium	phosphate	 dibasic	were	 ob-
tained	from	Sigma	Chemical	Co.	All	other	reagents	were	of	the	high-
est obtainable grade.
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2.4 | In vitro incubations

2.4.1 | Qualitative substrate disappearance assay

All	reactions	were	performed	in	triplicate	in	96-well	plates.	Each	
reaction	mixture	consisted	of	the	appropriate	enzyme	(20	pmols	
rCYP	or	0.5	mg/mL	pooled	HLM),	substrate	(1.0	µmol/L	R-,	S-	or	
racemic	PZQ),	1	mmol/L	NADPH,	in	0.1	mol/L	potassium	phos-
phate	buffer	pH	7.4	in	a	final	volume	of	200	µL.	The	substrate	
was	diluted	to	40%	ACN	so	that	the	percent	organic	component	
in	 the	 final	 solution	was	maintained	 at	 1%.	A	 final	 concentra-
tion	of	ACN	of	1%	has	been	shown	to	reduce	the	CYPEX	rCYPs	
by	<20%.22	Recombinant	CYPs	1A1,	1A2,	2A6,	2B6,	2C8,	2C9,	
2C19,	 2D6,	 3A4,	 and	 3A5	were	 used.	 The	 reactions	were	 ini-
tiated	by	 addition	of	NADPH	after	 a	 pre-incubation	of	 5	min-
utes	at	37°C.	All	 reactions	were	terminated	by	the	addition	of	
150	µL	of	ice-cold	ACN	at	either	0	minute	(control)	or	30	min-
utes	 (reaction).	This	was	 followed	by	 centrifugation	at	4500	g 
for	 20	minutes.	 An	 aliquot	 (50	 µL)	 supernatant	was	 collected	
and	5	µL	was	injected	and	analyzed	by	liquid	chromatography/
tandem	mass	spectrometry	(LC/MS/MS).	Metabolism	was	signi-
fied	qualitatively	by	loss	of	substrate	from	the	media	using	the	
relationship:

2.4.2 | CYP selective diagnostic inhibition studies

Reactions	 were	 carried	 out	 in	 triplicate	 in	 96	well	 plates.	 Each	
reaction	was	measured	at	2	time	points,	that	is	at	0	and	30	min-
utes.	Each	 reaction	mixture	 consisted	of	 the	0.5	mg/mL	pooled	
HLM,	 substrate	 (1.0	 µmol/L	 R-,	 S-	 or	 racemic	 PZQ),	 inhibitor	
(10	µmol/L),	and	0.1	mol/L	potassium	phosphate	buffer	pH	7.4	in	
a	final	volume	of	200	µL.	Inhibitor	concentration	of	10	µmol/L	has	
been shown to be selective enough to show the contribution of 
some	CYPs.23	The	substrate	was	diluted	to	40%	ACN	so	that	the	
percent organic component in the final solution was maintained 
at	1%.	Furafylline,	KTZ,	 ticlopidine,	 and	quinidine	were	used	as	
diagnostic	inhibitors	for	CYP	1A2,	3A4/5,	2C19	and	2D6,	respec-
tively.	The	 reactions	were	 initiated	by	addition	of	NADPH	after	
a	pre-incubation	of	5	minutes	at	37°C.	All	reactions	were	termi-
nated	by	the	addition	of	150	µL	ice-cold	ACN.	Internal	standard	
(0.2	µmol/L	DPZ)	was	added	to	ACN	prior	to	termination	of	the	
assay.	This	was	followed	by	centrifugation	at	4500	g for 20 min-
utes.	An	aliquot	(50	µL)	supernatant	was	collected	and	5	µL	was	
injected	 and	 analyzed	 by	 liquid	 chromatography/tandem	 mass	
spectrometry	 (LC/MS/MS).	The	percent	effect	of	each	 inhibitor	
was	 the	 estimated	 contribution	 of	 the	 inhibited	CYP	 calculated	
using the relationship below:

2.4.3 | Determination of intrinsic clearance

All	reactions	were	performed	in	duplicate	in	reaction	tubes.	Generic	
incubation	 conditions	 with	 respect	 to	 substrate	 (R-,	 S-,	 or	 race-
mic	 PZQ)	 concentration	 (1	 µmol/L),	 incubation	 time	 (60	 minutes),	
NADPH	concentration	(1	mmol/L),	and	phosphate	buffer	(0.1	mol/L)	
were used. The generic conditions were previously described by 
Masimirembwa and co-workers.24,25	Each	reaction	mixture	consisted	
of	 substrate	 incubated	 with	 appropriate	 enzyme,	 substrate,	 and	
NADPH	 in	potassium	phosphate	buffer	pH	7.4	 in	a	 final	volume	of	
200	µL.	The	substrate	was	diluted	to	40%	ACN	so	that	the	percent	
organic	component	 in	the	final	solution	was	maintained	at	1%.	The	
reactions	were	quenched	with	3	volumes	of	stop	solution	containing	
ACN	and	0.8%	formic	acid	at	0,	5,	10,	20,	30,	40,	and	60	minutes.	This	
was	followed	by	centrifugation	at	4500	g	for	20	minutes.	An	aliquot	
(50	µL)	supernatant	was	collected	and	diluted	(1:1)	in	water	prior	to	
LC-MS/MS	analysis.	The	intrinsic	clearance	was	calculated	as	follows:

T1/2 was calculated from the elimination rate constant:

where	CLint	is	the	intrinsic	clearance,	T1/2	is	the	half-life	of	PZQ,	incu-
bation	volume	is	the	final	volume	of	each	reaction	mixture	and	protein,	
or	enzyme	amount	 is	the	amount	of	protein	 in	the	reaction	mixture.	
Each	reaction	was	monitored	over	7 time points.

2.4.4 | Enzyme kinetics

The reactions were carried out in duplicate at each time point. 
Incubation conditions used for the determination of KM and Vmax 
were	 optimized	 for	 linearity	 with	 respect	 to	 time	 and	 protein	
concentrations. The optimal linearity conditions for protein or 
enzyme	 concentration	 and	 incubation	 time	 established	 for	 the	
KM and Vmax	 studies	were:	 0.2	mg/mL	 and	 15	minutes	 for	HLM,	
15	 pmols/200	 µL,	 and	 15	minutes	 for	 CYP1A2,	 8	 pmol/200	 µL	
and	15	minutes	for	CYP2C19,	10	pmols/200	µL	and	10	minutes	for	
CYP2D6,	 3A4	 and	 3A5.	 The	 linearity	 conditions	were	 optimized	
for	racemic	PZQ	and	the	same	conditions	used	for	the	2	enantiom-
ers. Incubations were conducted in duplicate at varying substrate 
concentrations	(0,	2.3,	4.7,	9.4,	18.7,	37.5,	75,	100,	150,	200,	and	
300	µmol/L)	and	 incubation	were	performed	in	a	final	volume	of	
200	µL	as	described	in	sections	above.	Metabolites	were	analyzed	
by	LC-MS/MS	as	described	below.	The	KM and Vmax values of each 
marker	 substrate	were	 determined	 using	 nonlinear	 least	 squares	
regression	 analysis	 in	 GraFit	 software	 (version	 3.0,	 Erithacus	
Software	 Limited)	 and	 SigmaPlot	 Enzyme	 Kinetics	 Module	 for	
Windows	7.0	(SPSS,	Inc).

% remaining compound=1−
Peak area at T30min
Peak area at T0min

×100.

%contribution=
amount remaining with inhibitor−amount remaining without inhibitor

amount remaining without inhibitor
×100.

CLint=1−
ln2× incubation volume

T1∕2×Protein or enzyme amount
×100.

K=
ln2

T1∕2
,
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2.4.5 | In vitro–in vivo extrapolation

In	vitro	metabolism	data	for	R-,	S-,	and	racemic	PZQ	with	rCYPs	were	
used	for	in	vitro	to	in	vivo	extrapolation	(IVIVE)	using	SIMCYP® (ver-
sion	17).	The	clearance	of	the	incubation	mixture	was	expressed	as	
μL/min/pmol	for	rCYP.

Intrinsic Clearance can be scaled to the intrinsic hepatic clear-
ance	 (CLuH,int for the whole liver. In the scaling process the body 
weight	for	an	average	man	was	taken	to	be	80	kg,	 liver	weight	as	
1680	 g	 and	MPPGL	 as	 32	mg/g.	 The	 Inter	 System	 Extrapolation	
Factor	 (ISEF)	 was	 used	 to	 estimate	 the	 relative	 CYP	 abundance	
for	 each	 CYP	 to	 adjust	 for	 the	 calculation	 of	 percentage	 contri-
bution	 of	 each	 enzyme.	 The	 ISEF	 values	 for	 CYP1A2,	 CYP2C19,	
CYP3A4/3A5,	and	CYP2D6	were	given	as	0.16,	0.2,	0.25,	and	0.15,	
respectively,	 for	 the	 CYPEX	 high	 reductase	 system	 in	 SIMCYP®. 
Calculation	 of	 intrinsic	 hepatic	 clearance	 (CLuH,int)	 from	 in	 vitro	
substrate	depletion	data	was	done	using	the	following	Equation26 
within the Simcyp® program:

where	there	are	j	CYPs	with	corresponding	CLint values calculated from 
enzyme	kinetic	parameters	for	the	different	pathways	in	each	recom-
binant	system,	CLint	=	in	vitro	clearance,	MPPGL	=	microsomal	protein	
per	gram	liver,	ISEFj	is	the	scaling	factor	for	the	corresponding	CYP	and	
fumic is fraction of drug unbound in microsomes which was predicted 
as	0.771.	The	CYP	abundance	for	each	of	CYP	enzymes	used	is	given	
in	Table	A1.

KM and Vmax	 obtained	 from	 the	 enzyme	 kinetics	 assay	were	
used	 to	predict	CLint	 and	subsequently	hepatic	clearance	 in	 the	
SIMCYP®	software	under	the	enzyme	kinetics	module	with	X-OH	
PZQ	 formed	by	CYP3A4,	4-OH	PZQ	by	CYP1A2	and	CYP2C19	
and	Y-OH	PZQ	by	CYP2D6.	The	metabolite	data	such	as	physical	
chemical	properties	for	4-OH-PZQ	were	obtained	from	literature	
and	that	for	X	and	Y-OH	PZQ	were	assumed	based	on	the	4-OH	
PZQ	 data.	 Calculation	 of	 intrinsic	 hepatic	 clearance	 (CLuH,int)	
from in vitro substrate depletion data was done using the follow-
ing	equation	within	the	Simcyp® program:

where KM and Vmax	are	obtained	from	the	 in	vitro	assay,	 ISEFj is the 
scaling	 factor	 for	 the	corresponding	CYP	and	MPPGL	=	microsomal	
protein	per	gram	liver.	The	CYP	abundance	for	each	of	CYP	enzymes	
used	is	given	in	Table	A1.

The well-stirred model was used to estimate the hepatic clear-
ance	 (CLH)	 due	 to	metabolism.	 The	model	was	 chosen	 over	 the	
parallel tube and the dispersion model because of its simplicity 
and the fact that very small differences in predicted values by 
the	3	models	 have	been	observed.27 The hepatic clearance was 
expressed	as26:

where QH	is	the	hepatic	blood	flow	(1500	mL/min),	CLuH,int is clearance 
scaled	to	the	whole	liver,	and	reflects	the	actual	metabolic	capacity	of	
the	enzyme	system	and	fuB	is	the	free	fraction	of	drug	in	blood	calcu-
lated	as	fraction	unbound	in	plasma	(fu)	divided	by	the	blood	to	plasma	
drug	concentration	ratio	(B/P).	The	value	of	fu	used	for	PZQ,	R-PZQ,	
and	S-PZQ	was	0.214	and	B/P	for	R	and	S	PZQ	was	0.8	and	0.78,	re-
spectively,28 obtained from studies reported in literature.

2.5 | Analysis of R/S-PZQ and hydroxylated 
metabolites using achiral UPLC-MS/MS

R-PZQ,	S-PZQ,	4-OH	PZQ,	and	X-OH	PZQ	were	analyzed	by	achiral	
UPLC/MS-MS	using	a	validated	method	as	described	in	detail	by	Nleya	
and coworkers.19	Briefly,	Chromatographic	 separation	was	achieved	
on	an	Acquity®	UPLC	HSS	T3	Column	(2.1	×	30	mm,	1.8	μm,	Waters)	
maintained	a	temperature	of	40°C,	using	a	gradient	elution	with	a	run	
time	of	3	minutes.	Mobile	phase	consisted	of	solvent	A	(0.2%	formic	
acid	and	2%	ACN	in	water)	and	solvent	B	(0.2%	formic	acid	in	ACN)	
pumped	at	a	flow	rate	of	0.8	mL/min	as	follows	96%-30%	A	(0-1.8	min-
utes),	5%	A	(2.0-2.5	minutes),	96%	A	(2.6	minutes).	Detection	was	done	
using	a	triple	quadrupole	Xevo	TQS	mass	spectrometer	(Waters)	oper-
ating	in	ESI+	mode	with	Masslynx	4.1	running	in	MRM	mode.

Four	 MRM	 transitions	 were	 followed	 simultaneously,	 PZQ	
(313.16	>	203.08),	cis-4-OH-PZQ	(329.09	>	203.07),	trans-4-OH-PZQ	
(329.09	>	203.07	and	311.04	>	201.07),	X-OH-PZQ	(311.04	>	201.07),	
and	5,5-Diethyl-1,3-diphenyl-2-iminobarbituric	acid	which	was	used	as	
internal	standard	(336.36	>	195.5,	dwell	time	=	0.025	seconds).	The	cal-
ibration curves were constructed within the range of 0.004-2 μmol/L	
for	PZQ	and	from	0.002	to	1	μmol/L	for	cis-4-OH-PZQ	and	from	0.02	
to 10 μmol/L	for	trans-4-OH-PZQ.	Quantitation	was	performed	using	
Target	Lynx	(Waters).	The	concentrations	of	the	analytes	were	calcu-
lated based on the peak area ratio of each compound to the internal 
standard and compared with the calibration curves. Due to the lack 
of	reference	compound	for	X-OH-PZQ,	a	semi-quantitation	of	X-OH-
PZQ	was	performed	using	the	calibration	curve	of	trans-4-OH-PZQ.	
This was based on the similar fragmentation pattern and behavior in-
source.	Trans-OH-PZQ	undergoes	extensive	MS	 in-source	dehydra-
tion	(loss	of	water),	its	dehydrated	ion,	m/z	311.

2.6 | Determination of R- and S-PZQ in human 
plasma samples

Protein	precipitation	was	used	to	extract	PZQ	from	human	plasma	
samples	from	a	previous	study,19	Briefly,	 internal	standard	(10	µL	
DPZ)	was	added	to	100	µL	of	plasma	followed	by	extraction	with	
690	µL	of	ice-cold	ACN.	The	samples	were	vortexed	for	30	seconds	

CLuH,int=

m
∑

j=1

(

ISEFj×CLint×rCYPj×CYPjabundance

fumicj
×MPPGL×Liver weight

)

,

CLuH,int=

m
∑

j=1

(

ISEFj×Vmax

(

rhCYPj

)

×rCYPj abundance

KM (�M)
(

rhCYPj

) ×MPPGL×Liver weight

)

,

CLH=
QH× fuB×CLuH,int

QH+
(

fuB×CLuH,int
) ,
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and	left	under	gentle	agitation	for	25	minutes.	The	samples	were	
then	centrifuged	at	11	200	rcf	for	10	minutes.	From	the	superna-
tant,	20	µL	was	injected	onto	the	chiral	HPLC	system	for	analysis.	
Chiral	chromatography	was	performed	on	an	Agilent	1100	system	
with	a	quaternary	pump	delivering	0.1%	formic	acid	100%	ACN	at	
0.6	mL/min.	The	column	used	for	the	chiral	separation	of	R	and	S	
PZQ	was	an	Astec	Cellulose	DMP	(150	×	4.6,	5	µm)	and	the	col-
umn	 temperature	 was	 kept	 at	 15°C.	 Detection	 was	 done	 using	
a	UV	diode	 array	detector	 at	 210	nm.	The	 retention	 times	 for	R	
PZQ	and	S	PZQ	were	7.1	and	8.5	minutes,	 respectively,	and	 that	
of	IS	was	5.3	minutes.	The	total	run	time	was	10	minutes.	A	typi-
cal	chromatogram	of	the	chiral	determination	of	R-	and	S-PZQ	in	
plasma	is	shown	in	Figure	1.	The	data	were	gathered	and	processed	
using	Agilent	OpenLab	CDS	for	Chemstation	software	version	1.9.	
Linear	 calibration	 curves	were	 plotted	 as	 concentration	 vs	 peak	
area	 ratio	 for	analyte	 to	 IS	with	no	weighting.	R-PZQ	and	S-PZQ	
were	 linear	 in	 the	 range	of	50-10	000	ng/mL	with	an	R	value	of	
0.9997.	The	calibration	curve	was	used	to	quantitate	plasma	PZQ	
concentrations.

2.7 | Data analysis

The	 pharmacokinetic	 (PK)	 analysis	 was	 performed	 using	 the	
WinNonlin	program,	version	8.2	(Pharsight	Corp).	Mean	PK	profiles	
were	 plotted	 as	 graphs	 of	 R-	 or	 S-PZQ	 as	 concentration	 vs	 time.	
A	 non-compartmental	 approach	 was	 used	 for	 curve	 plotting	 and	

parameter	calculation.	The	area	under	the	curve	(AUC)	from	time	0	
to	the	last	sampling	time	point	(AUCt)	was	computed	using	the	log-
linear	trapezoidal	rule.	The	linear	trapezoidal	rule	was	used	for	the	
ascending	part	of	 the	PK	curve,	while	 the	 log	 trapezoidal	 rule	was	
used	for	the	descending	part	of	the	graph.	The	AUC	extrapolated	to	
infinite	time	was	calculated	as	AUC∞	=	AUCt	+	Ct/Kel where Ct is the 
concentration of the last sample taken and Kel is the terminal elimi-
nation rate constant. The terminal elimination rate constant Kel was 
determined	by	least	squares	regression	analysis	in	the	terminal	phase	
of the semi log concentration-time curve. The half-life (t½)	was	calcu-
lated as t½	=	0.693/Kel.

2.8 | Statistical analysis

Statistical	 analysis	was	 performed	 using	 the	GraFit	 software	 (ver-
sion	3.0,	Erithacus	Software	Limited).	Descriptive	statistics,	paired	
t	tests,	and	the	computation	of	90%	confidence	intervals	(CIs)	were	
performed. The null hypothesis assumed no significant difference 
between	 the	 test	 and	 reference	 treatments.	 Analysis	 of	 variance	
(ANOVA)	was	performed	on	the	AUC	and	Cmax after transformation 
of	 the	data	 to	 their	natural	 logarithmic	 (ln)	values.	Using	 the	error	
variance	 (S2)	obtained	 from	the	ANOVA,	 the	90%	CIs	were	calcu-
lated	from	the	following	equation:

90%CI= (xT−xR)± t0.1
v

⋅

√

S2×
2

n
,

F I G U R E  1  Representative	chromatogram	of	R-	and	S-PZQ	in	a	plasma	sample.	The	elution	times	for	R-PZQ,	S-PZQ,	and	diazepam	(IS)	
were	7.1,	8.5,	and	5.3	minutes



6 of 14  |     KAPUNGU et Al.

where xT and xR are the geometric means of the ln transformed val-
ues	 for	 the	 test	 treatment	 (T)	 and	 the	 reference	 treatment	 (R);	S2 is 
the	error	variance	obtained	from	the	ANOVA;	n is the number of sub-
jects,	t0.1

v
 is the t-value	for	90%	of	the	t-distribution and v is the degree 

of	freedom	of	the	error	variance	from	the	ANOVA.	The	anti-ln	of	the	
above	CI	values	was	then	computed	to	give	the	90%	CIs	of	the	ratios	of	
the test to the reference treatment geometric means.

3  | RESULTS

3.1 | Qualitative substrate disappearance assay

Percent	 depletion	 of	 substrate	 across	 a	 panel	 of	 rCYPs	 and	HLM	
using	 the	2-time	point	assay	 (0	and	30	minutes)	 identified	 the	en-
zymes	 involved	 in	the	metabolism	of	R-PZQ	and	S-PZQ.	The	qual-
itative	 contribution	of	 each	enzyme	 is	 shown	 in	Figure	2.	Using	 a	
general	cutoff	of	at	least	20%	depletion	as	representing	significant	
metabolism,	this	screen	assay	showed	that	human	rCYPs	1A1,	1A2,	
2C19,	2D6,	3A4,	and	3A5	were	the	enzymes	involved	in	the	metabo-
lism	of	R-PZQ	and	S-PZQ	with	a	complete	depletion	of	R-PZQ	and	
S-PZQ	by	CYP2C19.	There	was	differential	metabolism	by	CYP1A2	
where	R-PZQ	was	depleted	by	approximately	5-fold	more	than	the	
S-PZQ.

3.2 | Inhibition by CYP selective inhibitors

The	inhibition	assay	was	performed	in	HLM	to	confirm	the	contri-
bution	of	 the	 identified	CYP	enzymes	 in	 the	metabolism	of	PZQ	

and	 its	 individual	 enantiomers.	 The	 diagnostic	 inhibitors	 used,	
that	 is,	 furafylline	 (CYP1A2),	 ticlopidine	 (CYP2C19),	 quinidine	
(CYP2D6),	and	KTZ	(3A4,	3A5)	have	been	shown	to	be	potent	di-
agnostic	inhibitors.	Concentrations	of	PZQ	and	its	enantiomers	in	
HLM	as	well	 as	 the	 inhibitory	 effects	 of	 diagnostic	 inhibitors	 on	
metabolism are shown in Table 1. Due to the lack of high selectiv-
ity	at	the	high	inhibitor	concentration,	only	relative	contributions	
can be deduced from the results presented in Table 1. The great-
est	 contribution	 to	 R-PZQ	metabolism	 was	 mainly	 by	 CYP2C19,	
CYP1A2,	 and	 CYP2D6	which	 had	 an	 almost	 equal	 contribution.	
The	 contribution	 of	 CYP3A4	was	 low	 for	 R-PZQ.	 The	 inhibitory	
effects	 on	 CYP3A4,	 CYP2C19,	 and	 CYP1A2	 activity	 by	 the	 se-
lective inhibitors showed metabolic stereoselectivity. Metabolic 
stereoselectivity	 was	 observed	with	 CYP1A2	where	 R-PZQ	was	
metabolized	more	as	compared	to	S-PZQ.	CYP3A4	mainly	contrib-
utes	to	S-metabolism	(Table	1).	CY2C19	showed	stereoselectivity	
by	contributing	more	to	the	metabolism	of	S-PZQ	than	of	R-PZQ.	
The	activity	was,	however,	lower	for	racemic	PZQ	for	CYP1A2	as	
compared	to	R-	and	S-PZQ.

3.3 | Determination of intrinsic clearance (CLint) 
using the substrate depletion approach

The	 depletion	 rates	 of	 R-	 and	 S-PZQ	 were	 determined	 in	 HLM	
and	 rCYPs	 1A2,	 2C19,	 2D6,	 3A4,	 and	 3A5.	 The	 calculated	 intrin-
sic hepatic clearance and hepatic clearances are shown in Table 2. 
CYP2C19	was	observed	to	have	a	high	intrinsic	clearance	for	both	
R-	and	S-PZQ	of	19.73	and	30.71	mL/min/kg.	Clearance	by	CYP3A4	
was	3	times	faster	for	S-PZQ	as	compared	to	R-PZQ	with	predicted	

F I G U R E  2  The	disappearance	of	R-	and	S-PZQ	from	media	against	a	panel	of	drug	metabolizing	CYP	enzymes
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CLuH,int	of	7.46	and	2.50	mL/min/kg,	 respectively,	whereas	R-PZQ	
was	cleared	2	times	faster	by	CYP1A2	as	compared	to	S-PZQ	with	
predicted	CLuH,int	of	27.80	and	13.07	mL/min/kg,	respectively.	The	
predicted	CLH	for	each	isoenzyme	showed	enantioselective	metabo-
lism	 for	 R-PZQ	by	CYP1A2	 and	 S-PZQ	by	CYP3A4	 (Table	 2).	 The	
predicted	 CLH	 of	 R-PZQ	 by	 CYP1A2	 is	 5.071	 mL/min/kg	 vs	 that	
of	S-PZQ	of	2.877	mL/min/kg	and	for	CYP3A4	the	CLH values are 
0.6048	 and	1.759	mL/min/kg	 for	R-PZQ	and	 S-PZQ,	 respectively.	
No	comparisons	were	made	with	the	racemate	since	the	concentra-
tion	used	was	half	for	each	enantiomer.	No	major	differences	were,	
however,	expected	since	we	did	not	observe	any	enantiomer-enan-
tiomer	 interaction.	HLM-	 and	CYP1A2-mediated	R-PZQ	was	high.	
CYP3A4-mediated	R-PZQ	clearance	was	 low,	whereas	the	remain-
der of the compounds was medium clearance.

3.4 | Enzyme kinetics of hydroxylated 
metabolites formation

The metabolism and formation of the main metabolites of racemic 
PZQ	have	been	previously	described.10 The formation of the 2 main 
in	vitro	metabolites	namely	cis-4-OH-PZQ	and	X-OH-PZQ	showed	
stereoselectivity.	This	was	also	reflected	in	the	clearance	(Table	3).	
The	 enzyme	 kinetics	 of	 the	 formation	 of	 the	major	 hydroxylated	
metabolites,	 cis-4-OH-PZQ	 and	X-OH-PZQ,	 in	HLM	 showed	 that	

the	 intrinsic	 clearance	 (CLuH,int)	 via	 the	 formation	 of	 X-OH-PZQ	
from	racemic	PZQ	 is	5	 times	more	 than	 that	via	 the	 formation	of	
4-OH-PZQ	 (Table	3).	The	obtained	CLuH,int	 in	 rCYPs	 indicates	 the	
metabolic	 enantioselectivity	 of	 CYP1A2	 for	 R-PZQ	 than	 S-PZQ	
with	values	of	7.55	and	0.83	mL/min/kg,	respectively.	Clearance	by	
CYP2C19	with	R-PZQ	was	2	times	more	than	S-PZQ	with	CLuH,int of 
4.60	and	2.44	mL/min/kg	respectively.	Clearance	by	CYP2D6	was	
low and did not show any significant difference between R- and 
S-PZQ.

There was higher affinity (low KM)	for	racemic	PZQ	and	both	en-
antiomers	with	CYP1A2	and	CYP2C19	compared	to	CYP3A4	which	
showed low affinity as indicated by the higher KM	values.	Although	
CYP2D6	contributed	to	metabolism	of	PZQ	and	its	enantiomers,	it	
had	 very	 low	 affinity	 characterized	 by	 a	KM greater than 100μM. 
The	formation	of	X-OH-PZQ	is	mainly	attributed	to	S-PZQ	metab-
olism	rather	than	R-PZQ	metabolism	with	a	Vmax	of	6.3	nmol/min/
mg	protein	for	S-PZQ	vs	1.2	nmol/min/mg	protein	for	R-PZQ.	The	
Michaelis-Menten	 kinetic	 plots	 for	 PZQ,	 R-PZQ,	 and	 S-PZQ	 me-
tabolism	by	rCYP3A4	for	the	formation	of	X-OH	PZQ	are	shown	in	
Figure	3.	The	high	Vmax	for	CYP3A4	with	S-PZQ	shows	that	CYP3A4	
metabolizes	 S-PZQ	with	 a	 higher	 turnover	 rate	 than	 R-PZQ.	 This	
data agreed with our observations from the substrate disappear-
ance	 assay	 (Figure	 2)	 and	 previously	 determined	 clearance	 data	
(Table	2)	as	well	as	the	results	obtained	from	the	inhibition	assays	
(Table	1).

TA B L E  1  Relative	contributions	of	the	CYP1A2,	CYP2C19,	CYP3A4/5,	and	CYP2D6	to	the	metabolism	of	PZQ,	R-PZQ,	and	S-PZQ	in	
human	liver	microsomes	(HLM)	by	inhibition	studies	to	identify	important	contributing	isoforms

PZQ Blanka Control (SD)b CYP1A2 (SD) CYP2D6 (SD) CYP2C19 (SD) CYP3A4/5 (SD) Sum (%)

R/S 1	µmol/L 0.63	(0.18)	µmol/L 0.43	(0.12)	µmol/L	
(−54%)

0.76	(0.07)	µmol/L	
(35%)

1.1	(0.12)	µmol/L	
(127%)

0.99	(0.17)	
µmol/L	(97%)

205

R 1	µmol/L 0.43	(0.01)	µmol/L 0.78	(0.16)	µmol/L	
(61%)

0.72	(0.07)	µmol/L	
(51%)

0.79	(0.25)	µmol/L	
(64%)

0.62	(0.03)	
µmol/L	(33%)

209

S 1	µmol/L 0.48	(0.07)	µmol/L 0.62	(0.15)	µmol/L	
(27%)

0.76	(0.12)	µmol/L	
(54%)

1.09	(0.04)	µmol/L	
(117%)

1.16	(0.22)	
µmol/L	(131%)

329

Note: Furafylline,	quinidine,	ticlopidine,	and	ketoconazole	were	used	as	diagnostic	inhibitors	of	CYP1A2,	CYP2D6,	CYP2C19,	and	CYP3A4,	
respectively; the contribution of each isoform is shown in parenthesis.
aBlank––Amount	of	PZQ	before	incubation.	
bControl––Amount	of	PZQ	after	incubation	in	the	absence	of	an	inhibitor.	

T1/2 (min)
Predicted CLuH,int  
(mL/min/kg)

Predicted CLH  
(mL/min/kg)

R-PZQ S-PZQ R-PZQ S-PZQ R-PZQ S-PZQ

HLM 11.46 29.50 172.0 97.50 13.06 10.78

CYP1A2 7.540 16.04 27.80 13.07 5.071 2.877

CYP2C19 3.600 4.130 19.73 30.71 3.904 5.600

CYP2D6 34.66 45.30 0.860 0.660 0.2132 0.1712

CYP3A4 130.8 29.12 2.500 7.460 0.6048 1.759

CYP3A5 42.52 35.01 3.750 4.680 0.8929 1.142

TA B L E  2  Predicted	intrinsic	(CLuH,int)	
and	hepatic	clearance	(CLH)	of	R-	and	
S-PZQ	in	HLM	and	recombinant	CYPs
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3.5 | IVIVE using SIMCYP®

The	relative	percentage	contribution	of	each	of	the	enzymes	to	PZQ,	
R-PZQ,	and	S-PZQ	metabolism	was	simulated	using	SIMCYP® based 
on the in vitro metabolic Clint	with	rCYPs	using	substrate	depletion	
method	as	well	as	the	metabolite	formation	assays.	From	the	sub-
strate	depletion	assay,	S-PZQ	was	predicted	to	be	mainly	metabo-
lized	by	CYP1A2,	CYP2C19,	and	CYP3A4	 (Table	4).The	metabolite	
formation	assay	indicated	CYP3A4	as	the	major	contributor	to	the	
metabolism	of	all	the	3	substrates	(Table	4)	which	was	not	in	agree-
ment with substrate disappearance. The main contributors to the 
metabolism	of	R-PZQ	were	CYP2C19	and	CYP1A2	using	 the	 sub-
strate depletion approach.

Predictions	of	CLH	for	PZQ,	R-PZQ,	and	S-PZQ	using	the	metab-
olite formation and substrate depletion approaches were also con-
ducted	 in	SIMCYP®.	The	predicted	total	CLH	 for	PZQ,	R-PZQ,	and	

S-PZQ	were	3.656,	6.923,	and	6.265	mL/min/kg,	respectively,	using	
the	substrate	depletion	assay	and	11.44,	9.777,	and	10.144	mL/min/
kg,	 respectively,	 using	 the	metabolite	 formation	 assay.	 The	 calcu-
lated	hepatic	clearance	for	PZQ,	R-PZQ,	and	S-PZQ	using	the	sub-
strate	 depletion	method	was	 11.70,	 13.06,	 and	 10.78	mL/min/kg,	
respectively,	indicating	that	R-PZQ	is	cleared	faster	than	both	PZQ	
and	S-PZQ.	Predicted	CLH was indicative of intermediate clearance 
compounds	 as	 they	exceed	3	quarters	of	hepatic	blood	 flow	 rate.	
A	depiction	of	 the	 relative	 contribution	of	 the	 enzymes	 to	R-PZQ	
and	 S-PZQ	metabolism	 using	 metabolite	 formation	 and	 substrate	
depletion	 approaches	 is	 shown	 in	 Figure	 4.	Due	 to	 circumstances	
we	could	not	control,	we	could	not	establish	our	own	inhouse	ISEF	
values	 for	 the	 rCYP-pooled	HLM	pairs,	 thus	used	 the	 ISEF	values	
for	these	rCYP	batch	with	pooled	HLM	from	CYPex	that	are	in	the	
SIMCYP	simulator.	This	could	have	an	effect	on	the	accuracy	of	our	
predictions.

TA B L E  3  Enzyme	kinetic	parameters	for	the	metabolism	of	PZQ,	R-PZQ,	and	S-PZQ	to	4-OH-PZQ	and	X-OH-PZQ	intrinsic	hepatic	
(CLuH,int)	and	hepatic	clearance	(CLH)	in	HLM	and	recombinant	CYPs	1A2,	2C19,	2D6,	3A4,	and	3A5

Parameters for X-OH-PZQ Parameters for cis-4-OH-PZQ

HLM CYP3A4 CYP3A5 HLM CYP1A2 CYP2C19 CYP2D6

R/S-PZQ

KM	(µmol/L)	[SD] 118.6	[35.79] 37.30	[5.455] 40.40	[4.331] 32.60	[3.982] 10.80	[2.242] 4.700	[0.8368] 140.5

Vmax (nmol/min/mg 
protein)	[SD]

11.10	[2.074] 75.40	[4.956] 54.70	[2.702] 0.5978	[0.028] 9.80	[0.571] 8.500	[0.3387] 14.60

CLuH,int	(mL/min/kg) 80.00 62.82 31.56 15.63 6.870 4.600 0.1100

CLH	(mL/min/kg) 9.677 8.546 5.554 3.233 1.574 1.084 0.0272

R-PZQ

KM	(µmol/L)	[SD] 29.30	[4.020] 21.90	[3.1463] 13.60	[2.558] 38.90	[5.469] 11.10	[3.504] 11.90	[1.770] 105.5

Vmax (nmol/min/mg 
protein)	[SD]

1.200	[0.06266] 31.60	[1.7262] 18.90	[1.359] 0.7572	[0.0447] 11.10	[0.9436] 18.30	[0.7856] 16.70

CLuH,int	(mL/min/kg) 35.00 44.78 32.50 16.63 7.550 4.600 0.1700

CLH	(mL/min/kg) 5.966 7.009 5.669 3.402 1.716 1.084 0.0434

S-PZQ

KM	(µmol/L)	[SD] 61.00	[22.12] 59.60	[9.781] 43.80	[6.690] 44.30	[12.06] 45.30	[15.92] 5.300	[0.7903] 131.7

Vmax (nmol/min/mg 
protein)	[SD]

6.300	[1.102] 105.2	[9.034] 72.00	[5.200] 0.2700	[0.02999] 5.000	[0.7459] 5.100	[0.1769] 7.500

CLuH,int	(mL/min/kg) 88.25 55.04 38.34 5.250 0.8300 2.440 0.0600

CLH	(mL/min/kg) 10.32 8.116 6.509 1.227 0.2136 0.6138 0.1610

F I G U R E  3  Michaelis-Menten	plot	for	the	metabolism	of	(A)	racemic-PZQ,	(B)	R-PZQ,	and	(C)	S-PZQ	by	CYP	3A4
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3.6 | Impact of KTZ to pharmacokinetics of R- and 
S-PZQ in human

Following	oral	administration	of	racemic	PZQ	to	healthy	volunteers,	
plasma	samples	were	analyzed	by	chiral	HPLC	coupled	with	UV	de-
tection	 and	 the	 plasma	 concentrations	 of	 R-	 and	 S-PZQ	were	 de-
termined.	The	relative	bioavailability	of	R-PZQ	did	not	significantly	
change (P	 >	 .05)	 between	 the	 test	 (PZQ	alone)	 and	 the	 treatment	
(PZQ	+	KTZ)	with	an	AUC	of	1346	±	1470	ng/mL/h	vs	1470	±	767	
(Table	5).	The	difference	was	9.26%.	There	was,	however,	a	67.71%	
increase	 in	 bioavailability	 for	 S-PZQ	 (3853	 ±	 1433	 ng/mL/h	 vs	
6462.98	 ±	 3102	 ng/mL/h,	P	 <	 .05).	 The	mean	Cmax showed a de-
crease	of	11.85%	(313	±	131	ng/mL	vs	276	±	89	ng/mL,	P	>	.05)	for	
R-PZQ	as	compared	to	an	 increase	of	107.11	(782	±	171	ng/mL	vs	
1621	±	212	ng/mL,	P	 <	 .001)	 for	 S-PZQ.	The	Cmax	 of	R-PZQ	was,	
therefore,	 2.5	 times	 less	 than	 that	 of	 S-PZQ.	The	mean	 clearance	
(CL/F)	was	higher	for	R-PZQ	as	compared	to	S-PZQ	(902	±	264	L/h	
vs	340.08	±	96.8	L/h).	With	the	co-administration	of	KTZ,	the	clear-
ance	of	S-PZQ	reduced	by	a	third	(340	±	97	L/h	vs	211.51	±	74	L/h,	
P	 <	 .05),	 whereas	 the	 clearance	 of	 R-PZQ	 slightly	 increased	
(902.09	±	264	L/h	vs	1145.6	±	992	L/h,	P	>	.05).

The	FDA	no	effect	boundary	for	clinical	DDI	studies	for	the	90%	
CI	of	 the	geometric	mean	ratio	 ranges	between	80%	and	125%.29 
The reference and the treatment were significantly different for 
R-PZQ	by	assessment	of	 the	90%	CI	of	 the	 ratio	of	 the	geometric	
means	of	the	log	transformed	AUC	and	Cmax. The computed values 
were	65.25%-150.7%	for	AUC	and	66.60%-122.6%	for	the	Cmax. The 
observation	for	S-PZQ	showed	that	the	2	treatments	were	signifi-
cantly	different	where	the	90%	CI	was	113.8%-238.7%	for	AUC	and	
181.6%-242.3%	 for	Cmax.	 The	 values	 for	 the	 90%	CI	 showed	 that	
there	was	a	greater	effect	on	S-PZQ	than	R-PZQ	with	KTZ	treatment.

4  | DISCUSSION

Praziquantel	 has	 been	 shown	 to	 be	 metabolized	 mainly	 by	 cy-
tochrome	P450	enzymes	 in	 the	 liver,	 namely	CYP	1A2,	CYP2C19,	
CYP2C9,	 CYP	 3A4,	 and	 CYP2D6.10,11	 Previous	 pharmacokinetic	
studies	have	shown	R-PZQ	to	have	higher	clearance	than	S-PZQ.7,8 

Studies	had	earlier	shown	metabolism	to	be	enantiomer	selective,7,28 
but	identification	of	the	enzymes	involved	in	R-	and	S-PZQ	metabo-
lism	had	not	been	fully	explored.	Data	from	this	study,	therefore,	are	
expected	to	contribute	 in	providing	an	understanding	of	how	best	
patient	safety	and	efficacy	can	be	maintained	in	the	use	of	PZQ	or	
its	enantiomers.	This	 is	 important	 in	 the	development	of	PZQ	for-
mulations which contain 1 enantiomer especially when it has to be 
co-administered	with	a	drug	which	inhibit	the	enzymes	required	for	
metabolism. It also has implications on potential inducers of the drug 
of	interest	as	this	leads	to	subtherapeutic	levels	of	PZQ.

Our	 reaction	 phenotyping	 study	 identified	 CYP1A1,	 CYP1A2,	
CYP2C19,	 CYP2D6,	 CYP3A4,	 and	 CYP3A5	 as	 significant	 play-
ers	 in	 the	metabolism	of	PZQ	and	 its	 enantiomers	 (Figure	2).	This	
agreed	with	our	previous	finding	for	PZQ	metabolism10 and findings 
by Wang and co-workers.11	There	was,	however,	a	discrepancy	on	
CYP2C9	where	our	assay	did	not	pick	it	as	a	major	enzyme.	The	same	
was	observed	by	Li	and	co-workers.10 The Wang study used the me-
tabolite	formation	approach.	Although	CYP2C9	showed	to	be	an	im-
portant contributor of the formation of metabolites that had been 
identified	in	mice,	it	could	be	contributing	to	a	minor	metabolic	route	
in humans hence not resulting in significant substrate depletion of 
PZQ	as	observed	in	this	study.

Clearance	 is	 an	 important	 parameter,	 a	 drug	 is	 termed	 a	 high	
clearance	drug	 if	 the	hepatic	clearance	 (CLH)	exceeds	14	mL/min/
kg.24	 The	 difference	 in	 CLH	 between	 R-PZQ	 and	 S-PZQ	 is	 not	 as	
large	as	observed	in	vivo	where	R-PZQ's	clearance	is	3	times	faster	
than	that	of	S-PZQ.	This	could	be	attributed	to	the	possible	involve-
ment	of	the	intestinal	metabolism	where	the	CYPs	are	represented	
at different proportionalities than the liver.7,29 The predicted total 
clearance	(CLH)	in	Simcyp

®	for	PZQ,	R-PZQ,	and	S-PZQ	was	3.656,	
6.923,	and	6.265	mL/min/kg,	respectively,	using	the	substrate	de-
pletion	assay	and	11.44,	9.777,	and	10.144	mL/min/kg,	respectively,	
using	the	metabolite	formation	assay.	The	predicted	CLH	gives	PZQ	
via the substrate depletion assay as a low clearance drug which 
does	not	agree	with	16	mL/min/kg	reported	by	Li	et.al.10	Analysis	
of	IVIVE	methods	has	shown	that	highly	protein	bound	drugs	tend	
to be underpredicted30 and there has not been a consensus about 
the importance of using bound or unbound drug as the object of 
clearance.31

Percent contribution

CYP1A2 CYP2C19 CYP2D6 CYP3A4 CYP3A5

Substrate depletion

R/S-PZQ 35.71 46.12 2.030 13.42 2.720

R	PZQ 67.24 19.77 2.870 8.080 2.050

S	PZQ 38.31 31.14 2.480 25.56 2.510

Metabolite formation

R/S-PZQ 9.38 2.270 0.1900 82.78 5.380

R	PZQ 13.24 2.520 0.3600 77.31 6.570

S	PZQ 1.490 1.520 0.1300 89.88 6.980

TA B L E  4   Simcyp® prediction of the 
relative	percentage	contribution	of	CYPs	
1A2,	2C19,	3A4,	3A5,	and	2D6	to	R-	and	
S-PZQ	metabolism	using	the	metabolite	
formation and substrate depletion 
approach
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To	 further	 investigate	 the	contribution	of	CYP	1A2,	CYP2C19,	
CYP	3A4/5,	and	CYP	2D6	to	metabolism	of	PZQ,	R-PZQ,	and	S-PZQ,	
the	 SIMCYP	 simulator	 was	 used.	 The	 contribution	 of	 the	 tested	
CYP	 isoforms	to	metabolism	of	R-	and	S-PZQ	metabolism	showed	
CYP1A2	and	CYP2C19	to	be	the	main	contributors	of	CYP	metabo-
lism using the substrate disappearance assay and the selective inhi-
bition assay where the concentration of the isoforms were 1 μmol/L	
(Tables	 1	 and	 2).	 There	 was	 significant	 enantiomer	 selectivity	 by	
CYP1A2	for	R-PZQ	and	CYP3A4/5	for	S-PZQ	with	CYP2C19	con-
tributing	to	both	R	and	S	metabolism	(Table	1).	The	sum	of	the	total	
contribution	by	all	isoforms	was	over	200%	which	could	indicate	lack	
of selectivity for the isoforms by the diagnostic inhibitors.32

However,	 in	 the	 predictions	 where	 data	 were	 obtained	 based	
on metabolite formation based on varying substrate concentration 
(Michaelis-Menten	Kinetics)	 the	role	of	CYP3A4	became	predomi-
nant	(Table	3).	Both	CYP1A2	and	CYP2C19	are	high	affinity	enzymes	
and	their	role	was	important	at	the	low	concentration.	However,	as	
the	concentration	increased	the	role	of	low	affinity	CYP3A	became	
more	dominant.	CYP1A2	and	CYP2C19	are	high	affinity	but	satura-
ble,	whereas	CYP3A4	is	low	affinity	but	high	capacity.	The	concen-
tration	of	the	enzyme,	therefore,	is	important	as	it	can	influence	the	
outcome and interpretation of data.10

CYP1A2	 contributed	mostly	 to	 R-PZQ	metabolism	when	 using	
substrate	depletion	method.	It	is	consistent	with	the	DDI	of	PZQ	with	
albendazole,	 a	 CYP1A2	 inhibitor,	 which	 resulted	 in	 an	 increase	 in	
R-PZQ	exposure.28	CYP3A4	contributed	the	most	to	S-PZQ	metabo-
lite when using metabolite formation method. This observation was 
consistent	with	the	observed	PK	data	in	this	study	(Table	5).	However,	
if	using	the	metabolite	formation	method,	CYP3A4	contribute	mostly	

to	R-PZQ	metabolism,	which	was	not	observed	in	this	study	in	man.	
The major disadvantage of the metabolite formation approach is that 
some	compounds	are	not	metabolized	by	only	1	CYP	enzyme	hence	
prior	knowledge	of	all	metabolites	being	 investigated	and	enzymes	
contributing	to	the	overall	metabolic	fate	is	required	to	consider	the	
different pathways involved in the metabolism of the compound to 
accurately	 predict	 in	 vivo	 contribution	 and	CLH.33 The metabolism 
of	PZQ	and	its	enantiomers	is	still	to	be	fully	characterized.	In	such	
cases,	 the	substrate	depletion	approach	has	been	demonstrated	to	
be	more	effective.	Prediction	 from	 in	vitro	data	with	experimental	
conditions	optimal	for	CYPS	might	have	implications	on	accuracy	of	
prediction	as	gut	CYP	3A4	might	play	a	role	in	the	metabolism	of	PZQ.

This study has 2 main limitations which are a potential source of 
bias.	One	such	limitation	is	that	the	protein	levels	in	rCYP	and	HLM	
were	not	matched	to	determine	the	free	levels	of	PZQ	and	this	could	
influence	interpretation	of	data.	The	amount	of	protein	in	rCYP	sys-
tems	is	usually	much	lower	than	that	of	HLM	systems	which	causes	
a	difference	in	the	extent	of	nonspecific	microsomal	binding	of	the	
drug. The differences in nonspecific microsomal binding between 
the 2 systems lead to different KM	 values,	 and	 therefore	 intrinsic	
clearance.34	Another	limitation	of	the	study	is	that	it	did	not	use	lab-
oratory	 specific	 ISEF	values	and	 this	 could	have	an	 impact	on	 the	
predictions	using	SIMCYP.	 ISEF	values	account	for	the	differences	
between	rCYP	and	HLM	as	well	as	population	variability	in	the	CYP	
abundance	 for	 the	CYP	enzymes	being	assessed.34	Use	of	default	
ISEF	values	in	the	SIMCYP® software could result in the reduction 
of	accuracy	of	prediction	to	in	vivo	setting.	However,	a	general	trend	
can	be	observed,	and	further	investigations	can	be	made	based	on	
the results from this study.

F I G U R E  4  Postulated	biotransformation	pathways	for	R-	and	S-PZQ	to	X-OH-PZQ	and	cis-4-OH-PZQ	based	on	in	vitro	and	in	vivo	
metabolism data
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At	an	inhibitor	concentration	of	10	µmol/L	for	KTZ	and	ticlopi-
dine	some	unselectivity	 is	observed	 for	some	CYPs	hence	 limiting	
quantitative	 use	 of	 the	 level	 of	 inhibition	 as	 an	 accurate	measure	
of	contribution	of	the	inhibited	enzyme	in	the	metabolism	of	a	test	
compound.10	 Using	 lower	 and	 potentially	 selective	 concentration,	
however,	 is	associated	with	much	lower	inhibition,	also	not	predic-
tive	of	the	contribution	of	inhibited	enzyme.	The	use	of	“selective”	
CYP	inhibitor	at	the	10	µmol/L	used	is	best	interpreted	as	demon-
strating	the	participation	of	the	inhibited	CYP	in	the	metabolism	of	
the	test	compound	and	not	an	absolute	quantitative	measure	of	its	
contribution.

We	 are	 still	 facing	 challenges	 to	 unequivocally	 establish	 the	
chemical	structure	of	X-OH-PZQ.	However,	assuming	a	1:1	analyti-
cal	response	of	trans-4-OH-PZQ	and	X-OH-PZQ,	the	enzyme	kinetic	
data	(Table	3)	indicate	that	the	major	route	of	metabolism	results	in	
the	formation	of	X-OH	PZQ.

Our	 previous	 study	 demonstrated	 the	 role	 of	 CYP3A4	 and	
CYP2C19	 in	 the	metabolism	of	PZQ	to	X-OH	PZQ	and	the	role	of	
CYP1A2	and	CYP2C19	 in	 the	metabolism	of	PZQ	to	4-OH	PZQ.10 
From	this	study	IVIVE	simulation	using	SIMCYP®	software	(Table	4),	

R-PZQ	is	metabolized	mainly	by	CYP	1A2	to	4-OH	PZQ	and	S-PZQ	
is	 mainly	 metabolized	 by	 CYP3A4	 to	 X-OH	 PZQ.	 The	 enzyme	
CYP2C19	is	important	in	the	metabolism	of	both	enantiomers.	In	the	
study	by	Nleya	et	al	where	PZQ	metabolism	was	inhibited	by	KTZ,	
the	 exposure	 of	X-OH	PZQ	was	 reduced	 by	 57%,	while	 cis-4-OH	
PZQ	exposure	increased	by	57%	and	trans-4-OH	PZQ	increased	by	
67%.19	The	decrease	in	formation	of	X-OH	PZQ	upon	inhibition	with	
KTZ	shows	that	CYP	3A4	is	responsible	for	the	metabolism	of	PZQ	
to	X-OH	PZQ	and	not	4-OH	PZQ.	However,	there	is	an	in	vitro	phe-
nomenon	we	 do	 not	 have	 an	 explanation	 for	 yet	where	 cis	 4-OH	
PZQ	is	mainly	observed	compared	to	in	vivo	where	trans	4-OH	PZQ	
is the main metabolite.28,35	 The	 study	 by	NLeya	 et	 al	 shows	 that	
trans	4-OH	PZQ	is	30	times	more	than	cis	4-OH	PZQ.	Based	on	the	
present	study,	the	study	from	Li	et al	and	Nleya	et al the postulated 
metabolic	routes	are	displayed	in	Figure	4.	To	assess	the	risk	for	DDI	
that	affect	drug	efficacy,	drugs	that	 inhibit	CYP1A2	and	CYP2C19	
should be considered.

The	aspect	of	the	in	vitro	R-	and	S-PZQ	enantiomer-specific	
metabolism	is	supported	by	in	vivo	data	on	effect	of	KTZ,	a	po-
tent	 CYP3A	 inhibitor,	 on	 the	 pharmacokinetics	 of	 S-PZQ	 and	

TA B L E  5  Pharmacokinetic	parameters	of	R	and	S-PZQ	after	single	oral	administration	of	20	mg/kg	PZQ	(reference)	followed	by	PZQ	plus	
a	fixed	dose	of	200	mg	Ketoconazole	(treatment)	(n	=	9)

PK parameter
Reference mean (SD) [geo 
mean]

Treatment mean (SD) 
[geo mean]

Geo mean ratio 
(T/R) % [90% CI]

Paired t test

Difference 
observed %

Significance 
of p value

Computed  
p value

R-Praziquantel

AUCinf	(h	×	ng/mL) 1345	(366.6)	[1299] 1470	(766.6)	[1288] 99.17	[65.25-150.7] 9.290 >.05 .3132

AUCt0−tlast
(h	×	ng/mL) 1244	(533.7)	[1122] 1061	(539)	[945.4] 84.27	[54.99-129.1] −14.68 >.05 .1541

Cmax	(ng/mL) 313.1	(131.1)	[291.0] 276.0	(89.21)	[263.0] 90.36	[66.60-122.6] −11.85 >.05 .1549

Tmax	(h) 3.000	(1.860)	[2.590] 1.610	(0.600)	[1.530] — −46.33 <.05 .0424

Half	life	(h) 3.340	(1.000)	[3.210] 6.000	(6.520)	[4.140] — 79.64 >.05 0.1559

Clearance/F	(L/h) 902.1	(264.9)	[876.2] 1146	(992.1)	[918.1] — 26.99 >.05 .0913

Vd/F	(L) 4506	(2480)	[4052] 7879	(7691)	[5480] — 74.87 >.05 .1431

Elimination	rate	
constant (h−1)

0.2300	(0.07000)	
[0.2200]

0.2200	(0.1800)	[0.1600] — −4.350 >.05 .5000

S-Praziquantel

AUCinf	(h	×	ng/mL) 3854	(1434)	[3614] 6463	(3102)	[5956] 164.8	[113.8-238.7] 67.71 <.05 .0229

AUCt0−tlast
	(h	×	ng/mL) 3147	(1169)	[2973] 4912	(1663)	[4682] 157.5	[119.2-208.0] 56.09 <.001 .0006

Cmax	(ng/mL) 782.9	(171.7)	[767.2] 1621	(212.7)	[1610] 209.8	[181.6-242.3] 107.1 <.001 .0000004

Tmax	(h) 3.000	(0.5000)	[2.960] 2.440	(0.6800)	[2.350] — 22.95 <.05 .0106

Half	life	(h) 2.760	(1.770)	[2.300] 3.630	(1.990)	[3.170] — 31.52 >.05 .1875

Clearance/F	(L/h) 340.1	(96.37)	[328.7] 211.5	(74.47)	[200.3] — −37.81 <.05 .0083

Vd/F	(L) 1204	(552.6)	[1092] 966.7	(339.0)	[914.8] — 19.73 >.05 .1842

Elimination	rate	
constant (h−1)

0.3600	(0.2500)	[0.300] 0.2500	(0.1500)	[0.2200] — 67.71 <.05 .0229

Note: Statistical	calculations	for	AUC,	and	Cmax	were	based	on	ln-transformed	data.	Bioequivalence	criteria	are	defined	as	90%	CI	of	the	geometric	
mean	ratios	of	T/R	of	between	80.0%	and	125.0%	for	AUCinf,	and	Cmax.	A	single	tailed,	paired	student	t-test was used to test for the differences 
between	the	means	of	the	critical	PK	parameters:	AUC,	Cmax,	Tmax,	clearance,	elimination	rate	constant	(Kel),	and	the	apparent	volume	of	distribution.	
The significance level was set at α	=	0.05.
Abbreviations:	AUCinf,	AUC	from	time	zero	to	infinity;	AUCt0−tlast

	area	under	the	plasma	concentration–time	curve	from	time	zero	to	the	last	sampled	
time	point;	CI,	confidence	interval;	Cmax,	peak	plasma	concentration	of	the	drug;	SD,	standard	deviation;	Tmax,	time	needed	to	achieve	Cmax.
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R-PZQ	(Figure	5).	However,	with	a	limitation	of	lack	of	knowledge	
of the actual concentration of the drug that is presented to the 
drug	metabolizing	enzymes	in	the	liver	which	might	be	different	
from the Cmax observed in plasma and this might not reflect the 
absorbed drug entering the liver through the hepatic portal vein 
and	the	fraction	unbound	in	plasma.	The	maximum	plasma	con-
centration (Cmax)	and	AUC	obtained	from	the	in	vivo	pharmaco-
kinetic	study	was	0.16	µg/mL	and	2.4	µg/mL	×	h	for	R-PZQ	and	
0.54	 µg/mL	 3.3	 µg/mL	 ×	 h	 for	 S-PZQ,	 respectively.	 The	 phar-
macokinetic parameters obtained in our study are comparable 
to those reported in literature. The Cmax	is	given	as	0.16	µg/mL	
and	0.52	µg/mL	for	R-	and	S-PZQ,	respectively,	from	a	previous	
study.8,28	The	bioavailability	of	R-PZQ	is	considerably	 less	than	
that	of	S-PZQ.	The	co-administration	with	the	CYP3A4/5	inhib-
itor	KTZ	only	 increased	 the	exposure	of	 the	 ineffective	S-PZQ	
(68%)	but	not	R-PZQ	(9%).	Previous	studies	have	observed	that	
R-PZQ	is	100-1000	times	more	potent	 in	terms	of	anti-schisto-
somal activity and hence therapeutic effect.8,33 The increased 
exposure	of	S-PZQ	is,	therefore,	not	likely	to	result	in	increased	
efficacy	but	 rather	a	 risk	 for	 increased	toxicity.	Caution	should	
be	taken	when	PZQ	is	dosed	with	CYP3A4	inhibitors.	Although	
our	in	vivo	study	did	not	predict	any	significant	DDI	with	R-PZQ,	
values	for	S-PZQ	where,	however,	significant	as	indicated	by	the	
90%	 of	 the	 geometric	 mean	 ratio	 which	 was	 outside	 the	 FDA	
80-125.

In	 this	 study	we	 characterized	 the	 enantiomer	 selective	me-
tabolism	of	PZQ.	R-PZQ	being	mainly	metabolized	by	CYP1A2	and	
CYP2C19,	 whereas	 S-PZQ	was	mainly	 metabolized	 by	 CYP2C19	

and	CYP3A4.	This	finding	adds	to	our	knowledge	of	the	potential	
metabolic	basis	of	inter-individual	variation	in	R-	and	S-PZQ	expo-
sure and resulting efficacy. It also provides a mechanistic basis of 
observed	DDI	when	other	drugs	are	co-administered	with	PZQ	and	
the	possible	implications	of	such	DDI	for	PZQ	efficacy	and	safety.
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