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Abstract
Finerenone	 is	 a	 nonsteroidal,	 selective	 mineralocorticoid	 receptor	 antagonist	
that	 recently	 demonstrated	 its	 efficacy	 to	 delay	 chronic	 kidney	 disease	 (CKD)	
progression	and	reduce	cardiovascular	events	in	patients	with	CKD	and	type	2	
diabetes.	 Here,	 we	 report	 the	 development	 of	 a	 physiologically-	based	 pharma-
cokinetic	 (PBPK)	 model	 for	 finerenone	 and	 its	 application	 as	 a	 victim	 drug	 of	
cytochrome	P450	3A4	(CYP3A4)-	mediated	drug-	drug	interactions	(DDIs)	using	
the	open-	source	PBPK	platform	PK-	Sim,	which	has	recently	been	qualified	 for	
this	 application	 purpose.	 First,	 the	 PBPK	 model	 for	 finerenone	 was	 developed	
using	 physicochemical,	 in	 vitro,	 and	 clinical	 (including	 mass	 balance)	 data.	
Subsequently,	 the	 finerenone	 model	 was	 validated	 regarding	 the	 contribution	
of	CYP3A4	metabolism	 to	 total	clearance	by	comparing	 to	observed	data	 from	
dedicated	 clinical	 interaction	 studies	 with	 erythromycin	 (simulated	 geometric	
mean	ratios	of	the	area	under	the	plasma	concentration-	time	curve	[AUCR]	of	
3.46	and	geometric	mean	peak	plasma	concentration	ratios	[CmaxRs]	of	2.00	vs.	
observed	of	3.48	and	1.88,	respectively)	and	verapamil	(simulated	AUCR	of	2.91	
and	CmaxR	of	1.86	vs.	observed	of	2.70	and	2.22,	respectively).	Finally,	the	finer-
enone	model	was	applied	to	predict	clinically	untested	DDI	studies	with	various	
CYP3A4	modulators.	An	AUCR	of	6.31	and	a	CmaxR	of	2.37	was	predicted	with	
itraconazole,	of	5.28	and	2.25	with	clarithromycin,	1.59	and	1.40	with	cimetidine,	
1.57	and	1.38	with	fluvoxamine,	0.19	and	0.32	with	efavirenz,	and	0.07	and	0.14	
with	 rifampicin.	 This	 PBPK	 analysis	 provides	 a	 quantitative	 basis	 to	 guide	 the	
label	and	clinical	use	of	finerenone	with	concomitant	CYP3A4	modulators.

StudyHighlights
WHATISTHECURRENTKNOWLEDGEONTHETOPIC?
Kerendia	(finerenone),	a	novel	drug	indicated	in	chronic	kidney	disease	with	type	
2	diabetes,	is	a	sensitive	cytochrome	P450	3A4	(CYP3A4)	substrate.	It	was	tested	
with	 the	 moderate	 CYP3A4	 inhibitors	 erythromycin	 and	 verapamil	 in	 clinical	
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INTRODUCTION

Finerenone	 (Kerendia)	 is	 a	 nonsteroidal,	 selective	 min-
eralocorticoid	 receptor	 antagonist	 that	 recently	 demon-
strated	its	efficacy	to	delay	progression	of	kidney	disease	
and	to	reduce	the	risk	of	cardiovascular	events	in	patients	
with	 chronic	 kidney	 disease	 and	 type	 2	 diabetes	 in	 the	
pivotal	 outcome	 trial	 FIDELIO-	DKD	 (ClinicalTrials.gov	
number,	NCT02540993).1

The	 clinical	 pharmacology	 program	 for	 finerenone	
comprises	27	phase	I	studies	to	date	and	its	main	results	
have	 been	 published	 elsewhere.2–	7	 The	 clinical	 program	
was	 complemented	 by	 population	 pharmacokinetic	 and	
pharmacodynamic	(PopPKPD)	analysis,	including	evalu-
ations	of	patients	in	late-	stage	studies.	PopPKPD	analysis	
of	 the	 phase	 IIb	 studies	 ARTS-	DN	 (NCT01874431)	 and	
ARTS-	DN	Japan	(NCT01968668)	have	been	published.8–	10

The	 pharmacokinetics	 (PKs)	 of	 finerenone	 are	 dose-	
linear	across	 the	entire	range	of	 investigated	doses	 (1.25	
to	 80  mg).	 Following	 oral	 administration,	 finerenone	 is	
rapidly	and	completely	absorbed.	It	 is	eliminated	almost	
exclusively	by	CYP3A4	metabolism	and	to	a	much	smaller	
extent	by	CYP2C8.2	Finerenone	also	shows	a	relevant	first	
pass	CYP3A4-	mediated	metabolism	in	both	 the	gut	wall	
and	 the	 liver.	 Based	 on	 clinical	 study	 data,	 the	 absolute	
bioavailability	of	finerenone	after	oral	administration	was	
43.5%.	A	hepatic	bioavailability	of	0.756	and	a	fraction	es-
caping	gut	wall	metabolism	(Fg)	of	0.575	were	calculated	
indicating	 that	 ~  42%	 of	 orally	 administered	 finerenone	
was	 metabolized	 during	 first	 pass	 in	 the	 gut	 wall.3	 All	
formed	major	plasma	metabolites	are	pharmacologically	
inactive.	A	small	portion	of	finerenone	(~ 1%	of	the	dose)	

is	renally	eliminated	unchanged	by	glomerular	filtration.	
Plasma	protein	binding	is	moderate	(about	92%).3

In	the	present	study,	a	physiologically-	based	pharma-
cokinetic	 (PBPK)	 model	 for	 finerenone	 was	 developed	
and	applied	as	a	victim	to	predict	CYP3A4-	mediated	drug-	
drug	interactions	(DDIs).	For	this	purpose,	the	finerenone	
model	was	coupled	to	a	set	of	various	independently	vali-
dated	PBPK	models	of	CYP3A4	modulators	being	part	of	
a	 recently	 published	 CYP3A4-	DDI	 compound	 network	
for	 the	 open-	source	 PBPK	 platform	 PK-	Sim,	 which	 has	
recently	been	qualified	for	this	particular	application	pur-
pose.11–	14	An	overview	of	the	interactions	with	finerenone	
discussed	herein	is	shown	in	Figure 1.

The	aim	of	the	present	modeling	approach	is	to	com-
plement	 the	 clinical	 finerenone	 CYP3A4	 DDI	 potential	
assessment,	based	on	two	dedicated	clinical	DDI	studies	
with	 the	 mechanism-	based	 inactivators	 (MBIs)	 erythro-
mycin	and	verapamil,	by	PBPK.

METHODS

FinerenonePBPKmodeldevelopment

The	PBPK	model	for	finerenone	was	informed	with	phys-
icochemical	data	(Table S1),	clinical	data	including	mass	
balance	information	(Table S2A2)	and,	in	particular,	data	
from	the	absolute	bioavailability	(BA)	study	(Table S2F3),	
the	multiple	dose	escalation	study	(Table S2C)	and	a	gem-
fibrozil	DDI	study	(Table S2H).	A	complete	list	of	clinical	
studies	that	were	used	for	model	development	is	shown	in	
Table S2.	The	final	PBPK	model	comprises	metabolization	

drug-	drug	interaction	(DDI)	studies	 influencing	the	pharmacokinetics	(PKs)	of	
finerenone.
WHATQUESTIONDIDTHISSTUDYADDRESS?
What	effects	predict	physiologically-	based	pharmacokinetics	(PBPK)	models	for	
clinically	untested	CYP3A4	modulators	on	the	finerenone	PKs?
WHATDOESTHISSTUDYADDTOOURKNOWLEDGE?
This	 study	 complements	 the	 finerenone-	drug	 interaction	 program	 informing	
scientists	and	prescribers	as	well	as	the	drug	label	about	the	expected	extent	of	
CYP3A4	interactions	on	the	finerenone	PKs	for	inhibitors	and	inducers	not	tested	
clinically.
HOWMIGHTTHISCHANGEDRUGDISCOVERY,DEVELOPMENT,
AND/ORTHERAPEUTICS?
This	 PBPK	 model-	based	 DDI	 assessment	 for	 finerenone	 applied	 a	 qualified	
CYP3A4	compound	network	approach	using	the	open-	source	systems	pharma-
cology	 platform	 (PK-	Sim).	 As	 strong	 inhibitors	 and	 inducers	 were	 not	 studied	
clinically,	such	strong	modulators	did	not	provide	the	boundaries	for	interpola-
tion	to	less	sensitive	DDI	scenarios	(“classical	approach”),	but	were	part	of	the	
prediction	and	thus	extrapolated.
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via	CYP3A4	and	CYP2C8	and	renal	excretion	of	finerenone	
via	glomerular	filtration.	A	weak	irreversible	inhibition	on	
CYP3A4	was	observed	in	vitro5	and,	although	negligible,	it	
was	included	in	the	model	by	a	mechanism-	based	CYP3A4	
(auto-	)inactivation	 (see	 below)	 as	 it	 may	 cooperate	 with	
CYP3A4	modulating	processes	of	other	perpetrators.	The	
quantitative	contribution	of	the	CYP2C8	pathway	was	in-
formed	via	an	interaction	study	with	the	strong	CYP2C8	
inhibitor	gemfibrozil.	In	this	clinical	study,	an	area	under	
the	plasma	concentration-	time	curve	ratio	(AUCR)	of	1.10	
was	 observed	 for	 finerenone	 under	 gemfibrozil	 (600  mg	
twice	 daily	 [b.i.d.])	 co-	administration.	 Assuming	 com-
plete	 inhibition	 of	 CYP2C8,	 the	 hepatic	 fmCYP3A4	 was	
calculated	to	be	fmCYP3A4,hep	=	1/AUCR	=	0.908,	and,	con-
sequentially,	 fmCYP2C8,hep	=	1	 -		 fmCYP3A4,hep	=	0.092.	The	
remaining	hepatic	metabolic	clearance	was	assumed	to	be	
mediated	solely	by	CYP3A4	and	contributes	 to	~ 90%	in	
the	final	model.

The	parameter	identification	tool	in	PK-	Sim	has	been	
used	to	estimate	or	optimize	selected	model	parameters.	
These	 parameters	 (indicated	 in	 Table  S1)	 were	 identi-
fied	simultaneously	using	the	complete	training	data	set	
of	Table S2	in	a	single	parameter	identification.	Test	and	
validation	data	 sets	were	exclusively	used	 for	evaluation	
and	 excluded	 from	 parameter	 identification.	 Parameter	

correlation	was	assessed	by	checking	the	covariance	ma-
trix	of	parameter	estimates.	Most	parameters	were	 iden-
tified	 because	 they	 were	 either	 not	 determined	 (specific	
clearances,	dissolution	parameters,	mucosa	permeability	
on	basolateral	side,	etc.)	or	determined	with	some	uncer-
tainties	(CYP3A4	KI	and	kinact).	Lipophilicity	was	adjusted	
as	a	surrogate	parameter	for	partitioning	as	described	in,	
for	example,	Kuepfer	et	al.15	The	extent	of	gut	wall	me-
tabolization	was	estimated	in	the	parameter	identification	
using	the	parameter	“mucosa	permeability	on	basolateral	
side”.	This	 may	 lead	 to	 higher	 residence	 time	 in	 the	 en-
terocytes	 and,	 in	 turn,	 to	 a	 higher	 gut	 wall	 elimination.	
This	parameter	was	preferred	over	other	parameters,	such	
as	 relative	 CYP3A4	 expression	 or	 fraction	 unbound	 in	
the	gut	wall	for	technical	reasons	(not	being	limited	to	a	
maximum	value).	Additionally,	the	intrinsic	clearances	of	
CYP3A4	and	CYP2C8	were	estimated.	Hereby,	the	contri-
butions	 of	 CYP3A4	 and	 CYP2C8	 to	 total	 hepatic	 intrin-
sic	clearance	were	 informed	via	 the	hepatic	 fmCYP2C8,	as	
calculated	above.	Parameter	identification	was	performed	
using	 a	 mean	 model	 approach	 with	 PK-	Sim	 individuals	
reflecting	weight	and	height	of	the	mean	individual	of	the	
corresponding	clinical	study.

Subsequently,	 the	 performance	 of	 the	 established	 fi-
nerenone	model	was	evaluated	in	different	settings,	such	

F I G U R E  1  Simulated	finerenone	drug	interactions	(strong	colors)	with	the	established	physiologically-	based	pharmacokinetic	
perpetrator	models	of	the	qualified	network	for	CYP3A4-	mediated	DDI	simulations	(light	colors).	The	arrows	of	the	underlying	CYP3A4	
interaction	network	indicate	where	at	least	one	clinical	DDI	study	between	the	two	connected	substances	was	available	and	included	in	the	
model	network.	Red	indicates	inhibition	and	green	indicates	induction	as	the	primary	type	of	interaction.	Thin	arrows	indicate	weak,	mid-	
thick	arrows	moderate	and	thick	arrows	strong	CYP3A4	modulation	by	the	perpetrator	(figure	modified	from	Frechen	2021).	Please	note	
that	verapamil	is	exclusively	a	substrate	in	the	combinations	with	rifampicin	and	cimetidine	as,	vice	versa,	rifampicin	and	cimetidine	are	not	
subject	to	CYP3A4	metabolism,	and,	hence,	are	not	inhibited	by	verapamil.	DDI,	drug-	drug	interaction
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as	 acting	 as	 a	 CYP3A4	 perpetrator	 in	 combination	 with	
midazolam,	in	a	food	effect	study,	and	a	high	dose	study.	
In	 this	 evaluation,	 data	 of	 two	 multiple	 dose	 studies	
(Table S2G)	and	 two	 single	dose	 studies	 (Table S2I,J)	 in	
healthy	subjects	were	used.

The	 finerenone	 PK-	Sim	 files	 are	 provided	 on	 https://
github.com/Open-	Syste	ms-	Pharm	acolo	gy/Finer	enone	
-	Model.

Virtualpopulations

For	 the	 creation	 of	 the	 virtual	 phase	 I	 populations	 (i.e.,	
one	male	population	aged	18	to	45 years	as	well	as	popula-
tions	according	to	an	age-		and	gender	study),	demographic	
data	of	relevant	clinical	studies	of	finerenone	were	pooled	
and	a	multivariate	distribution	of	age,	body	weight,	and	
height	 was	 determined.	 The	 “PKSimCreatePopulation”	
algorithm,	part	of	the	OSP	Matlab	toolbox,16	was	supplied	
with	 this	 multivariate	 normal	 distribution	 and	 popula-
tions	with	1000	individuals	were	created.	This	means	that	
by	 design,	 the	 distribution	 of	 age,	 weight,	 and	 height	 of	
the	virtual	and	the	overall	clinical	study	populations	are	
comparable.

Validationoffinerenonemodelasa
CYP3A4victim

The	 CYP3A4	 contribution	 to	 the	 metabolic	 clearance	 of	
finerenone	was	validated	using	observed	data	from	clini-
cal	DDI	studies	of	finerenone	with	the	moderate	CYP3A4	
inhibitors	 erythromycin	 (Table  S2K)	 and	 verapamil	
(Table S2L).	In	these	studies,	finerenone	co-	administered	
with	erythromycin	(500 mg	t.i.d.),	classified	as	a	moderate	
CYP3A4	inhibitor,17	resulted	in	an	AUCR	and	geometric	
mean	peak	plasma	concentration	ratio	(CmaxR)	of	3.48	and	
1.88,	respectively.	Verapamil	(240 mg	o.d.),	also	classified	
as	 moderate	 CYP3A4	 inhibitor	 (and	 P-	gp	 inhibitor),	 re-
sulted	in	a	finerenone	AUCR	and	CmaxR	of	2.70	and	2.22,	
respectively.

The	established	finerenone	PBPK	model	was	coupled	
to	 erythromycin	 and	 verapamil	 PBPK	 models	 that	 were	
validated	 independently	 as	 CYP3A4	 perpetrator	 PBPK	
models.11	 Thereby,	 no	 parameters	 were	 modified	 or	 ad-
justed	 to	 simulate	 the	 virtual	 phase	 I	 population.	 The	
agreement	 between	 simulated	 and	 observed	 finerenone	
PKs	 under	 co-	administration	 of	 erythromycin	 and	 ver-
apamil,	 respectively,	 was	 assessed	 by	 a	 visual	 predictive	
check	 of	 the	 concentration-	time	 profiles	 and	 comparing	
simulated	versus	observed	AUCR	and	CmaxR.	The	design	
of	 the	 simulations	 was	 chosen	 according	 to	 the	 clinical	
study	design	as	described	in	Table S4.

Predictionofclinicallyuntested
DDIscenarios

After	validation,	the	extent	of	interaction	and	the	PKs	of	fi-
nerenone	under	co-	administration	of	the	CYP3A4	modu-
lating	perpetrator	substances	itraconazole,	clarithromycin	
(both	 classified	 as	 strong	 index	 inhibitors),	 fluvoxamine	
(moderate	 inhibitor,	 classified	 as	 weak	 inhibitor	 until	
2019),	cimetidine	(weak	inhibitor),	rifampicin	(strong	in-
ducer),	and	efavirenz	(moderate	inducer,	classification	for	
all	modulators	on	the	US	Food	and	Drug	Administration	
[FDA]	website	on	Drug	Interactions,	Tables	of	Substrates,	
Inhibitors,	and	Inducers)18	was	predicted	through	popu-
lation	 simulations	 with	 the	 established	 virtual	 phase	 I	
population.	For	all	treatments	with	CYP3A4	perpetrators,	
a	control	 simulation	with	 the	same	settings,	but	 lacking	
perpetrator	co-	administration	was	performed	to	calculate	
AUCR	and	CmaxR	(i.e.,	the	ratios	of	the	PK	parameters	of	
the	victim	drug	[finerenone]	under	co-	administration	of	a	
perpetrator	over	the	control	without	co-	administration).

For	all	perpetrator	 treatments,	 the	maximum	permis-
sible	dose	was	selected	to	reach	the	maximum	inhibitory/
inductive	effect.	Duration	of	treatment	was	selected	using	
preliminary	PBPK	simulations	 to	ensure	 that	more	 than	
95%	of	the	maximum	effect	was	reached.	Administration	
of	perpetrators	was	continued	in	the	DDI	model	after	fi-
nerenone	administration	to	maintain	the	maximum	effect.	
Finerenone	was	co-	administered	with	typical	offsets	(e.g.,	
12 h	after	rifampicin	dose	to	minimize	the	competitive	in-
hibition	of	CYP3A4	by	rifampicin),	which	may	mask	the	
effect	of	maximum	induction.13

A	list	of	perpetrators	including	simulated	treatments	is	
given	in	Table S4.

Sensitivityanalysis

During	model	building	 (see	above),	 the	contributions	of	
CYP3A4	and	CYP2C8	to	the	hepatic	metabolic	clearance	
of	finerenone	were	adjusted	to	~ 0.9	(CYP3A4)	versus	0.1	
(CYP2C8).	 To	 evaluate	 the	 sensitivity	 of	 these	 hepatic	
fractions	 metabolized,	 the	 specific	 clearances	 of	 finer-
enone	were	adjusted	 to	 two	scenarios	yielding	a	hepatic	
fmCYP3A4	 value	 of	 about	 0.85	 versus	 a	 hepatic	 fmCYP2C8	
value	of	about	0.15	(scenario	#1)	and	0.95	versus	0.05	(sce-
nario	#2).	For	this	purpose,	specific	clearances	of	CYP2C8	
and	CYP3A4	were	re-	adjusted	before	re-	implementation	
into	the	PBPK	model	using	the	well-	stirred	model	for	the	
liver19	 and	 the	 Qgut	 model20	 for	 gut	 wall	 metabolism	 to	
prevent	deterioration	of	the	overall	model	performance,	in	
particular,	to	keep	the	total	clearance	and	the	fraction	es-
caping	Fg	constant	(see	“Fraction	metabolized	adaption”	
in	supplementary	material).

https://github.com/Open-Systems-Pharmacology/Finerenone-Model
https://github.com/Open-Systems-Pharmacology/Finerenone-Model
https://github.com/Open-Systems-Pharmacology/Finerenone-Model
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Software,OpenSystemsPharmacology
PBPKmodellibrary,andplatform
qualification

The	 analysis	 was	 conducted	 using	 the	 software	 PK-	Sim	
and	MoBi	as	part	of	the	Open	Systems	Pharmacology	Suite	
(OSPS	version	9.1.3,	 see	www.open-	syste	ms-	pharm	acolo	
gy.org)	and	Matlab	(version	R2017b).	Perpetrator	models	
were	validated	for	the	use	in	DDI	simulations	by	the	Open	
Systems	 Pharmacology	 community.11	 The	 qualification	
report	can	be	 found	on	OSP-	Qualification-	Reports,21	 the	
models	are	provided	open	source	on	the	OSP	PBPK	Model	
Library.22

RESULTS

FinerenonePBPKmodeldevelopmentand
validation

Model	parameters	that	were	identified	during	the	model	
building	 process	 are	 listed	 in	 Table  S1.	 The	 estimated	
parameters	were	largely	uncorrelated.	Deviations	of	esti-
mated	to	reference	values—	where	applicable—	were	rela-
tively	small	for	most	parameters.

Population	 simulations	 were	 performed	 using	 the	
final	 established	 PBPK	 model.	 A	 selection	 of	 simulated	
concentration-	time	profiles	of	the	virtual	phase	I	popula-
tion	in	comparison	to	observed	data	is	shown	in	Figure 2.	
The	results	show	a	good	agreement	of	the	simulated	with	
the	 observed	 plasma-	time	 concentration	 profiles	 over	 a	
variety	 of	 doses	 and	 dosing	 schedules,	 after	 intravenous	
or	 oral	 administration,	 and	 in	 different	 age	 and	 gender	
groups,	 overall,	 adequately	 reflecting	 the	 corresponding	
observed	data	and	providing	a	quantitative	understanding	
of	the	PKs.

The	minor	extent	of	mechanism-	based	CYP3A4	(auto-	)
inactivation	in	the	finerenone	PBPK	model	that	was	esti-
mated	within	finerenone	itself	in	the	parameter	identifica-
tion	is	also	reasonably	describing	the	impact	of	finerenone	
on	 midazolam	 AUCR,	 as	 shown	 in	Table  S3.	The	 estab-
lished	 PBPK	 model	 overall	 describes	 diverse	 data	 from	
various	phase	I	studies.

ValidationofthefinerenonePBPKmodel
asavictimofCYP3A4-mediateddrug
interactions

The	simulated	AUCR	of	3.46	with	erythromycin	(500 mg	
t.i.d.)	is	in	line	with	the	corresponding	AUCR	of	3.48	ob-
served.	In	addition,	the	simulated	CmaxR	of	2.00	is	in	line	
with	the	CmaxR	of	1.88	observed.	Verapamil	(120/240 mg	

o.d.)	co-	administration	resulted	in	an	AUCR	of	2.91	in	the	
simulation	in	line	with	the	corresponding	observed	AUCR	
of	2.70.	Moreover,	the	simulated	CmaxR	of	1.86	is	compa-
rable	to	the	observed	CmaxR	of	2.22.3	Thus,	all	presented	
simulated	values	fall	within	a	range	of	80–	125%	of	the	ob-
served	values.	Additionally,	the	simulated	variabilities	of	
AUCR	and	CmaxR	are	comparable	to	the	observed	data	for	
the	effect	of	erythromycin	or	verapamil	on	finerenone.

Overall,	the	DDI	model	performance	of	the	finerenone	
PBPK	 model	 as	 victim	 of	 CYP3A4-	mediated	 interaction	
is	 regarded	 as	 accurate	 considering	 the	 good	 agreement	
between	simulated	and	observed	data	(see	Figure 3)	and	
simulated	and	observed	AUCRs	and	CmaxR	(see	Figure 4).

Predictionofclinicallyuntested
DDIscenarioswithfinerenoneas
victimoftheDDI

The	good	performance	in	combination	with	the	erythro-
mycin	 and	 verapamil	 PBPK	 models	 adds	 confidence	 to	
the	 finerenone	PBPK	model,	 such	 that	 it	 can	be	consid-
ered	validated	for	further	extrapolations	with	the	CYP3A4	
modulators	 itraconazole,	 clarithromycin,	 fluvoxamine,	
cimetidine,	rifampicin,	and	efavirenz.

A	compilation	of	the	predicted	AUCR	and	CmaxR	can	
be	found	in	Figure 4.

Sensitivityanalysis

Figure 5	confirms	that	the	re-	adjustment	of	the	clearances	
in	the	two	alternative	scenarios	shows	the	three	investigated	
hepatic	 clearance	 proportions	 (i.e.,	 90%	 CYP3A4	 and	 10%	
CYP2C8	for	the	reference	scenario,	85%	CYP3A4	and	15%	
CYP2C8	for	scenario	#1,	and	95%	CYP3A4	and	5%	CYP2C8	
for	 scenario	 #2).	 Simulations	 of	 finerenone	 PKs	 after	 ad-
ministration	of	different	doses	of	finerenone	show	that	the	
three	 scenarios	 are	 virtually	 indistinguishable	 confirming	
the	similarity	of	the	total	clearance	(systemic	clearance	and	
first	pass	metabolism)	between	the	different	scenarios	(data	
not	shown).	The	gemfibrozil	interaction	study	was	used	to	
inform	the	finerenone	model	parameterization	(see	above).	
Correspondingly,	 the	 observed	 AUCR	 with	 gemfibrozil	
(1.10)	 is	 best	 described	 by	 the	 reference	 scenario	 (1.11),	
whereas	 scenario	 #1	 slightly	 overpredicts	 (1.18)	 and	 sce-
nario	#2	slightly	underpredicts	(1.06)	the	observed	data.	A	
comparison	of	the	three	scenarios	in	DDI	simulations	with	
erythromycin	(used	for	model	validation,	see	above)	dem-
onstrates	that	the	observed	AUCR	(3.48)	is	best	described	by	
the	reference	scenario	(3.46),	whereas	scenario	#1	(3.19)	and	
scenario	#2	(3.74)	performed	worse.	Only	in	the	case	of	vera-
pamil	(used	for	validation),	the	observed	AUCR	(2.70)	was	

http://www.open-systems-pharmacology.org
http://www.open-systems-pharmacology.org
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slightly	better	described	by	 scenario	#1	 simulations	 (2.73)	
with	the	reference	scenario	performing	second	best	(2.91).	
Table 1	summarizes	AUCR	and	CmaxR	of	finerenone	with	
the	presented	modulators	in	the	different	scenarios.	Overall,	
the	differences	among	the	three	scenarios	are	small	and	the	
reference	scenario	describes	the	evaluated	interactions	in	a	
better	way	than	scenarios	#1	or	#2.

DISCUSSION

A	PBPK	model	was	continuously	developed	 to	 integrate	
and	support	the	quantitative	understanding	of	the	PKs	of	
finerenone.	The	model	was	developed	based	on	preclinical	

data	and	data	from	several	phase	I	studies.	In	the	model	
building	process,	 selected	parameters	were	optimized	 to	
improve	the	fit	to	the	observed	study	data.

Overall,	the	simulated	PKs	over	a	variety	of	doses	and	
dosing	 schedules,	 as	 well	 as	 after	 intravenous	 (i.v.)	 and	
oral	 administration	 and	 different	 age	 and	 gender	 groups,	
adequately	reflected	the	corresponding	observed	data.	The	
variability	of	the	observed	data	was	also	well	captured	by	
the	model.

The	contribution	of	CYP3A4	to	finerenone	total	clear-
ance	could	be	validated	as	the	coupled	erythromycin-		or	
verapamil-	finerenone	PBPK	models	show	good	agreement	
with	 the	 finerenone	 concentration-	time	 profiles	 under	
co-	administration	 of	 these	 perpetrators,	 as	 observed	 in	

F I G U R E  2  VPC	of	finerenone	PK	profiles	for	a	representative	subset	of	considered	study	arms.	Time	profiles	show	venous	blood	plasma	
concentrations	on	a	logarithmic	scale	except	in	C	where	fraction	excreted	to	urine	is	shown	in	linear	scale.	Clinical	study	IDs	are	found	
in	Table S2.	(a)	1 mg	i.v.	single	dose	(SD)	from	study	F;	(b)	5 mg	peroral	tablet	(PO)	SD	from	study	F;	(c)	fraction	excreted	to	urine	of	5 mg	
p.o.	SD	from	study	F;	(d)	1.25 mg	tablet	single	dose	from	study	E;	(e)	20 mg	(2 × 10 mg)	tablet	b.i.d.	day	10	from	study	C;	(f)	10 mg	p.o.	with	
gemfibrozil	from	study	H;	(g)	10 mg	tablet	SD	fasted	from	study	B;	(h)	10 mg	tablet	SD	fed	from	study	B;	(i)	80 mg	(8 × 10 mg)	tablet	SD	
from	study	B.	Blue	area,	simulated	5th	and	95th	percentile;	blue	solid	line,	simulated	median;	blue	dashed	line,	simulated	mean;	symbols,	
observed	data;	black	solid	line,	lower	limit	of	quantification	(LLOQ),	in	case	observed	data	below	LLOQ	are	available,	they	are	displayed	as	
LLOQ/2;	IV,	intravenous;	PO,	peroral	tablet;	SD,	single	dose;	BID,	twice	daily.	For	all	simulations,	n = 1000
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clinical	DDI	studies.	This	enabled	the	use	of	the	model	to	
be	applied	in	clinically	untested	scenarios.

In	the	fed	state,	the	model	slightly	underestimates	the	
observed	data.	Despite	complete	absorption	in	the	fasted	
state,	 a	 small	 food	 effect	 was	 observed	 in	 clinical	 stud-
ies	 (10–	21%	 AUC	 increase	 in	 fed	 state,	 studies	 B	 and	 J)	
that	is	not	captured	by	the	model.	Here,	other	unknown	
factors	that	are	not	included	in	the	model	might	explain	
this	observation,	however,	the	food	effect	is	clinically	not	
relevant	as	also	indicated	in	the	United	States	Prescribing	

Information	(USPI)	stating	that	finerenone	tablets	may	be	
taken	with	or	without	food23	and	beyond	the	scope	of	the	
current	model.

The	 mechanism-	based	 auto-	inactivation	 by	 finere-
none	occurs	in	both	the	liver	and	intestine,	but,	generally,	
its	 impact	 is	 low.	 Based	 on	 noncompartmental	 analysis	
(NCA)	 of	 multiple-	dose	 studies	 where	 finerenone	 was	
administered	at	supratherapeutic	doses	(i.e.,	higher	than	
labeled),	the	finerenone	linearity	factor	Rlin	(calculated	as	
AUC0–	24,day10/AUCinf,day1)	 was	 less	 than	 or	 equal	 to	 1.32	

F I G U R E  3  Finerenone	(1.25 mg)	
and	erythromycin	(500 mg	t.i.d.)	co-	
administration	(a);	finerenone	(5 mg)	and	
verapamil	(120/240 mg)	co-	administration	
(b)	(see	Table S4).	(a)	Finerenone	
concentration-	time	profiles	under	co-	
administration	of	erythromycin,	blue	solid	
line:	simulated	median	for	finerenone	
1.25 mg	and	erythromycin	500 mg	t.i.d.;	
green	area:	simulated	5th	and	95th	
percentiles	of	time	profiles	of	finerenone	
1.25 mg	control;	green	solid	line:	
simulated	median	for	finerenone	1.25 mg	
control.	(b)	Time	profiles	of	finerenone	
under	verapamil	co-	administration,	
blue	solid	line:	simulated	median	for	
finerenone	5 mg	and	verapamil;	green	
area:	simulated	5th	and	95th	percentiles	of	
time	profiles	of	finerenone	5 mg	control;	
green	solid	line:	simulated	median	for	
finerenone	5 mg	control;	black	solid	line:	
lower	limit	of	quantification	(LLOQ),	
observed	data	below	LLOQ	are	displayed	
as	LLOQ/2.	DDI,	drug-	drug	interaction
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and	 the	AUCR	 for	midazolam	was	 less	 than	or	equal	 to	
1.21	 (see	Table  S3).	 PBPK	 simulations	 for	 10  mg	 finere-
none	 once	 daily	 (OD)	 show	 that	 the	 effect	 is	 very	 small	
in	the	liver	(i.e.,	a	reduction	in	active	CYP3A4	enzyme	by	

~ 0.4%),	whereas	a	 larger	reduction	by	up	to	40%	is	pre-
dicted	in	steady-	state	conditions	in	the	intestine.

The	 predicted	 AUCR	 values	 of	 finerenone	 in	 combi-
nation	with	the	perpetrator	PBPK	models	of	itraconazole,	

F I G U R E  4  Simulated	and	observed	finerenone	AUCR	(a)	and	CmaxR	(b)	and	their	variabilities	in	the	order	of	decreasing	AUCR	values.	
Simulated	ratios	in	blue,	observed	in	red,	solid	line	represents	a	ratio	of	one,	dashed	lines	represent	two-	fold,	dotted	lines	five-	fold	decrease/
increase	*1:	see	Table S2K,	*2:	see	Table S2L,	*3:	Verapamil	dosing	see	Table S4;	*4:	Frequently	used	dosing;	*5:	Maximum	permissible	dose	
leading	to	maximum	effect.	AUCR,	area	under	the	plasma	concentration-	time	curve	ratio;	CmaxR,	peak	plasma	concentration	ratio;	OD,	once	
daily;	BID,	twice	a	day;	TID,	three	times	a	day
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clarithromycin,	 fluvoxamine,	 cimetidine,	 efavirenz,	 and	
rifampicin	 are	 closely	 in	 line	 with	 the	 published	 AUCR	
for	sensitive	CYP3A4	substrates	 like	midazolam,24–	33	 tri-
azolam,34,35	 alprazolam,36,37	 or	 alfentanil38–	40	 for	 compa-
rable	perpetrator	dosing.	Literature	values	 for	geometric	
mean	(in	some	cases,	arithmetic	mean)	AUCR	of	oral	mid-
azolam	with	multiple	doses	of	200 mg	itraconazole	range	
from	6.6	 to	10.8,24,30–	32	or	 from	4.84	to	8.4	after	multiple	
doses	 of	 500  mg	 clarithromycin,25,26,29,32	 whereas	 AUCR	
was	 reported	 to	 be	 1.66	 for	 the	 fluvoxamine-	midazolam	
interaction.28	 For	 rifampicin,	 mean	 AUC	 ratios	 between	
0.0155	and	0.132	were	observed.24,41–	44	Thus,	the	predicted	
values	 for	 the	 interaction	with	 finerenone	all	 fall	within	
the	published	observed	ranges	for	other	victim	drugs	with	

comparable	fractions	metabolized	via	CYP3A4.	In	the	case	
of	fluvoxamine,	currently	classified	as	moderate	CYP3A4	
inhibitor,18	 the	 degree	 of	 inhibition	 of	 finerenone	 clear-
ance	supports	the	former	classification	as	a	weak	CYP3A4	
inhibitor.

In	 the	 case	 of	 induction	 by	 efavirenz,	 a	 mean	 AUCR	
value	 of	 0.22	 is	 reported	 for	 the	 effect	 of	 multiple	 doses	
of	 600  mg	 efavirenz	 on	 the	 sensitive	 CYP3A4	 substrate	
alfentanil.40	This	AUCR	value	is	close	to	being	classified	
as	 strong	 induction.	 Furthermore,	 midazolam	 PK	 under	
efavirenz	 co-	administration	 as	 shown	 in,	 for	 example,	
Katzenmaier	 et	 al.,45	 suggest	 that	 AUCR	 might	 even	 be	
lower	 than	 0.20.	 PBPK	 predictions	 of	 multiple	 doses	 of	
600 mg	efavirenz	in	combination	with	finerenone	led	to	a	

T A B L E  1 	 Comparison	of	observed	and	simulated	AUCR	and	CmaxR	and	their	CV	for	finerenone-	drug	interactions	in	different	scenarios

Modulator Scenario
AUCRgeo.
mean

AUCRgeo.
CV

CmaxRgeo.
mean

CmaxR
geo.CV

Erythromycin Observed	in	clinical	study 3.48 0.22 1.88 0.22

Simulated	reference	scenario 3.46 0.25 2.00 0.16

Simulated	scenario	#1 3.19 0.25 1.93 0.16

Simulated	scenario	#2 3.74 0.25 2.07 0.17

Verapamil Observed	in	clinical	study 2.70 0.15 2.22 0.24

Simulated	reference	scenario 2.91 0.29 1.86 0.15

Simulated	scenario	#1 2.73 0.28 1.80 0.15

Simulated	scenario	#2 3.09 0.30 1.91 0.16

Gemfibrozil Observed	in	clinical	study 1.10 0.18 1.16 0.31

Simulated	reference	scenario 1.11 0.08 1.06 0.04

Simulated	scenario	#1 1.19 0.11 1.09 0.06

Simulated	scenario	#2 1.06 0.04 1.03 0.02

Itraconazole Simulated	reference	scenario 6.31 0.39 2.37 0.20

Simulated	scenario	#1 5.23 0.39 2.24 0.19

Simulated	scenario	#2 7.76 0.40 2.50 0.20

Clarithromycin Simulated	reference	scenario 5.28 0.40 2.25 0.17

Simulated	scenario	#1 4.52 0.38 2.14 0.16

Simulated	scenario	#2 6.27 0.45 2.36 0.17

Fluvoxamine Simulated	reference	scenario 1.57 0.16 1.38 0.10

Simulated	scenario	#1 1.54 0.15 1.36 0.10

Simulated	scenario	#2 1.59 0.16 1.39 0.10

Cimetidine Simulated	reference	scenario 1.59 0.17 1.40 0.11

Simulated	scenario	#1 1.56 0.17 1.39 0.11

Simulated	scenario	#2 1.61 0.18 1.42 0.11

Efavirenz Simulated	reference	scenario 0.19 0.21 0.32 0.18

Simulated	scenario	#1 0.20 0.22 0.33 0.18

Simulated	scenario	#2 0.18 0.21 0.31 0.18

Rifampicin Simulated	reference	scenario 0.071 0.25 0.14 0.20

Simulated	scenario	#1 0.074 0.26 0.15 0.21

Simulated	scenario	#2 0.068 0.24 0.14 0.20

Abbreviations:	AUCR,	area	under	the	plasma	concentration-	time	curve	ratio;	CmaxR,	peak	plasma	concentration	ratio;	CV,	coefficient	of	variation;	geo.,	geometric.
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geometric	mean	AUCR	of	0.19.	This	value	is	comparable	
to	 the	 observed	 value	 with	 alfentanil,	 nevertheless,	 this	
effect	would	be	classified	as	strong	based	on	 the	catego-
ries	proposed	by	the	FDA.18	To	elucidate	the	performance	
of	the	efavirenz	PBPK	model	with	respect	to	finerenone,	
an	 additional	 simulation	 with	 multiple	 doses	 of	 400  mg	
efavirenz,	a	common	clinical	dosing,	was	performed.	For	
multiple	 doses	 of	 400  mg	 efavirenz,	 a	 geometric	 mean	
AUCR	 of	 slightly	 higher	 than	 0.20	 was	 predicted	 falling	
into	the	category	of	moderate	induction.

Obviously,	there	is	some	uncertainty	regarding	the	pre-
dicted	 strength	 of	 effect	 of	 the	 named	 perpetrators	 on	 fi-
nerenone.	The	geometric	mean	fold	error	(GMFE)	of	AUCR	
and	CmaxR	derived	from	the	simulated	combinations	of	the	
established	DDI	network	on	OSP	can	serve	as	a	measure	of	
mean	 uncertainty.	 For	 all	 simulated	 combinations	 of	 the	

CYP3A4-	DDI	network	on	OSP,	it	was	calculated	to	be	~ 1.39	
on	AUC	and	1.37	on	Cmax.

11	As	a	result	of	that,	deviations	in	
this	range	for	all	predictions	may	be	expected.	This	can	be	
broken	down	to	the	different	types	of	mechanisms.	For	all	
included	competitive	inhibition	simulations	(i.e.,	the	com-
binations	 with	 itraconazole,	 cimetidine,	 or	 fluvoxamine),	
the	 GMFE	 on	 AUCR	 was	 calculated	 to	 be	 1.49,	 and	 1.27	
on	CmaxR.	For	all	 included	MBI	simulations	(i.e.,	all	com-
binations	with	clarithromycin,	erythromycin,	or	verapamil),	
the	GMFE	on	AUCR	was	calculated	to	be	1.27,	and	1.24	on	
CmaxR.	For	all	included	inducers	(i.e.,	all	combinations	with	
efavirenz	or	rifampicin),	the	GMFE	of	AUCR	was	calculated	
to	be	1.38,	and	1.48	for	CmaxR.21	For	all	these	types	of	mech-
anisms,	predictions	with	uncertainties	in	this	range	can	be	
considered	sufficiently	accurate	to	inform	the	clinical	use	of	
finerenone	with	concomitant	CYP3A4	modulators.

F I G U R E  5  Model	informed	relative	contribution	of	CYP3A4	and	CYP2C8 calculated	on	the	basis	of	the	simulated	10 mg	oral	dose	in	
the	dose	proportionality	study	(see	Table S2E),	(a)	reference	scenario,	(b)	scenario	#1,	(c)	scenario	#2
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The	PBPK	simulated	Fg	of	0.5764	is	an	outcome	of	the	
parameter	identification,	in	which	the	extent	of	gut	wall	
metabolization	was	informed	with	PK	data	of	the	absolute	
bioavailability	 study	 (Table  S2F),	 among	 others.	 The	 re-
sulting	finerenone	model	adequately	describes	PK	data	of	
the	absolute	bioavailability	study	after	i.v.	and	oral	admin-
istration	 (see	 Figure  2a,b),	 hence,	 Fg	 and	 bioavailability	
should	 be	 adequately	 captured.	 Furthermore,	 the	 PBPK	
simulated	 Fg	 is	 almost	 identical	 to	 the	 previously	 pub-
lished	Fg	of	0.575	based	on	NCA	of	the	absolute	BA	study.3

The	total	fmCYP3A4	(of	total	oral	clearance)	in	the	finere-
none	PBPK	model	is	~ 0.93,	which	is	composed	of	0.42	in	
the	gut	wall	and	0.51	in	the	liver	(see	Figure 5a).	This	can	be	
considered	as	an	upper	boundary	because	of	the	assumption	
in	the	model-	building	process	in	which	the	clearance	contri-
bution	in	the	PBPK	model	was	informed	with	the	clinically	
observed	AUCR	of	the	gemfibrozil	interaction	study.	Here,	
it	was	assumed	that	gemfibrozil	 inhibits	CYP2C8	by	100%	
such	that	the	resulting	total	fmCYP2C8	of	~ 0.05	can	be	consid-
ered	as	lower	boundary.	The	remaining	metabolic	clearance	
was	then	assumed	to	be	exclusively	mediated	via	CYP3A4,	
and,	hence,	is	an	upper	boundary.

This	is	fully	in	line	with	fmCYP3A4	estimations	reported	
by	 Heinig	 et	 al.3	 who	 performed	 static	 model	 calcula-
tions	that	are	based	on	the	equations	published	by	Ohno	
et	al.46	and	Loue	and	Tod47	and	reported	point	estimates	
for	 fmCYP3A4	 being	 0.88	 and	 0.89	 for	 calculations	 based	
on	erythromycin	and	verapamil	data,	respectively.	Taking	
uncertainty	in	the	underlying	clinical	interaction	studies	
into	account	and	propagating	the	reported	90%	confidence	
intervals	of	the	AUCR	(i.e.,	[3.017;	4.019]	for	erythromycin	
and	[2.4295;	3.0082]	for	verapamil),	this	would	translate	to	
a	fmCYP3A4	range	of	0.83	to	0.94.

In	 PBPK	 modeling	 practice,	 extrapolation	 of	 DDI	 is	
often	made	from	strong	perpetrators	to	moderate	or	weak	
perpetrators.	 In	 this	 study,	 it	was	 the	other	way	around.	
Therefore,	 a	 sensitivity	 analysis	 was	 performed	 on	 fm-
CYP3A4	to	evaluate	the	uncertainty	regarding	the	DDI	po-
tential	of	finerenone	with	strong	inhibitors	and	moderate	
or	strong	inducers.	This	sensitivity	analysis	shows	that	the	
differences	among	 the	 three	scenarios	are	small	and	 the	
reference	scenario	with	the	parameters	as	obtained	in	the	
parameter	 identification	describes	 the	evaluated	 interac-
tions	in	a	better	way	than	the	other	investigated	scenarios	
with	slightly	higher	or	lower	fmCYP3A4.	To	address	the	im-
pact	of	uncertainty	in	DDI	extrapolations,	the	investigated	
alterations	of	fmCYP3A4	were	propagated	to	all	predictions	
providing	ranges	for	expected	interactions,	as	displayed	in	
Table 1.	This	is	considered	especially	important	when	ex-
trapolating	DDI	effects	to	stronger	modulators	than	tested	
clinically.

Generally,	 DDIs	 that	 increase	 or	 decrease	 drug	 expo-
sure	can	 influence	 the	benefit	 risk	assessment	of	a	drug	

and	can	impose	a	safety	risk	or	attenuate	efficacy,	respec-
tively,	and	should	be	considered	in	recommendations	on	
drug	 use.	 Regarding	 efficacy,	 finerenone	 was	 shown	 to	
significantly	 reduce	 the	 primary	 albuminuria	 end	 point	
(UACR;	urinary	albumin	to	creatinine	ratio)	at	dose	levels	
as	 low	 as	 7.5  mg	 OD	 in	 the	 phase	 IIb	 study	 ARTS-	DN.9	
PopPKPD	 analysis	 indicated	 that	 effects	 on	 the	 efficacy	
marker	 UACR	 as	 well	 as	 the	 safety	 markers	 serum	 po-
tassium	 and	 acute	 estimated	 glomerular	 filtration	 rate	
(eGFR)	decline	were	saturating	towards	the	highest	tested	
dose	of	20 mg	OD	overall	revealing	non-	steep	exposure-	
response	 relationships.8	 In	 the	 pivotal	 phase	 III	 study,	
FIDELIO-	DKD,	 finerenone	 demonstrated	 efficacy	 and	
safety	in	a	titration	scheme,	where	10 mg	or	20 mg	finere-
none	 OD	 were	 administered	 based	 on	 serum	 potassium	
and	 eGFR.1	 On	 grounds	 of	 FIDELIO-	DKD,	 finerenone	
was	recently	approved	by	the	FDA	with	dosing	guidance	
for	 clinical	 practice,	 including	 monitoring	 and	 dose	 ad-
justment	rules.	PopPKPD	analyses	of	FIDELIO-	DKD	fur-
ther	 supported	 the	 general	 benefit-	risk	 assessment	 and	
the	labeled	wording	on	dosage	and	administration.23,48,49	
In	particular,	 they	highlighted	and	explained	 the	role	of	
serum	 potassium-	based	 dose	 titration,	 inverting	 the	 ob-
served	 dose-	exposure-	response	 relationship	 for	 serum	
potassium,	 as	 important	 context	 for	 CYP3A4	 inhibitor	
label	guidance.23,48	Strong	CYP3A4	inhibitors	are	contra-
indicated.	For	moderate	or	weak	CYP3A4	inhibitors,	it	is	
recommended	 to	 monitor	 serum	 potassium	 during	 drug	
initiation	or	dosage	adjustment	of	either	finerenone	or	the	
CYP3A4	inhibitor,	and	adjust	finerenone	dosage	as	appro-
priate.	 Concomitant	 use	 of	 strong	 or	 moderate	 CYP3A4	
inducers	should	be	avoided.

The	presented	PBPK	analyses	of	finerenone	as	victim	
of	 CYP3A4-	mediated	 DDI	 can	 be	 considered	 in	 lieu	 of	
clinical	 DDI	 study-	based	 data	 for	 modulator	 categories	
lacking	 such	 studies	 and	 contribute	 to	 the	 overall	 DDI	
assessment	 as	 reflected,	 for	 example,	 in	 the	 USPI	 under	
“Drug	 Interaction	 Studies	 -		 Clinical	 Studies	 and	 Model-	
Informed	Approaches.”23
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