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Abstract
The	 aim	 of	 this	 study	 was	 to	 search	 for	 associations	 of	 genetic	 variants	 with	
celiprolol	pharmacokinetics	in	a	large	set	of	pharmacokinetic	genes,	and,	more	
specifically,	in	a	set	of	previously	identified	candidate	genes	ABCB1,	SLCO1A2,	
and	 SLCO2B1.	 To	 this	 end,	 we	 determined	 celiprolol	 single-	dose	 (200  mg)	
pharmacokinetics	 and	 sequenced	 379	 pharmacokinetic	 genes	 in	 195	 healthy	
volunteers.	Analysis	with	46,064	common	sequence	variants	 in	 the	379	genes	
did	not	identify	any	novel	genes	associated	with	celiprolol	exposure.	The	can-
didate	gene	analysis	showed	that	the	ABCB1	c.3435T>C	and	c.2677T/G>A,	and	
the	SLCO1A2	c.516A>C	variants	were	associated	with	reduced	celiprolol	area	
under	 the	plasma	concentration-	time	curve	 (AUC0–∞).	An	alternative	analysis	
with	ABCB1	haplotypes	showed	that,	in	addition	to	SLCO1A2	c.516A>C,	three	
ABCB1	haplotypes	were	associated	with	reduced	celiprolol	AUC0–∞.	A	genotype	
scoring	 system	 was	 developed	 based	 on	 these	 variants	 and	 applied	 to	 stratify	
the	participants	to	low	and	high	celiprolol	exposure	genotype	groups.	The	mean	
AUC0–∞	of	celiprolol	in	the	low	exposure	genotype	group	was	55%	of	the	mean	
AUC0–∞	in	the	high	exposure	group	(p = 1.08 × 10−11).	In	addition,	the	results	
showed	gene-	gene	interactions	in	the	effects	of	SLCO1A2	and	ABCB1	variants	on	
celiprolol	AUC0–∞	(p < 5 × 10−6)	suggesting	an	interplay	between	organic	anion	
transporting	polypeptide	1A2	and	P-	glycoprotein	in	celiprolol	absorption.	Taken	
together,	 these	data	 indicate	 that	P-	glycoprotein	and	organic	anion	 transport-
ing	 polypeptide	 1A2	 play	 a	 role	 in	 celiprolol	 pharmacokinetics.	 Furthermore,	
patients	with	ABCB1	and	SLCO1A2	genotypes	associated	with	low	celiprolol	ex-
posure	may	have	an	increased	risk	of	poor	blood-	pressure	lowering	response	to	
celiprolol.
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INTRODUCTION

Celiprolol	 is	 a	 selective	 β1-	adrenoceptor	 antagonist	 for	
treatment	of	hypertension.1,2	It	also	mild	partial	β2-	agonist	
and	 vasodilator	 properties.	 Celiprolol	 is	 administered	 as	
a	 racemic	 mixture	 of	 two	 enantiomers:	 R-	celiprolol	 and	
S-	celiprolol.	 The	 plasma	 exposure	 to	 celiprolol	 exhibits	
considerable	 interindividual	 variability,	 with	 one	 study	
showing	33-	fold	variability	in	the	peak	plasma	concentra-
tion	(Cmax)	of	celiprolol	 following	a	200 mg	oral	dose	 in	
healthy	volunteers.3	The	usual	celiprolol	dose	 is	200 mg	
once	 daily.	 The	 proportion	 of	 patients	 achieving	 target	
blood	pressure	increases	along	with	the	dose	and	a	higher	
dose	of	400 mg	is	recommended	if	the	response	is	insuffi-
cient.4	These	data	suggest	that	the	blood	pressure-	lowering	
effect	 of	 celiprolol	 is	 dose-		 and	 exposure-	dependent.	 In	
addition,	although	celiprolol	is	usually	well-	tolerated,	the	
risk	of	hypotension	and	other	adverse	effects	may	increase	
along	with	the	exposure.

Celiprolol	 is	 a	 hydrophilic	 molecule	 with	 negligi-
ble	metabolism	in	humans.1,2	It	has	a	dose-	dependent	
oral	 bioavailability	 ranging	 from	 30%	 after	 a	 100  mg	
dose	 to	 70%	 after	 a	 400  mg	 dose.	 This	 suggests	 there	
is	 a	 saturable	 efflux	 process	 in	 the	 absorption	 phase.	
Approximately	10%	of	a	200 mg	oral	celiprolol	dose	is	
excreted	 unchanged	 into	 urine,	 with	 the	 renal	 clear-
ance	indicating	active	excretion.3	In	vitro	studies	have	
suggested	 that	 celiprolol	 is	 a	 substrate	 of	 the	 efflux	
transporter	P-	glycoprotein	(P-	gp;	encoded	by	ABCB1).5	
In	 addition,	 the	 influx	 transporters	 organic	 anion	

transporting	 polypeptide	 1A2	 (OATP1A2;	 encoded	 by	
SLCO1A2)	and	OATP2B1	(encoded	by	SLCO2B1)	have	
transported	 celiprolol	 in	 vitro.6,7	 These	 transporters	
have	been	suggested	to	be	expressed	in	various	tissues,	
including	intestine,	liver,	and/or	kidneys,8,9	indicating	
that	they	might	play	a	role	in	the	absorption	and	dispo-
sition	of	celiprolol.

Several	 studies	 have	 investigated	 the	 associations	 of	
ABCB1	variants,	for	example,	the	synonymous	c.3435T>C	
single	nucleotide	variation	(SNV),	with	the	pharmacoki-
netics	of	P-	gp	substrates	but	the	results	have	been	partly	
contradictory.10	 The	 mechanism	 underlying	 the	 associa-
tions	of	the	c.3435T>C	(rs1045642;	p.Ile1145=)	SNV	with	
drug	 pharmacokinetics	 remains	 to	 be	 fully	 elucidated.	
The	c.3435T	allele	has	previously	been	associated	with	a	
reduced	duodenal	and	hepatic	expression	of	the	P-	gp.11,12	
Other	 studies,	 however,	 failed	 to	 replicate	 these	 find-
ings.13,14	The	associations	of	SLCO1A2	and	SLCO2B1	vari-
ants	on	the	pharmacokinetics	of	OATP1A2	and	OATP2B1	
substrates	have	not	been	as	widely	investigated	as	the	as-
sociations	 of	 ABCB1	 variants.	Their	 clinical	 significance	
also	remains	to	be	clarified.

Few	relatively	small	studies	have	investigated	the	asso-
ciation	of	genetic	variants	with	celiprolol	pharmacokinet-
ics,	but	comprehensive	studies	are	lacking.	In	one	study,	
individuals	 homozygous	 for	 the	 SLCO2B1	 c.1457C>T	
(rs2306168;	 p.Ser486Phe)	 SNV	 had	 50%	 smaller	 area	
under	the	plasma	concentration	time	curve	(AUC)	of	ce-
liprolol	 than	 individuals	 homozygous	 for	 the	 reference	
allele,	but	the	difference	was	not	statistically	significant.7	

Study Highlights
WHAT	IS THE CURRENT KNOWLEDGE ON THE TOPIC?
High	 interindividual	 variability	 exists	 in	 the	 pharmacokinetics	 of	 celiprolol.	
There	are	no	comprehensive	studies	evaluating	how	variability	in	pharmacoki-
netic	genes	associates	with	celiprolol	exposure.
WHAT	QUESTION DID THIS STUDY ADDRESS?
This	study	searched	for	associations	of	genetic	variants	with	celiprolol	pharma-
cokinetics	in	a	large	set	of	pharmacokinetic	genes,	and,	more	specifically,	in	a	set	
of	previously	identified	candidate	genes	ABCB1,	SLCO1A2,	and	SLCO2B1.
WHAT	DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This	study	showed	that	genetic	variants	in	ABCB1	and	SLCO1A2	are	associated	
with	celiprolol	pharmacokinetics.	Based	on	the	results,	a	genotype	scoring	system	
was	developed	and	applied	to	stratify	the	participants	to	low	and	high	celiprolol	
exposure	genotype	groups.
HOW	 MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
This	knowledge	might	aid	in	identifying	individuals	with	increased	risk	of	insuf-
ficient	celiprolol	exposure	and	therapeutic	failure.	Furthermore,	the	data	suggest	
an	interplay	between	OATP1A2	and	P-	gp	in	the	small	intestine,	which	may	be	
relevant	also	for	other	drugs	that	are	substrates	of	both	of	these	transporters.
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In	addition,	 the	ABCB1	 c.3435T>C	SNV	was	not	associ-
ated	 with	 celiprolol	 plasma	 concentrations	 in	 one	 small	
study	 investigating	 the	 effects	 of	 rifampin	 on	 celiprolol	
pharmacokinetics.15	The	aim	of	this	study	was	to	search	
for	 associations	 of	 genetic	 variants	 with	 celiprolol	 phar-
macokinetics	in	a	large	set	of	pharmacokinetic	genes,	and,	
more	specifically,	 in	a	set	of	previously	 identified	candi-
date	genes	ABCB1,	SLCO1A2,	and	SLCO2B1.

METHODS

A	total	of	195	healthy	unrelated	White	Finnish	volunteers	
participated	 in	 the	 study	 after	 giving	 written	 informed	
consent.	 Their	 health	 was	 confirmed	 by	 medical	 history,	
clinical	 examination,	 and	 laboratory	 tests.	 Participants	
were	not	on	any	continuous	medication	nor	were	tobacco	
smokers.	The	intake	of	alcohol	was	prohibited	1 day	before	
celiprolol	administration,	on	the	study	day,	and	on	the	fol-
lowing	blood	sampling	day.	The	study	was	approved	by	the	
Coordinating	Ethics	Committee	of	the	Hospital	District	of	
Helsinki	and	Uusimaa	(record	number	267/13/03/00/2011)	
and	the	Finnish	Medicines	Agency	Fimea	(EudraCT	num-
ber	2011-	004645-	40).	Of	the	participants,	96	were	women	
and	99	men.	Their	mean	±	SD	age	was	23	±	4 years,	height	
174	±	9 cm,	body	weight	69	±	12 kg,	body	mass	index	22.8	
±	2.5 kg/m2,	lean	body	weight	(LBW)	54	±	9 kg,	and	body	
surface	area	(BSA)	1.83	±	0.20 m2.	LBW	and	BSA	were	cal-
culated	as	described	previously.16,17

Celiprolol pharmacokinetics and 
pharmacodynamics

After	an	overnight	fast,	each	participant	ingested	a	200 mg	
dose	 of	 racemic	 celiprolol	 (Selectol;	 Leiras,	 Helsinki,	
Finland)	 with	 150  ml	 of	 water	 at	 8	 a.m.	 Standardized	
meals	were	served	at	4,	7,	and	10 h	after	celiprolol	inges-
tion.	Timed	blood	samples	 (4–	9 ml	each)	were	collected	
to	 light-	protected	 ethylenediaminetetraacetic	 acid	 tubes	
prior	to	and	0.5,	1,	1.5,	2,	3,	4,	5,	7,	9,	12,	and	24 h	after	
celiprolol	administration.	Tubes	were	immediately	placed	
on	ice.	Plasma	was	separated	within	30 min	and	stored	at	
−70°C	until	analysis.

Plasma	samples	were	processed	as	previously	described	
with	minor	modifications.18	Briefly,	an	aliquot	of	0.3 ml	
of	 plasma,	 0.1  ml	 of	 internal	 standard	 (50  ng/ml	 deute-
rium	labeled	celiprolol	in	water)	and	50	µl	of	1 M	sodium	
hydroxide	 were	 mixed	 prior	 to	 extraction	 with	 3  ml	 of	
methyl-	tert-	butyl	ether.	The	organic	phase	was	separated	
and	evaporated	to	dryness,	and	celiprolol	was	derivatized	
using	0.1 ml	of	(R)-	1-	(1-	naphthyl)ethyl	isocyanate	(0.005%	
in	hexane-	isopropanol	95:5	v/v).	The	sample	extract	was	

then	incubated	for	30 min	at	room	temperature	and	recon-
stituted	in	0.1 ml	of	45%	acetonitrile.

Quantification	 of	 celiprolol	 enantiomers	 was	 carried	
out	on	an	API	3000	liquid	chromatography-	tandem	mass	
spectrometer	 interfaced	 with	 an	 electrospray	 ion	 source	
(AB	Sciex).

The	separation	of	R-	celiprolol	and	S-	celiprolol	was	per-
formed	on	a	Kinetex	2.1	×	100 mm,	2.6 μm	(Phenomenex)	
analytical	 column	 protected	 by	 a	 KrudKatcher	 Ultra	 in-	
line	 filter	 (Phenomenex).	The	 mobile	 phase	 consisted	 of	
a	mixture	of	aqueous	solution	of	10 mM	ammonium	for-
mate	 adjusted	 to	 pH	 4	 with	 98%	 formic	 acid	 (solvent	 A)	
and	acetonitrile	(solvent	B).	Initial	eluent	composition	of	
solvent	B	was	30%	followed	by	a	linear	ramp	over	8 min	
to	 80%	 B,	 which	 was	 maintained	 for	 1  min	 prior	 to	 the	
equilibration	step	back	to	30%	B.	The	column	temperature	
and	the	mobile	phase	flow	rate	were	maintained	at	30°C	
and	0.2 ml/min.	The	mass	spectrometer	was	operated	 in	
positive	multiple	reaction	monitoring	(MRM)	mode	using	
the	mass-	to-	charge	 (m/z)	 transitions	577	 to	380	 (celipro-
lol)	and	586	to	389	(celiprolol-	D9)	for	 the	quantification.	
The	 lower	 limit	 of	 quantification	 for	 R-	celiprolol	 and	 S-	
celiprolol	was	0.25 ng/ml	and	the	day-	to-	day	coefficient	of	
variation	was	below	10%	at	 relevant	 concentrations.	The	
AUC	from	0 h	to	infinity	(AUC0–∞),	Cmax,	and	elimination	
half-	life	 (t½)	 values	 were	 calculated	 for	 R-	celiprolol,	 S-	
celiprolol,	and	total	celiprolol	(calculated	from	the	sum	of	
R-	celiprolol	and	S-	celiprolol	concentration)	with	standard	
noncompartmental	 methods	 using	 Phoenix	 WinNonlin,	
version	8.2	(Certara).

Systolic	 and	 diastolic	 blood	 pressures,	 and	 heart	 rate	
were	measured	in	a	sitting	position	with	an	automatic	os-
cillometric	 blood	 pressure	 monitor	 (Omron	 Healthcare	
Europe	BV)	before	and	at	4,	12,	and	24 h	after	celiprolol	in-
gestion.	The	average	change	in	diastolic	and	systolic	blood	
pressure,	were	calculated	by	dividing	the	incremental	area	
under	the	blood	pressure-	time	curve	from	time	0	to	24 h	
with	24 h.	The	maximum	decrease	in	heart	rate	was	cal-
culated	by	subtracting	the	initial	heart	rate	at	0 h	from	the	
minimum	heart	rate	value	at	4,	12,	or	24 h.

DNA sequencing and genotyping

Genomic	 DNA	 was	 extracted	 from	 EDTA	 blood	 sam-
ples	 using	 the	 Maxwell	 16	 LEV	 Blood	 DNA	 Kit	 on	 a	
Maxwell	 16	 Research	 automated	 nucleic	 acid	 extrac-
tion	system	(Promega).	A	total	of	379	pharmacokinetic	
genes	±20 kb	were	completely	sequenced	in	the	study	
participants	 using	 targeted	 massive	 parallel	 sequenc-
ing	at	the	Technology	Centre	at	Institute	for	Molecular	
Medicine	 Finland	 (Helsinki,	 Finland)	 as	 described	
previously.19–	22	 The	 pharmacokinetic	 genes	 included	
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phase	 I	 and	 II	 metabolizing	 enzymes,	 influx	 and	 ef-
flux	 drug	 transporters,	 and	 regulatory	 proteins.23,24	
Coverage	 depth	 greater	 than	 or	 equal	 to	 10×,	 Hardy-	
Weinberg	 equilibrium	 p	 <	 3.15	 ×	 10−7	 (Bonferroni-	
correction),	and	proportion	missing	less	than	or	equal	
to	0.05	were	used	as	quality	thresholds	for	the	sequenc-
ing	data.	A	total	of	46,064	SNVs	with	minor	allele	fre-
quency	 (MAF)	 greater	 than	 or	 equal	 to	 0.05	 passed	
these	criteria	and	were	included	in	the	statistical	analy-
sis.	TaqMan	genotyping	assays	on	a	QuantStudio	12K	
Flex	Real-	Time	PCR	System	were	used	to	supplement	
individual	missing	genotypes	for	SLCO2B1	c.1457C>T	
and	 SLCO2B1	 c.601G>A	 (rs35199625,	 p.Val201Met)	
sequence	variations	(Thermo	Fisher	Scientific).

Statistical analysis

The	 number	 of	 participants	 was	 estimated	 to	 be	 suf-
ficient	to	detect	an	effect	size	of	f2	larger	than	0.2	with	
two	 predictors	 in	 multiple	 linear	 regression	 analysis,	
with	 a	 power	 greater	 than	 80%	 (Bonferroni	 corrected	
α	 level	1.09	×	10−6).	The	data	were	analyzed	with	 the	
statistical	 programs	 JMP	 Genomics	 8.2	 (SAS	 Institute	
Inc.)	 and	 IBM	 SPSS	 22.0	 for	 Windows.	 The	 pharma-
cokinetic	 variables	 were	 logarithmically	 transformed	
before	analysis.25	Sex,	and	logarithmically	transformed	
body	weight,	LBW,16	BSA,17	and	estimated	glomerular	
filtration	rate,26	were	tested	as	demographic	covariates	
for	pharmacokinetic	data	using	stepwise	linear	regres-
sion	analysis,	with	p	value	thresholds	of	0.05	for	entry	
and	 0.10	 for	 removal.	 Possible	 associations	 of	 genetic	
variants	with	pharmacokinetic	variables	were	 investi-
gated	using	linear	regression	analysis	fixed	for	signifi-
cant	demographic	covariates	with	a	stepwise	approach.	
A	Bonferroni-	corrected	p	value	threshold	of	1.09	×	10−6	
was	 used	 for	 the	 379	 gene	 and	 thresholds	 of	 0.05	 for	
entry	and	0.10	for	removal	for	the	candidate	gene	anal-
ysis.	Additive	coding	was	used	for	the	genetic	variants.	
The	pharmacokinetic	variables	of	total	celiprolol	were	
compared	between	genotype	score	groups	using	analy-
sis	 of	 variance	 adjusting	 for	 significant	 demographic	
covariates	and	pairwise	comparisons	with	the	Fisher’s	
Least	Significant	Difference	method.	A	 p	 value	below	
0.05	was	considered	statistically	significant.	Haplotype	
computations	for	the	ABCB1	gene	were	performed	with	
PHASE	version	2.1.1.27,28	SNV-	SNV	and	SNV-	haplotype	
interaction	 testing	 was	 performed	 with	 a	 regression	
testing	for	a	linear	trend	of	alleles,	with	a	p	value	below	
0.05	 considered	 statistically	 significant.	 Comparison	
of	 the	 maximum	 decrease	 in	 heart	 rate	 and	 average	
change	in	diastolic	and	systolic	blood	pressure	between	

genotype	score	groups	were	investigated	with	analysis	
of	variance,	with	baseline	values	(0 h)	as	covariates	and	
p	value	below	0.05	considered	statistically	significant.	
Pharmacokinetic	 data	 are	 given	 as	 geometric	 means	
with	geometric	coefficients	of	variation	(CV),	90%	con-
fidence	 intervals	 (CIs),	 ranges,	 or	 geometric	 SDs,	 or	
medians	with	ranges.

RESULTS

Celiprolol pharmacogenomics

Among	the	195	healthy	volunteers,	the	AUC0–∞	and	Cmax	of	
R-	celiprolol	 varied	 37-	fold	 and	 90-	fold,	 those	 of	 S-	celiprolol	
34-	fold	 and	 79-	fold,	 and	 those	 of	 total	 celiprolol	 35-	fold	
and	85-	fold,	respectively	(Table 1).	The	elimination	t½	of	R-	
celiprolol,	S-	celiprolol,	and	total	celiprolol	ranged	from	3	to	
10 h.	LBW	was	a	significant	covariate	for	all	AUC0–∞	and	Cmax	
values	and	sex	and	estimated	glomerular	filtration	rate	for	t½	
values.	These	covariates	were	used	in	all	subsequent	analyses.

To	identify	novel	genes	affecting	celiprolol	pharmacoki-
netics,	we	first	tested	the	associations	of	46,064	SNVs	with	
MAF	of	at	least	0.05	in	the	whole	set	of	379	pharmacoki-
netic	genes.	In	a	stepwise	linear	regression	analysis,	none	of	
these	 SNVs	 was	 significantly	 associated	 with	 R-	celiprolol,	
S-	celiprolol,	 or	 total	 celiprolol	 AUC0–∞	 at	 the	 Bonferroni	
corrected	significance	level	(p	=	1.09	×	10−6;	Figure 1).

Candidate gene analysis with SNVs

We	next	carried	out	a	candidate	gene	analysis	for	celiprolol	
AUC0–∞	without	correction	for	multiple	testing.	In	this	anal-
ysis,	we	included	missense	and	other	potentially	functional	
variants	with	MAF	of	greater	than	or	equal	to	0.01	in	genes	
suggested	to	be	involved	in	celiprolol	pharmacokinetics	(i.e.,	
ABCB1,	SLCO1A2,	and	SLCO2B1;	Table S1,	Figure 1).	In	the	
analysis,	 SLCO1A2	 c.516A>C	 (rs11568563,	 p.Glu172Asp),	
ABCB1	 c.3435T>C,	 and	 ABCB1	 c.2677T/G>A	 (rs2032582,	
p.Ser/Ala893Thr)	 were	 associated	 with	 reduced	 AUC0–∞	
of	 R-	celiprolol,	 S-	celiprolol,	 and	 total	 celiprolol	 (Table  2).	
According	to	the	linear	regression	models,	the	AUC0–∞	val-
ues	were	25%	smaller	(p	<	5	×	10−4)	per	copy	of	the	SLCO1A2	
c.516A>C	minor	allele,	13%	smaller	(p	<	5	×	10−3)	per	copy	
of	the	ABCB1	c.3435T>C	minor	allele,	and	21–	22%	smaller	
per	copy	of	the	ABCB1	c.2677T/G>A	minor	allele	(p	<	0.05).	
The	association	of	the	c.2677A	allele	was	not,	however,	sig-
nificant	after	correction	for	multiple	 testing.	The	effects	of	
SLCO1A2	c.516A>C	and	ABCB1	c.3435T>C	SNVs	on	celipr-
olol	AUC0–∞	showed	a	statistically	significant	interaction	(p	
=	1.18	×	10−6)	in	the	SNV-	SNV	interaction	test.
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ABCB1 linkage disequilibrium and 
haplotype analysis

We	 next	 investigated	 the	 linkage	 disequilibrium	 profile	 of	
the	 ABCB1	 SNVs	 included	 in	 the	 candidate	 gene	 analysis	
(Figure 2).	The	c.3435T>C	synonymous	variant	was	in	a	rel-
atively	 strong	 linkage	 disequilibrium	 with	 the	 synonymous	
variant	c.1236T>C	(r2	=	0.40,	p	=	9.88	×	10−19)	and	with	the	
G	allele	of	the	tri-	allelic	missense	variant	c.2677T>G/A	(r2	=	
0.54,	p	=	9.18	×	10−25).	The	A	allele	of	c.2677T>G/A	was	in	
a	significant	linkage	disequilibrium	with	the	c.1236T>C	SNV,	
but	their	correlation	was	weak	because	the	A	allele	is	rare	(r2	=	
0.04,	p	=	4.35	×	10−3).

Previous	studies	have	suggested	that	ABCB1	haplotypes	
rather	than	SNVs	affect	P-	gp	function.10	Therefore,	we	com-
puted	haplotypes	using	ABCB1	SNVs	included	in	the	can-
didate	gene	analysis.	A	total	of	12	ABCB1	haplotypes	were	
inferred	in	the	analysis	(Figure 2).	The	c.3435C	minor	allele	
was	present	in	six	haplotypes,	for	example,	in	the	most	fre-
quent	haplotype	that	included	also	the	minor	alleles	c.1236C	
and	c.2677G	(n	=	121;	H2).	The	c.2677A	allele	was	present	in	
two	haplotypes;	one	of	them	included	c.2677A	with	minor	
alleles	c.1236C	and	c.3435C	(n = 9;	H8)	and	the	other	one	
included	c.2677A	with	minor	allele	c.1236C	(n	=	6;	H9).

Candidate gene analysis with 
ABCB1 haplotypes

To	investigate	the	effects	of	ABCB1	haplotypes	on	celipr-
olol	 AUC0–∞	 values,	 we	 repeated	 the	 candidate	 gene	
analysis	 using	 the	 10	 inferred	 haplotypes	 with	 MAF	
greater	 than	 or	 equal	 to	 0.01	 (Figure  2).	 In	 addition	 to	
SLCO1A2	 c.516A>C,	 the	 ABCB1	 H8	 (including	 minor	
alleles	 c.1236C-	c.2677A-	c.3435C),	H2	 (c.1236C-	c.2677G-	
c.3435C),	 and	 H7	 (c.1236C)	 haplotypes	 were	 associated	
with	reduced	AUC	of	R-	celiprolol,	S-	celiprolol,	and	total	
celiprolol	(Table 2).	Of	these,	 the	H8	haplotype	had	the	
largest	effect	size	and	the	strongest	association;	the	hap-
lotype	was	associated	with	41–	42%	reduced	AUC	values	
per	copy	(p	<	5	×	10−4).	The	associations	of	the	H2	and	
H7	 haplotypes	 were	 not	 significant	 after	 correction	 for	
multiple	 testing.	The	effects	of	 the	SLCO1A2	 c.516A>C	
SNV	and	the	ABCB1	H2	haplotype	on	celiprolol	AUC0–∞	
showed	 a	 statistically	 significant	 interaction	 (p	 =	 1.68	
×	 10−7)	 in	 the	 interaction	 test.	 In	 addition,	 the	 ABCB1	
H7	 haplotype	 showed	 a	 statistically	 significant	 interac-
tion	with	SLCO1A2	c.516A>C	(p	=	3.5	×	10−6),	but	only	
three	 participants	 carried	 these	 alleles	 concomitantly	
(Figure 3).

T A B L E  1 	 Pharmacokinetic	variables	of	R-	celiprolol,	S-	celiprolol,	and	total	celiprolol	in	195	healthy	volunteers	and	the	effects	of	
significant	demographic	covariates	on	these	variables

Variable
Geometric mean 
(90% CI) CV Range

Demographic 
covariate Effect (90% CI)b p value

R-	celiprolol

Cmax	(ng/ml) 317	(296,	340) 64% 9.3–	828 LBW −9.6%	(−12.8%,	−6.2%) 1.02	×	10−5

Tmax	(h)a 4 –	 0.5–	7 –	

AUC0-∞	(ng·h/ml) 1619	(1531,	1713) 50% 99–	3625 LBW −8.6%	(−11.2%,	−5.9%) 1.03	×	10−6

t½	(h) 4.3	(4.2,	4.4) 16% 3.2–	10 Sex −10.5%	(−13.5%,	−7.4%) 2.57	×	10−7

eGFR 2.5%	(4.0%,	1.0%) 6.69	×	10−3

S-	celiprolol

Cmax	(ng/ml) 307	(287,	329) 64% 10–	802 LBW −9.3%	(−12.5%,	−5.9%) 2.13	×	10−5

Tmax	(h)a 4 –	 0.5–	7 –	

AUC0-∞	(ng·h/ml) 1642	(1552,	1737) 51% 108–	3705 LBW −8.3%	(−11.0%,	−5.6%) 2.69	×	10−6

t½	(h) 4.7	(4.7,	4.8) 16% 3.4–	10 Sex −11.9%	(−14.8%,	−9.0%) 1.51	×	10−9

eGFR 3.0%	(4.4%,	1.5%) 9.27	×	10−4

Total	celiprolol

Cmax	(ng/ml) 624	(582,	669) 64% 19–	1630 LBW −9.4%	(−12.7%,	−6.0%) 1.48	×	10−5

Tmax	(h)a 4 –	 0.5–	7 –	

AUC0-∞	(ng·h/ml) 3262	(3084,	3450) 51% 207–	7330 LBW −8.5%	(−11.1%,	−5.7%) 1.64	×	10−6

t½	(h) 4.5	(4.5,	4.6) 16% 3.3–	10 Sex −11.4%	(−14.2%,	−8.4%) 8.25	×	10−9

eGFR 2.7%	(4.2%,	1.3%) 2.22	×	10−3

Abbreviations:	AUC0-∞,	area	under	the	plasma	concentration-	time	curve	from	0 h	to	infinity;	CI,	confidence	interval;	Cmax,	peak	plasma	concentration;	CV,	
geometric	coefficient	of	variation;	eGFR,	estimated	glomerular	filtration	rate;	LBW,	lean	body	weight;	Tmax,	concentration	peak	time;	t½,	elimination	half-	life.
aTmax	data	given	as	median.
bPer	10%	increase	in	LBW	and	per	10%	decrease	in	eGFR;	Sex:	women	vs.	men.
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Genotype score

The	effects	of	the	SNVs	and	haplotypes	were	nearly	iden-
tical	for	celiprolol	enantiomers	and	the	pharmacokinetic	
variables	 of	 the	 enantiomers	 did	 not	 significantly	 differ	
from	each	other.	Thus,	for	clarity,	all	further	analyses	were	
carried	out	for	total	celiprolol	only.	To	predict	total	celipr-
olol	AUC0–∞	in	individuals	with	different	combinations	of	
the	SLCO1A2	c.516A>C	SNV	and	ABCB1	haplotypes,	we	
calculated	genotype	scores	(GS)	using	the	candidate	gene	
linear	regression	model	using	ABCB1	haplotypes	with	the	
following	equation:

where	 n	 is	 the	 number	 of	 variant	 alleles	 (0,	 1,	 or	 2)	 of	
SLCO1A2	c.516A>C	or	number	of	ABCB1	haplotype	(0,	1,	
or	2)	(Figure 3).	Genotype	score	is	1.00	in	individuals	who	

carry	neither	SLCO1A2	c.516C	allele	nor	any	of	the	associ-
ated	ABCB1	haplotypes.	For	others,	the	score	shows	the	pre-
dicted	fold	difference	in	celiprolol	AUC0–∞	compared	to	1.00.

Next,	we	determined	a	genotype	score	cutoff	value	for	
optimal	differentiation,	defined	as	the	strongest	statisti-
cal	 significance,	 between	 individuals	 with	 a	 lower	 and	
higher	exposure	 to	celiprolol.	The	optimal	 cutoff	 value	
was	 0.670	 (Figure  3).	 The	 geometric	 mean	 Cmax	 of	 ce-
liprolol	was	49%	lower	(p	=	1.07	×	10−9)	and	AUC	45%	
smaller	 (p	 =	 1.08	 ×	 10−11)	 in	 the	 group	 of	 individuals	
with	a	genotype	score	less	than	0.670	than	in	the	group	
with	 a	 genotype	 score	 greater	 than	 or	 equal	 to	 0.670	
(Table 3,	Figures 3,	4).	A	genotype	score	calculated	with	
ABCB1	SNVs	instead	of	haplotypes	performed	similarly	
well	 in	 identifying	 individuals	 with	 low	 celiprolol	 ex-
posure	 (Table  S2,	 Figure	 S1).	 The	 maximum	 decrease	
in	 heart	 rate	 or	 average	 change	 in	 diastolic	 or	 systolic	
blood	pressure	were	not	significantly	different	between	
the	low	and	high	exposure	groups	defined	either	by	the	

GSceliprolol = 0.58n(ABCB1 H8)×0.77n(SLCO1A2 c.516A>C)

× 0.87n(ABCB1 H2) ×0.77n(ABCB1 H7)

F I G U R E  1  The	associations	of	46,064	SNVs	in	379	pharmacokinetic	genes	with	R-	celiprolol	(a),	S-	celiprolol	(b),	and	total	celiprolol	(c)	
AUC0–∞	adjusting	for	LBW.	The	Y-	axes	describe	the	negative	logarithm	of	the	p	value	for	each	SNV	and	the	horizontal	lines	indicate	the	
Bonferroni-	corrected	significance	level	of	1.09	×	10−6.	The	X-	axes	show	individual	SNVs	grouped	by	protein	function.	The	associations	of	
SNVs	(MAF	≥	0.05)	in	SLCO1A2	(d),	ABCB1	(e),	and	SLCO2B1	(f)	with	total	celiprolol	AUC0–∞.	The	Y-	axes	describe	the	negative	logarithm	
of	the	p	value	for	each	SNV	and	the	X-	axes	show	the	chromosomal	positions	(GRCh37/hg19	assembly).	The	blue	to	red	scale	shows	the	
effect	size	(%)	of	each	SNV	per	copy	of	the	minor	allele.	AUC0–∞,	area	under	the	plasma	concentration-	time	curve	from	0	to	infinity;	LBW,	
lean	body	weight;	MAF,	minor	allele	frequency;	SNV,	single	nucleotide	variation

(a) R-celiprolol (b) S-celiprolol (c) Total celiprolol 

(d) ABCB1  SNVs (e) SLCO1A2  SNVs (f) SLCO2B1 SNVs
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haplotype	 or	 the	 SNV-	based	 genotype	 score	 (data	 not	
shown).

DISCUSSION

This	 study	 searched	 for	 associations	 of	 genetic	 variants	
with	 celiprolol	 pharmacokinetics	 in	 a	 large	 set	 of	 phar-
macokinetic	 genes,	 and,	 more	 specifically,	 in	 a	 set	 of	
previously	identified	candidate	genes	in	195	healthy	vol-
unteers.	 No	 variants	 in	 novel	 genes	 affecting	 celiprolol	
exposure	were	identified,	but	the	candidate	gene	analysis	

indicates	 that	 SNVs	 and	 haplotypes	 in	 the	 ABCB1	 and	
SLCO1A2	 genes	 are	 associated	 with	 a	 reduced	 AUC	 of	
celiprolol.	A	scoring	system	was	developed	on	the	basis	of	
the	associated	ABCB1	and	SLCO1A2	variants	and	applied	
to	determine	a	genotype	score	cutoff	value	to	stratify	the	
participants	to	low	and	high	celiprolol	exposure	genotype	
groups.	The	mean	AUC	of	celiprolol	in	the	low	exposure	
genotype	group	was	about	half	of	 that	 in	 the	high	expo-
sure	genotype	group.

Celiprolol	 is	 a	 substrate	 of	 the	 influx	 transporters	
OATP1A2	and	OATP2B1	as	well	as	the	efflux	transporter	
P-	gp	 in	 vitro.5–	7	 In	 vivo,	 the	 P-	gp	 inhibitor	 itraconazole	

F I G U R E  2  (a)	Linkage	
disequilibrium	of	missense	and	potentially	
functional	variants	of	the	ABCB1	gene.	(b)	
ABCB1	haplotypes	inferred	with	missense	
and	potentially	functional	variants.	
Synonymous	variants	are	depicted	in	
green	and	missense	variants	in	red	or	
yellow
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F I G U R E  3  Associations	of	total	celiprolol	AUC0–∞	with	genotype	scores	calculated	with	SLCO1A2	c.516A>C	and	ABCB1	haplotypes.	
(a)	The	total	celiprolol	geometric	mean	AUC0–∞	ratios	between	groups	below	and	above	each	genotype	score	limit	(circles)	and	respective	p	
values	(triangles).	The	arrow	depicts	the	optimal	cutoff	value.	(b)	Genotype	scores	(GS)	for	individuals	with	different	genotype	combinations.	
ABCB1	and	SLCO1A2	reference	genotypes	are	depicted	with	white,	heterozygous	with	gray,	and	homozygous	variant	genotypes	with	black	
rectangles.	(c)	The	LBW-	adjusted	AUC0–∞	values	of	total	celiprolol	grouped	by	genotype	scores.	The	0,	1,	and	2	indicate	the	number	of	
ABCB1	haplotype	copies.	The	black	lines	in	the	gray	areas	depict	the	geometric	mean	and	dashed	lines	the	±	geometric	SD	AUC0–∞	values	
for	genotype	score	groups	below	and	above	the	cutoff	limit.	AUC0–∞,	area	under	the	plasma	concentration-	time	curve	from	0	to	infinity;	
LBW,	lean	body	weight
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has	increased	and	the	P-	gp	inducer	rifampin	(INN,	rifam-
picin)	has	reduced	celiprolol	plasma	concentrations.15,29	
In	addition,	grapefruit	juice,	orange	juice,	and	green	tea	
have	 significantly	 reduced	 celiprolol	 plasma	 concentra-
tions	 possibly	 by	 inhibiting	 intestinal	 OATP1A2	 and/or	
OATP2B1	 transporters.7,29–	33	 To	 investigate	 the	 roles	 of	
P-	gp,	OATP1A2,	and	OATP2B1	in	celiprolol	pharmacoki-
netics,	we	carried	out	a	candidate	gene	analysis	with	their	
missense	 variants	 and	 other	 potentially	 functional	 vari-
ants.	 The	 results	 showed	 that	 the	 SLCO1A2	 c.516A>C,	
ABCB1	c.3435T>C,	and	ABCB1	c.2677T/G>A	SNVs	were	
associated	with	a	reduced	AUC	of	celiprolol.	No	associa-
tions	were	found	with	SLCO2B1	SNVs.	Thus,	the	candi-
date	gene	analysis	corroborates	the	previous	in	vitro	and	

in	 vivo	 studies	 indicating	 that	 P-	gp	 and	 OATP1A2	 play	
a	role	in	celiprolol	pharmacokinetics.	The	data	therefore	
also	support	celiprolol	as	a	potential	 index	substrate	for	
P-	gp-		and/or	OATP1A2-	mediated	drug	interactions.

The	ABCB1	c.3435T>C	SNV	is	a	synonymous	variant	
with	 a	 high	 minor	 allele	 frequency,	 0.39	 in	 this	 study.	
Previously,	 studies	 on	 this	 variant	 have	 commonly	 re-
ported	 the	 effects	 of	 the	 c.3435T	 allele	 on	 the	 pharma-
cokinetics	 of	 P-	gp	 substrates.10	 In	 the	 present	 study,	 the	
c.3435C	 allele	 was,	 however,	 the	 minor	 allele	 and	 thus	
the	results	of	the	regression	analyses	relate	to	the	effects	
of	the	C	allele.	Accordingly,	the	c.3435C	allele	was	asso-
ciated	with	a	modestly	reduced	exposure	to	celiprolol.	In	
accordance	with	our	results,	 the	c.3435T	allele	has	been	
associated	 with	 increased	 exposure	 to	 P-	gp	 substrates,	
such	as	digoxin,	cyclosporine,	and	fexofenadine,	although	
the	 results	 have	 not	 always	 been	 reproducible.10,11,34,35	
Moreover,	 one	 study	 reported	 a	 genomewide	 significant	
association	 of	 the	 intronic	 ABCB1	 rs4148738	 SNV	 with	
dabigatran	pharmacokinetics,	with	12%	 increase	 in	Cmax	
per	copy	of	each	minor	allele.36	The	minor	allele	of	 this	
SNV	is	in	a	relatively	strong	linkage	disequilibrium	with	
the	c.3435T	allele.	Altogether,	the	balance	of	evidence	sug-
gests	that	the	c.3435T>C	SNV	associates	with	the	pharma-
cokinetics	of	P-	gp	substrates,	although	the	magnitude	of	
the	effect	is	relatively	small.

In	addition	to	the	c.3435T>C	SNV,	the	A	allele	of	the	
tri-	allelic	 ABCB1	 c.2677T>G/A	 missense	 SNV	 was	 asso-
ciated	with	21%	reduced	celiprolol	AUC	in	the	candidate	
gene	SNV	analysis.	The	frequency	of	the	A	allele	was	rela-
tively	low,	0.04,	and	association	of	the	allele	with	celiprolol	
AUC	was	not	significant	after	correction	for	multiple	test-
ing.	In	vitro,	the	c.2677A	allele,	has	significantly	increased	
the	transport	of	the	P-	gp	substrate	vincristine.37	Due	to	the	
rarity	of	the	A	allele,	its	effects	have	not	been	widely	char-
acterized	in	vivo.	Nevertheless,	the	plasma	concentrations	
of	fexofenadine	have	been	significantly	lower	in	carriers	of	
the	c.2677A/A-	c.3435C/C	genotype	than	in	noncarriers.34	

T A B L E  3 	 Pharmacokinetic	variables	of	total	celiprolol	in	subjects	with	SLCO1A2	c.516A>C	and	ABCB1	haplotype-	based	genotype	
scores	<0.670	and	≥0.670

Variable

Geometric mean (90% CI)

Geometric mean ratio 
(90% CI) p value

Genotype score <0.670; 
n = 27

Genotype score ≥0.670; 
n = 168

Cmax	(ng/ml) 347	(294,	408) 686	(643,	732) 0.51	(0.42,	0.60) 1.07	×	10−9

Tmax	(h)a 4	(0.5–	5) 4	(0.5–	7) 0.470

AUC0–∞	(ng·h/ml) 1937	(1704,	2202) 3548	(3370,	3733) 0.55	(0.48,	0.63) 1.08	×	10−11

t½	(h) 4.8	(4.6,	5.0) 4.5	(4.4,	4.6) 1.07	(1.02,	1.12) 0.013

The	Cmax	and	AUC0–∞	data	are	adjusted	for	lean	body	weight	and	t½	data	for	sex	and	estimated	glomerular	filtration	rate.
Abbreviations:	AUC0–∞,	area	under	the	plasma	concentration-	time	curve	from	0 h	to	infinity;	CI,	confidence	interval;	Cmax,	peak	plasma	concentration;	Tmax	
concentration	peak	time;	t½,	elimination	half-	life.
aTmax	is	given	as	median	with	range.

F I G U R E  4  Geometric	mean	(90%	CI)	LBW-	adjusted	plasma	
concentrations	of	celiprolol	after	a	single	200 mg	oral	dose	of	
celiprolol	in	195	healthy	volunteers	with	different	combinations	of	
SLCO1A2	c.516A>C	and	ABCB1	haplotypes.	The	inset	depicts	the	
same	data	on	a	semilogarithmic	scale.	The	volunteers	were	grouped	
according	to	the	genotype	score	(GS)	limit	0.670:	GS	<	0.670	(n	=	
27)	and	GS	≥	0.670	(n	=	168).	CI,	confidence	interval;	LBW,	lean	
body	weight
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Furthermore,	 paclitaxel	 clearance	 has	 been	 significantly	
higher	in	patients	carrying	the	c.2677G/A	genotype	than	
in	noncarriers.38

Previous	 studies	 have	 suggested	 that	 ABCB1	 haplo-
types	rather	than	SNVs	affect	P-	gp	function.10	Therefore,	
to	 investigate	 whether	 the	 effects	 of	 ABCB1	 haplotypes	
differ	 from	 the	 effects	 of	 SNVs,	 we	 carried	 out	 an	 addi-
tional	candidate	gene	analysis	with	the	ABCB1	haplotypes.	
Three	 haplotypes	 were	 associated	 with	 reduced	 AUC	 of	
celiprolol.	Of	these,	the	association	of	the	H7	haplotype,	
containing	the	minor	allele	c.1236C	alone,	and	H2	haplo-
type,	 containing	 minor	 alleles	 c.1236C-	c.2677G-	c.3435C,	
were	 not	 significant	 after	 correction	 for	 multiple	 testing	
and	should	be	interpreted	with	caution.	Nevertheless,	the	
c.1236C-	c.2677G-	c.3435C	 haplotype	 has	 been	 associated	
with	reduced	exposure	to	some	P-	gp	substrates,	for	exam-
ple,	 simvastatin	 acid,	 atorvastatin,	 and	 cyclosporine.39,40	
Interestingly,	the	association	of	the	H8	haplotype,	which	
contains	both	the	c.2677A	and	the	c.3435C	alleles,	showed	
the	 strongest	 association	 of	 all	 the	 associated	 SNVs	 and	
haplotypes.	 In	 the	 regression	 model,	 this	 haplotype	 re-
duced	celiprolol	AUC	by	42%	per	its	copy.	Previously,	one	
study	 reported	 that	 this	 haplotype	 was	 associated	 with	
increased	 instead	 of	 decreased	 trough	 concentrations	 of	
cyclosporine	in	renal	transplant	recipients.41	Despite	this,	
the	results	of	our	study	suggest	that	c.2677A	and	c.3435C	
together	in	the	same	haplotype	produce	a	larger	effect	on	
celiprolol	AUC	than	either	of	these	alleles	individually	or	
in	haplotypes	with	other	ABCB1	SNVs.

In	 addition	 to	 the	 ABCB1	 variants,	 the	 SLCO1A2	
c.516A>C	 missense	 SNV	 was	 associated	 with	 reduced	
celiprolol	 AUC.	 In	 vitro,	 the	 SNV	 has	 consistently	 de-
creased	the	function	of	OATP1A2.42–	45	However,	the	SNV	
has	not	been	associated	with	the	plasma	exposure	to	the	
OATP1A2	substrates	imatinib	or	lopinavir.44,46	OATP1A2	
has	 been	 found,	 for	 example,	 in	 the	 kidneys,	 liver,	 and	
blood-	brain	 barrier.42	 Studies	 regarding	 the	 intestinal	
expression	of	OATP1A2	have,	however,	been	contradic-
tory.47,48	Some	studies	have	found	SLCO1A2	mRNA	and	
OATP1A2	protein	in	intestine	samples9,44	and	one	study	
suggested	 that	OATP1A2,	 like	P-	gp,	 is	expressed	on	the	
apical	 membrane	 of	 small	 intestinal	 enterocytes.49	 The	
present	 results	 would	 be	 compatible	 with	 reduced	 ab-
sorption	 of	 celiprolol	 in	 the	 small	 intestine	 due	 to	 the	
SLCO1A2	c.516A>C	SNV.

The	association	of	the	SLCO1A2	c.516A>C	SNV	with	
celiprolol	 AUC	 seemed	 to	 exist	 only	 in	 individuals	 who	
concomitantly	carried	the	ABCB1	c.3435C	allele	(Figure 3,	
Figure	S1).	Accordingly,	the	c.516A>C	SNV	showed	a	sig-
nificant	 interaction	 with	 the	 c.3435T>C	 SNV	 and	 with	
the	 ABCB1	 H2	 haplotype	 containing	 the	 minor	 alleles	
c.1236C-	c.2677G-	c.3435C.	 These	 statistical	 interactions	
suggest	 an	 influx-	efflux	 transporter	 interplay	 between	

enterocyte	 OATP1A2	 and	 P-	gp	 in	 celiprolol	 absorption.	
This	 interplay	 might	 also	 affect	 the	 absorption	 of	 other	
drugs	 which	 are	 substrates	 of	 both	 OATP1A2	 and	 P-	gp,	
such	as	fexofenadine	and	nadolol.31,49	Further	studies	are	
warranted	on	the	potential	OATP1A2-	P-	gp	interplay	and	
its	mechanisms.

This	study	was	carried	out	in	healthy	young	individu-
als,	whereas	patients	using	celiprolol	are	usually	elderly.	
The	 pharmacokinetic	 profile	 of	 celiprolol	 is	 similar	 in	
elderly	 and	 younger	 healthy	 individuals	 and	 the	 steady-	
state	concentrations	are	predictable	from	the	single-	dose	
pharmacokinetics.4,50	 Therefore,	 the	 effects	 of	 genetic	
variants	on	the	steady-	state	plasma	concentrations	of	ce-
liprolol	 in	the	elderly	should	be	similar	 to	the	effects	on	
the	 AUC0–∞	 of	 celiprolol	 observed	 in	 our	 study	 after	 a	
single	dose.	Moreover,	elderly	patients	often	have	several	
concomitant	medications	and	they	may	therefore	be	sus-
ceptible	to	drug-	drug	interactions.	These	interactions	may	
vary	depending	on	the	ABCB1	and	SLCO1A2	genotypes.

Based	on	significant	ABCB1	haplotypes	and	SLCO1A2	
c.516A>C	 we	 calculated	 genotype	 scores	 to	 predict	 the	
exposure	to	celiprolol.	In	addition,	we	determined	a	gen-
otype	 score	 cutoff	 value,	 which	 optimally	 differentiated	
individuals	with	lower	and	higher	exposure	to	celiprolol.	
The	significantly	 lower	celiprolol	AUC	and	Cmax	but	not	
t½	in	individuals	below	the	cutoff	value	as	compared	with	
individuals	above	the	cutoff	value	suggest	that	the	ABCB1	
and	SLCO1A2	variants	affect	the	absorption	of	celiprolol.	
Although	in	this	study	with	normotensive	healthy	volun-
teers,	 the	blood	pressure	or	heart	 rate	 responses	did	not	
differ	 significantly	 between	 the	 groups,	 patients	 with	 a	
genotype	 score	 below	 the	 cutoff	 value	 may	 have	 an	 in-
creased	 risk	of	 insufficient	celiprolol	exposure	and	 ther-
apeutic	failure.

The	participants	of	this	study	were	White	Finnish	in-
dividuals.	 The	 ABCB1	 c.3435C	 allele	 is	 generally	 very	
common	in	European	(MAF	0.48)	and	South-	Asian	(0.42)	
populations	and	it	is	the	major	allele	in	East-	Asian	(0.60)	
and	 Sub-	Saharan	 African	 (0.85)	 populations	 (Table  S1).	
The	c.2677A	allele,	on	the	other	hand,	is	very	rare	in	Sub-	
Saharan	African	population	(<0.001)	and	relatively	rare	in	
Europeans	(0.018).	However,	it	is	more	common	in	South-	
Asian	(0.050)	and	especially	in	East-	Asian	(0.13)	popula-
tions.	The	different	allele	frequencies	naturally	result	also	
in	different	ABCB1	haplotype	frequencies.10	Moreover,	the	
SLCO1A2	 c.516A>C	SNV	is	 rare	 in	Asians	and	Africans	
(0–	0.02)	as	compared	with	Europeans	(0.07),	making	com-
binations	of	the	ABCB1	c.3435C	and	the	SLCO1A2	c.516C	
alleles	more	frequent	in	Europeans.	Therefore,	the	extent	
to	 which	 the	 ABCB1	 and	 SLCO1A2	 variants	 and	 their	
combinations	explain	population	variability	 in	celiprolol	
pharmacokinetics	likely	differs	markedly	between	ethnic	
groups.
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In	conclusion,	 the	results	of	 this	study	 indicate	 that	
genetic	variants	in	ABCB1	and	SLCO1A2	are	associated	
with	 celiprolol	 pharmacokinetics.	 Celiprolol	 could	 be	
a	 useful	 index	 substrate	 for	 P-	gp-		 and/or	 OATP1A2-	
mediated	drug	interactions.	Furthermore,	especially	in-
dividuals	carrying	the	ABCB1	c.2677A	or	the	SLCO1A2	
c.516C	 allele	 together	 with	 the	 ABCB1	 c.3435C	 allele	
may	have	a	risk	of	 low	celiprolol	exposure.	These	 indi-
viduals	may	 thus	be	at	an	 increased	risk	of	poor	blood	
pressure-	lowering	 efficacy	 of	 celiprolol.	 Moreover,	 the	
data	 suggest	 an	 interplay	 of	 OATP1A2	 and	 P-	gp	 in	 the	
small	intestine.
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