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Abstract
Rifampicin	 induces	 both	 P-	glycoprotein	 (P-	gp)	 and	 cytochrome	 P450	 3A4	
(CYP3A4)	 through	 regulating	 common	 nuclear	 receptors	 (e.g.,	 pregnane	 X	 re-
ceptor).	The	interplay	of	P-	gp	and	CYP3A4 has	emerged	to	be	an	important	fac-
tor	in	clinical	drug–	drug	interactions	(DDIs)	with	P-	gp–	CYP3A4	dual	substrates	
and	 requires	 qualitative	 and	 quantitative	 understanding.	 Although	 physiologi-
cally	based	pharmacokinetic	(PBPK)	modeling	has	become	a	widely	accepted	ap-
proach	to	assess	DDIs	and	is	able	to	reasonably	predict	DDIs	caused	by	CYP3A4	
induction	 and	 P-	gp	 induction	 individually,	 the	 predictability	 of	 PBPK	 models	
for	 the	 effect	 of	 simultaneous	 P-	gp	 and	 CYP3A4	 induction	 on	 P-	gp-	CYP3A4	
dual	substrates	remains	to	be	systematically	evaluated.	In	this	study,	we	used	a	
PBPK	modeling	approach	for	the	assessment	of	DDIs	between	rifampicin	and	12	
drugs:	three	sensitive	P-	gp	substrates,	seven	P-	gp–	CYP3A4	dual	substrates,	and	
two	P-	gp–	CYP3A4	dual	substrates	and	inhibitors.	A	3.5-	fold	increase	of	intestinal	
P-	gp	abundance	was	incorporated	in	the	PBPK	models	to	account	for	rifampicin-	
mediated	 P-	gp	 induction	 at	 steady	 state.	 The	 simulation	 results	 showed	 that	
accounting	for	P-	gp	induction	in	addition	to	CYP3A4	induction	improved	the	pre-
diction	accuracy	of	the	area	under	the	concentration-	time	curve	and	maximum	
(peak)	plasma	drug	concentration	ratios	compared	with	considering	CYP3A4	in-
duction	alone.	Furthermore,	 the	 interplay	of	 relevant	drug-	specific	parameters	
and	its	impact	on	the	magnitude	of	DDIs	were	evaluated	using	sensitivity	analy-
sis.	The	PBPK	approach	described	herein,	in	conjunction	with	robust	in vitro	and	
clinical	data,	can	help	in	the	prospective	assessment	of	DDIs	involving	other	P-	gp	
and	CYP3A4	dual	substrates.	The	database	reported	in	the	present	study	provides	
a	valuable	aid	in	understanding	the	combined	effect	of	P-	gp	and	CYP3A4	induc-
tion	during	drug	development.
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INTRODUCTION

Physiologically	based	pharmacokinetic	(PBPK)	modeling	
has	been	widely	used	in	the	assessment	of	drug–	drug	in-
teractions	(DDIs)	during	the	past	decade.1–	3	Although	the	
prediction	of	competitive	 inhibition	of	cytochrome	P450	
(CYP)	enzymes	remains	one	of	the	most	established	areas	
of	PBPK	modeling,	there	has	been	an	increase	in	the	ap-
plication	and	regulatory	acceptance	of	the	use	of	PBPK	in	
predicting	DDIs	with	other	mechanisms	such	as	CYP	in-
duction	and	competitive	inhibition	of	drug	transporters.4,5

P-	glycoprotein	 (P-	gp),	 a	 well-	studied	 adenosine	
triphosphate–	binding	 cassette	 transporter,	 is	 an	 efflux	
pump	 expressed	 on	 the	 apical	 membranes	 of	 various	
types	 of	 cells,	 such	 as	 hepatocytes,	 renal	 proximal	 tu-
bular	 cells,	 brain	 capillary	 endothelial	 cells,	 and	 gut	
enterocytes.6–	8	 Given	 the	 localization	 of	 P-	gp	 in	 these	
organs,	it	functions	to	facilitate	biliary	clearance	and	ac-
tive	 renal	 secretion	 while	 limiting	 penetration	 of	 drugs	
across	the	blood–	brain	barrier	and	restricting	absorption	
of	drugs	into	gut	enterocytes	from	the	gut	lumen.	As	the	
broad	substrate	specificity	of	P-	gp	considerably	overlaps	
with	that	of	CYP3A,	it	has	been	suggested	that	P-	gp	and	
CYP3A	 often	 work	 together,	 in	 particular	 in	 oral	 drug	
absorption,	 to	 limit	 the	 systemic	 exposure	 of	 their	 sub-
strates.9–	11	 In	 addition	 to	 being	 functionally	 synergistic,	
P-	gp	and	CYP3A	are	also	shown	to	be	coregulated	via	the	

pregnane	xenobiotic	receptor	(PXR)	and	the	constitutive	
androstane	 receptor	 (CAR),	 therefore	 agonists	 of	 these	
nuclear	receptors	may	have	the	potential	to	induce	P-	gp	
and	CYP3A	simultaneously.12	Given	the	commonality	in	
the	 mechanisms	 of	 P-	gp	 and	 CYP3A	 induction,	 the	 US	
Food	and	Drug	Administration	(FDA)	recommends	that	
clinical	findings	on	CYP3A	induction	can	be	used	to	in-
form	decisions	about	whether	a	clinical	investigation	into	
P-	gp	 induction	 is	 necessary.13	 As	 a	 result	 of	 the	 role	 of	
P-	gp	and	its	interplay	with	CYP3A	in	drug	absorption	and	
disposition,	 it	 is	 important	 to	quantitatively	understand	
the	magnitude	of	DDIs	when	the	expressions	of	P-	gp	and	
CYP3A	are	upregulated	by	inducers.

Rifampicin	 is	 a	 well-	established	 PXR	 agonist	 and	 is	
widely	recognized	as	one	of	the	most	potent	inducers	of	
both	P-	gp	and	CYP3A.12,14	The	effect	of	multiple-	dose	ri-
fampicin	administration	on	the	exposure	of	P-	gp	substrates	
has	been	investigated	in	several	clinical	DDI	studies.15–	21	
The	results	from	the	rifampicin–	digoxin	interaction	stud-
ies	 showed	 that	 rifampicin	 treatment	 led	 to	 an	 average	
reduction	 of	 digoxin	 area	 under	 the	 concentration-	time	
curve	 (AUC)	 by	 15%	 to	 30%	 after	 multiple	 doses,	 with	
certain	 individuals	 showing	 a	 larger	 reduction	 by	 more	
than	 twofold.	 Other	 P-	gp	 substrates,	 such	 as	 dabigatran	
etexilate	and	talinolol,	were	also	shown	to	have	reduced	
exposures	after	rifampicin	administration.19,20	The	induc-
tion	effect	was	corroborated	by	the	observation	that	there	

Study Highlights
WHAT	IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Rifampicin	is	a	well-	known	agonist	of	the	pregnane	X	receptor	(PXR).	Both	cy-
tochrome	P450	3A4	(CYP3A4)	and	P-	glycoprotein	(P-	gp)	can	be	upregulated	by	
rifampicin	via	the	PXR	pathway.	Although	CYP3A4	induction	can	be	readily	ac-
counted	 for	 by	 physiologically	 based	 pharmacokinetic	 (PBPK)	 modeling,	 P-	gp	
induction	is	seldom	addressed.
WHAT	QUESTION DID THIS STUDY ADDRESS?
This	study	systematically	evaluated	the	utility	of	a	PBPK	modeling	approach	to	
predict	oral	exposure	of	three	sensitive	P-	gp	substrates	and	nine	P-	gp–	CYP3A4	
dual	substrates	by	accounting	for	P-	gp	and	CYP3A4	induction	simultaneously.
WHAT	DOES THIS STUDY ADD TO OUR KNOWLEDGE?
PBPK	modeling	and	simulation	with	the	data	set	presented	herein	demonstrated	
that	accounting	for	intestinal	P-	gp	induction	by	incorporating	a	relative	expres-
sion	factor	of	3.5 significantly	improved	DDI	predictions	for	P-	gp–	CYP3A4	dual	
substrates	coadministered	with	rifampicin.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The	PBPK	modeling	approach	described	herein,	 in	conjunction	with	 robust	 in 
vitro	 and	clinical	data,	 can	help	 in	 the	prospective	assessment	of	DDIs	of	new	
chemical	entities	that	are	P-	gp	and	CYP3A4	dual	substrates	and	inducers.	The	da-
tabase	reported	in	the	present	study	provides	a	valuable	aid	in	understanding	the	
effect	of	simultaneous	induction	of	P-	gp	and	CYP3A	during	drug	development.
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was	 a	 1.4-	fold	 to	 3.5-	fold	 increase	 in	 P-	gp	 protein	 levels	
in	healthy	subjects	who	received	600 mg	rifampicin	once	
daily	for	10 days,	as	measured	using	immunohistochemis-
try	and	Western	blot.16

Although	 the	 application	 of	 PBPK	 in	 predicting	
CYP3A4	 induction	 has	 been	 well	 established,4,22,23	 the	
use	of	PBPK	in	predicting	P-	gp	induction	is	relatively	less	
reported.	The	published	PBPK	models	 for	rifampicin	 in-
corporated	the	measured	fold	increase	in	the	P-	gp	protein	
level	 and	 reasonably	 recovered	 the	 clinically	 observed	
magnitudes	 of	 DDIs	 with	 a	 number	 of	 P-	gp	 substrates	
(e.g.,	digoxin	and	talinolol)	when	coadministered	with	ri-
fampicin.24–	26	However,	although	it	has	been	shown	that	
the	 individual	effects	of	CYP3A4	induction	and	P-	gp	 in-
duction	on	the	exposure	of	P-	gp	and	CYP3A4	probe	sub-
strates	 can	 be	 reasonably	 recovered	 by	 PBPK	 modeling,	
the	predictability	of	PBPK	models	for	the	effect	of	simulta-
neous	P-	gp	and	CYP3A4	induction	on	P-	gp-	CYP3A4	dual	
substrates	has	not	been	investigated	systematically.

Hence,	 the	 aim	 of	 this	 study	 was	 to	 perform	 a	 trend	
analysis	of	P-	gp	(and	CYP3A4)	substrates	to	evaluate	the	
impact	of	concurrent	P-	gp	and	CYP3A4	induction	by	ri-
fampicin.	To	this	end,	we	have	(1)	collated	data	to	develop	
or	expand	PBPK	models	for	12	drugs	with	varied	degrees	of	
CYP3A4-	mediated	metabolism	(fraction	of	drug	elimina-
tion	 through	 the	CYP3A4-	mediated	pathway	[fmCYP3A4])	
and	P-	gp–	mediated	intestinal	efflux;	(2)	performed	PBPK	
modeling	 and	 simulation	 to	 predict	 the	 effect	 of	 simul-
taneous	 induction	 of	 P-	gp	 and	 CYP3A4	 by	 rifampicin	
compared	with	the	predictions	without	considering	P-	gp	
induction	in	the	model;	and	(3)	systematically	evaluated	
the	 effects	 of	 the	 interplay	 among	 the	 key	 parameters	
such	as	fmCYP3A4,	in vitro	intestinal	P-	gp–	mediated	intrin-
sic	clearance	(CLint,T),	and	the	effective	intestinal	passive	
permeability	(Peff,man)	on	rifampicin	DDIs.

METHODS

Model- based analysis of in vitro P- gp 
kinetic data

Kinetic	parameters	(CLint,T	or	Michaelis–	Menten	constant	
accounting	for	the	binding	in vitro	system	[Km]	and	in vitro	
maximum	rate	of	intestinal	P-	gp–	mediated	efflux	correct-
ing	 for	 the	 insert	 growth	 area	 of	 the	 Transwell	 [Jmax])	
for	 P-	gp–	mediated	 active	 transport	 were	 determined	 by	
modeling	 in vitro	 data	 from	 bidirectional	 transport	 as-
says	using	the	simcyp	in vitro	data	analysis	(SIVA)	Toolkit	
(Version	4.0,	Sheffield,	UK).27	Briefly,	 in vitro	data	were	
fitted	to	a	mechanistic	model	consisting	of	three	compart-
ments	 representing	 the	 apical	 medium,	 cell	 monolayer,	
and	basolateral	medium.	Active	efflux	mediated	by	P-	gp	

is	described	by	first-	order	kinetics	and	driven	by	unbound	
intracellular	concentration.	The	 in vitro	data	used	in	the	
model-	based	analysis	were	obtained	from	the	literature	or	
in-	house	measurements.	In	cases	where	in vitro	data	were	
not	available,	kinetic	parameters	for	P-	gp–	mediated	trans-
port	 were	 estimated	 using	 in vivo	 pharmacokinetic	 (PK)	
data	as	 indicated	in	the	supplementary	materials	 for	the	
corresponding	 compound	 model	 (Table	 S1).	 Estimation	
of	 the	 relevant	 parameters	 were	 performed	 using	 the	
Nelder–	Mead	 algorithm	 and	 weighted	 by	 reciprocal	 of	
predicted	 values.	 The	 representative	 in vitro	 modeling	
examples	(i.e.,	bosutinib	and	crizotinib)	are	provided	as	a	
SIVA	file	in	the	supplementary	materials.

Accounting for intestinal P- gp induction in 
DDI simulations

The	clinical	study	designs	of	DDIs	with	rifampicin	are	sum-
marized	in	Table	S2.	To	account	for	the	induction	effect	of	
intestinal	P-	gp	by	multiple	doses	of	rifampicin,	a	3.5-	fold	
increase	of	intestinal	P-	gp	level	at	steady	state,	as	measured	
using	Western	blot,16,26	was	considered	in	the	simulations.	
Briefly,	a	3.5-	fold	increase	in	the	relative	expression	factor	
(REF)	of	intestinal	P-	gp	kinetics	was	incorporated	into	sub-
strate	models.	For	each	DDI	study,	two	simulations	were	
performed	 to	 represent	 (1)	 the	 control	 phase	 (substrate	
with	default	P-	gp	REF	is	administered	without	rifampicin)	
and	 (2)	 the	 interaction	 phase	 (substrate	 with	 3.5-	fold	 in-
crease	in	P-	gp	REF	is	administered	with	rifampicin).	The	
magnitude	of	DDI	is	evaluated	using	the	ratio	of	substrate	
AUC	from	Simulation	2	to	that	 from	Simulation	1	(AUC	
ratio)	 as	 well	 as	 the	 ratio	 of	 substrate	 maximum	 (peak)	
plasma	 drug	 concentration	 (Cmax)	 from	 Simulation	 2	 to	
that	from	Simulation	1	(Cmax	ratio).	More	details	about	the	
consideration	of	P-	gp	REF	in	the	scaling	of	P-	gp	activity	are	
provided	in	the	supplementary	materials.

PBPK model development and evaluation

PBPK	modeling	and	simulation	were	performed	using	the	
Simcyp	 Population-	based	 absorption,	 distribution,	 me-
tabolism	and	excretion	Simulator	 (Version	18	Release	2,	
Sheffield,	UK).	For	each	DDI	simulation,	10	virtual	trials	
were	 performed	 and	 each	 trial	 included	 the	 same	 num-
ber	 of	 subjects	 (Sim-	Healthy	 Volunteers)	 as	 in	 the	 cor-
responding	clinical	 study.	Demographic	and	 trial	design	
information	 in	 the	 simulations	 were	 matched	 to	 that	 of	
the	clinical	studies.	When	demographic	information	was	
not	 available,	 a	 default	 age	 range	 (20–	50  years	 old)	 and	
proportion	of	females	(50%)	were	used	for	the	simulation.	
The	 initial	 PBPK	 models	 for	 the	 substrates	 were	 either	
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adopted	from	publications	or	from	the	Simcyp	Simulator	
default	 compound	 library.	 These	 initial	 PBPK	 models	
were	 further	 developed	 to	 incorporate	 active	 transport	
mediated	by	intestinal	P-	gp	if	this	was	not	considered	in	
the	first	instance.	The	performance	of	the	final	model	for	
each	 substrate	 in	 predicting	 the	 plasma	 concentration–	
time	profile	of	 the	substrate	at	a	clinically	 relevant	dose	
was	considered	to	be	acceptable	if	(1)	all	of	the	observed	
plasma	concentrations	were	within	5th–	95th	percentiles	
of	the	simulated	plasma	concentrations	in	the	virtual	pop-
ulation	and	(2)	the	simulated	AUC	and	Cmax	values	were	
within	0.8-	fold	to	1.25-	fold	of	the	observed	data.	For	DDI	
predictions,	the	precision	and	bias	of	AUC	and	Cmax	ratios	
were	assessed	by	the	root	mean	square	error	(RMSE)	and	
average	fold	error	(AFE),	respectively.	

	

Sensitivity analysis

A	 hypothetical	 sensitive	 P-	gp	 substrate	 was	 designed	 to	
simulate	the	impact	of	Peff,man	and	intestinal	P-	gp	CLint,T	
on	 PK	 parameters	 of	 the	 substrate	 (AUC,	 Cmax,	 fraction	
of	the	dose	absorbed	[fa],	and	time	to	reach	Cmax	[Tmax])	
after	oral	administration	and	DDI	magnitude	(AUC	and	
Cmax	 ratios)	 when	 it	 is	 administered	 with	 rifampicin.	 In	
addition,	the	effect	of	the	interplay	between	P-	gp	CLint,T,	
fmCYP3A4,	and	the	hepatic	extraction	ratio	(EH)	on	the	level	
of	 the	 estimated	 DDIs	 between	 the	 P-	gp–	CYP3A4	 dual	
substrate	 and	 rifampicin	 was	 investigated	 using	 a	 hypo-
thetical	 P-	gp–	CYP3A4	 dual	 substrate.	 The	 base	 model	
of	 the	 hypothetical	 substrate	 is	 provided	 in	 Table	 S3.	
Data	 visualization	 was	 performed	 with	 MATLAB	 2019b	
(Mathworks	Inc.,	Natick,	MA).

RESULTS

PBPK model development and validation

To	 evaluate	 the	 effect	 of	 P-	gp	 induction	 by	 rifampicin	 on	
DDIs,	a	matrix	of	12	drugs	were	 selected,	 including	 three	
well-	characterized	 sensitive	 P-	gp	 substrates	 (digoxin,	 da-
bigatran,	 and	 talinolol),	 seven	 P-	gp–	CYP3A4	 dual	 sub-
strates	 (abemaciclib,	 acalabrutinib,	 bosutinib,	 crizotinib,	
naldemedine,	 naloxegol,	 and	 olaparib),	 and	 two	 P-	gp–	
CYP3A4	 dual	 substrates	 that	 were	 also	 inhibitors	 of	 both	
P-	gp	and	CYP3A4	(quinidine	and	verapamil).	The	key	PK	

characteristics	of	these	substrates	are	summarized	in	Table 1.	
The	intestinal	P-	gp	CLint,T	or	Jmax	over	Km	values	incorpo-
rated	in	the	models	varied	from	2.33	to	531	µl/min,	whereas	
the	fmCYP3A4	of	these	drugs	ranged	from	0	to	0.99.	The	PBPK	
models	 for	 digoxin,	 dabigatran,	 talinolol,	 and	 naloxegol	
were	 adopted	 from	 the	 literature,	 and	 their	 performance	
was	validated	previously	against	clinical	PK	data	from	mul-
tiple	 studies.24,25,28	 For	 the	 three	 P-	gp	 sensitive	 substrates	
(digoxin,	 dabigatran,	 and	 talinolol),	 the	 P-	gp	 component	
was	 further	validated	 in	previous	publications	using	clini-
cal	DDI	studies	with	a	P-	gp	inhibitor/inducer.24,26	The	initial	
PBPK	models	of	abemaciclib,	acalabrutinib,	bosutinib,	nal-
demedine,	olaparib,	and	quinidine	were	adopted	from	the	
literature	and	refined	to	 incorporate	P-	gp–	mediated	efflux	
in	the	intestine.24,29–	33	The	PBPK	models	of	crizotinib,	vera-
pamil	(including	metabolite	norverapamil),	and	rifampicin	
were	from	the	Simcyp	Simulator	default	compound	library	
with	 minor	 modifications.	 The	 input	 parameters	 of	 the	
PBPK	model	for	each	drug	are	summarized	in	Table	S1.	All	
of	the	compound	files	used	in	the	simulation	are	available	as	
part	of	the	supplementary	materials.	The	simulated	plasma	
concentration–	time	profiles	following	the	clinically	relevant	
dose	of	each	drug	were	in	good	agreement	with	the	observed	
data	(Figure	S1).	The	simulated	PK	parameters	(AUC	and	
Cmax)	were	within	0.8-	fold	to	1.25-	fold	of	the	observed	data	
for	all	compounds	(Figure	S2).	For	each	drug,	the	simulated	
luminal	 concentration	 and	 unbound	 drug	 concentration	
in	the	enterocytes	from	each	intestinal	segment	are	shown	
in	Figures	S3	and	S4,	respectively.	The	unbound	drug	con-
centration	in	the	enterocyte,	as	the	driving	concentration	of	
first-	pass	metabolism	and	apical	efflux	in	the	gut,	will	lead	to	
saturation	of	these	processes	when	it	is	substantially	higher	
than	the	Km	of	 these	processes.	The	passive	diffusion	rate	
(from	gut	lumen	to	gut	enterocyte)	and	the	P-	gp–	mediated	
active	efflux	rate	(from	gut	enterocyte	back	into	gut	lumen)	
in	each	intestinal	region	from	the	jejunum	through	to	the	
colon	are	shown	for	each	drug	(Figure	S5)	as	an	indication	
of	the	relative	contribution	of	passive	permeation	and	active	
efflux	to	oral	absorption	in	different	regions	of	the	intestine.	
The	passive	diffusion	rate	is	represented	by	positive	values,	
whereas	the	active	efflux	rate	is	represented	by	negative	val-
ues	 as	 a	 counteracting	 process	 against	 absorption.	 Hence,	
the	difference	between	the	magnitudes	of	passive	diffusion	
and	active	efflux	indicates	the	sensitivity	of	a	drug	as	a	P-	gp	
substrate.	The	intrinsic	efflux	clearance	mediated	by	intesti-
nal	P-	gp	for	each	compound	in	the	absence	of	rifampicin	is	
shown	in	Figure	S6,	which	exhibits	substrate	and	intestinal	
region	dependencies.	The	saturation	of	P-	gp	intrinsic	clear-
ance	was	observed	for	a	number	of	compounds,	including	
abemaciclib,	bosutinib,	crizotinib,	olaparib,	quinidine,	vera-
pamil,	dabigatran,	and	talinolol.	As	mentioned	previously,	
the	extent	of	saturation	was	dependent	on	the	unbound	con-
centration	of	the	substrate	in	the	enterocyte	compartment	
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(predicted ratio−observed ratio)2

number of predictions (N)

AFE = 10
1
n

∑

log
�

predicted ratio
observed ratio

�

.



   | 1489RIFAMPICIN EFFECTS ON P- GP/CYP3A4- SUBSTRATES

T
A

B
L

E
 1

	
K

ey
	p

hy
si

oc
he

m
ic

al
	a

nd
	p

ha
rm

ac
ok

in
et

ic
	p

ar
am

et
er

s

D
ru

g
Lo

g 
P o

:w

C
om

po
un

d 
ty

pe
 (p

K
a)

f u
B

:P
fa

a
Fg

a
f u

,g
ut

P e
ff

,m
an

In
te

st
in

al
 P

- g
p 

ki
ne

ti
cs

, C
L i

nt
,T

 
(K

m
; J

m
ax

; R
A

F/
R

E
F)

fm
C

Y
P3

A
4

Fh
a

In
tr

in
si

c 
so

lu
bi

lit
y 

(m
g/

m
l)

D
os

e 
(m

g)

A
be

m
ac

ic
lib

3.
36

D
ip

ro
tic

	b
as

e
(7

.9
5,

	4
.4

8)
0.

05
57

0.
84

0.
91

0.
84

1
2.

46
35

.1
b 	[0

.5
7b ,	2

0b ,	1
]

0.
91

0.
67

0.
00

16
d

20
0

A
ca

la
br

ut
in

ib
2.

03
D

ip
ro

tic
	b

as
e

(5
.7

7,
	3

.5
4)

0.
02

6
0.

78
7

0.
94

0.
95

0.
02

6
7.

72
27

.3
0.

80
0.

33
0.

04
8

10
0

Bo
su

tin
ib

3.
1

M
on

op
ro

tic
	

ba
se

(7
.9

)

0.
06

3
1.

2
0.

74
0.

97
0.

06
3

1.
51

11
6	

[0
.5

8,
	6

7.
4,

	1
]

0.
99

0.
66

0.
02

50
0

C
ri

zo
tin

ib
4.

28
D

ip
ro

tic
	b

as
e

(9
.4

,	5
.6

)
0.

09
3

1.
1

0.
35

0.
98

0.
09

3
0.

57
8

43
.4

	[3
.8

,	1
65

,	1
]

0.
68

0.
55

0.
00

04
7d

25
0

N
al

de
m

ed
in

e
3.

2
D

ip
ro

tic
	b

as
e

(7
.4

,	4
.5

)
0.

06
3

0.
6

0.
69

0.
99

8
0.

06
3

3.
16

12
0.

72
0.

93
0.

22
7

0.
2

N
al

ox
eg

ol
1.

43
D

ip
ro

tic
	b

as
e

(9
.4

8,
	8

.4
5)

0.
95

8
1

0.
91

0.
95

1
3.

5
5c

0.
90

0.
45

0.
05

66
25

O
la

pa
ri

b
1.

55
N

eu
tr

al
0.

18
1

0.
7

0.
94

0.
99

8
0.

25
9

36
.3

8.
37

	[2
8.

8,
	2

41
,	1

]
0.

75
0.

92
0.

08
2

30
0

Q
ui

ni
di

ne
2.

81
D

ip
ro

tic
	b

as
e

(8
.8

,	4
.2

)
0.

20
2

0.
82

0.
98

0.
97

1
3.

47
40

.6
	[0

.2
78

,	1
1.

3,
	1

]
0.

76
0.

81
0.

33
4

33
2

V
er

ap
am

il
4.

46
M

on
op

ro
tic

	
ba

se
(8

.7
8)

0.
09

0.
70

9
0.

99
0.

86
1

6.
08

2.
33

	[0
.7

34
,	2

.8
14

,	0
.6

08
]

0.
68

0.
28

0.
00

39
4

12
0

D
ig

ox
in

1.
26

N
eu

tr
al

0.
71

1.
07

0.
85

1.
0

1
4.

67
4.

9	
[1

77
,	4

34
,	2

]
–	

0.
97

0.
12

7
1

D
ab

ig
at

ra
n	

Et
ex

ila
te

3.
8

D
ip

ro
tic

	b
as

e
(6

.7
,	4

.0
)

0.
07

1.
26

0.
1

0.
66

1
4.

11
53

1	
[2

.5
8,

	2
4.

9,
	5

5c ]
–	

0.
79

0.
00

46
6

15
0

Ta
lin

ol
ol

3.
15

M
on

op
ro

tic
	

ba
se

(9
.4

3)

0.
45

0.
94

0.
7

1.
0

1
4.

11
16

.8
	[3

7,
	1

55
,	4

c ]
–	

0.
90

0.
02

10
0

A
bb

re
vi

at
io

ns
:	B

:P
,	b

lo
od

-	to
-	p

la
sm

a	
pa

rt
iti

on
	ra

tio
;	C

L i
nt

,T
,	i

n 
vi

tr
o	

in
te

st
in

al
	P

-	g
p–

	m
ed

ia
te

d	
in

tr
in

si
c	

cl
ea

ra
nc

e	
(µ

l/
m

in
);	

C
YP

3A
4,

	c
yt

oc
hr

om
e	

P4
50

	3
A

4;
	fa

,	f
ra

ct
io

n	
of

	d
os

e	
ab

so
rb

ed
	fr

om
	g

ut
;	F

g,
	fr

ac
tio

n	
of

	d
ru

g	
th

at
	e

sc
ap

es
	in

te
st

in
al

	fi
rs

t-	p
as

s	m
et

ab
ol

is
m

;	F
h,

	fr
ac

tio
n	

of
	d

ru
g	

es
ca

pi
ng

	h
ep

at
ic

	m
et

ab
ol

is
m

	(1
	−

	th
e	

he
pa

tic
	e

xt
ra

ct
io

n	
ra

tio
	[E

H
])

;	f
m

C
YP

3A
4,	

fr
ac

tio
n	

of
	d

ru
g	

el
im

in
at

io
n	

th
ro

ug
h	

th
e	

C
YP

3A
4-

	m
ed

ia
te

d	
pa

th
w

ay
;	f

u,	
fr

ac
tio

n	
un

bo
un

d	
in

	p
la

sm
a;

	f u
,g

ut
,	u

nb
ou

nd
	fr

ac
tio

n	
in

	e
nt

er
oc

yt
e;

	J m
ax

,	i
n 

vi
tr

o	
m

ax
im

um
	ra

te
	o

f	i
nt

es
tin

al
	P

-	g
p–

	m
ed

ia
te

d	
ef

flu
x	

co
rr

ec
tin

g	
fo

r	t
he

	in
se

rt
	g

ro
w

th
	a

re
a	

of
	th

e	
Tr

an
sw

el
l	(

pm
ol

/m
in

/c
m

2 );	
K

m
,	M

ic
ha

el
is

–	
M

en
te

n	
co

ns
ta

nt
	a

cc
ou

nt
in

g	
fo

r	t
he

	b
in

di
ng

	in
 vi

tr
o	

sy
st

em
	(µ

M
);	

lo
g	

P o
:w

,	l
og

	o
f	t

he
	o

ct
an

ol
-	to

-	w
at

er
	p

ar
tit

io
n	

co
ef

fic
ie

nt
;	P

ef
f,m

an
,	e

ffe
ct

iv
e	

pe
rm

ea
bi

lit
y	

in
	h

um
an

	je
ju

nu
m

	(1
0−

4  c
m

/s
);	

P-
	gp

,	P
-	g

ly
co

pr
ot

ei
n;

	R
A

F/
R

EF
,	r

el
at

iv
e	

ac
tiv

ity
	o

r	r
el

at
iv

e	
ex

pr
es

si
on

	fa
ct

or
.	I

nt
ri

ns
ic

	so
lu

bi
lit

y	
(m

g/
m

l)	
at

	p
H

	7
.4

;	d
os

e	
is

	in
	m

g.
	T

he
	P

-	g
p	

ki
ne

tic
	p

ar
am

et
er

s	u
se

d	
in

	e
ac

h	
m

od
el

	a
re

	in
	it

al
ic

s.	
Th

e	
in

pu
t	p

ar
am

et
er

s	o
f	a

ll	
co

m
po

un
d	

fil
es

	a
re

	
su

m
m

ar
iz

ed
	in

	T
ab

le
	S

1.
a Pr

ed
ic

te
d	

by
	p

hy
si

ol
og

ic
al

ly
	b

as
ed

	p
ha

rm
ac

ok
in

et
ic

	m
od

el
.

b O
pt

im
iz

ed
.

c A
ss

um
ed

	th
e	

sa
m

e	
as

	th
e	

in
 vi

tr
o	

ha
lf-

	m
ax

im
al

	in
hi

bi
to

ry
	c

on
ce

nt
ra

tio
n	

(I
C

50
)	i

n	
µM

	a
ga

in
st

	P
-	g

p.
d Pr

ed
ic

te
d	

fr
om

	lo
g	

P o
:w

	a
nd

	m
el

tin
g	

po
in

t.50



1490 |   PAN et al.

compared	with	the	affinity	of	the	substrate	to	P-	gp	protein	
(Km).	Of	the	compounds	that	were	developed	using	Km	and	
Jmax	data	for	P-	gp	kinetics,	digoxin,	talinolol,	bosutinib,	ve-
rapamil,	and	quinidine	exhibited	disproportionate	systemic	
exposure	at	higher	oral	doses	likely	attributed	to	the	satura-
tion	of	intestinal	P-	gp.	For	digoxin,	the	previously	published	
PBPK	 model	 successfully	 captured	 the	 dose–	exposure	
nonlinearity.25	For	talinolol,	bosutinib,	verapamil	and	qui-
nidine,	 the	PBPK	models	reasonably	predicted	the	dispro-
portionate	increase	in	exposure	at	higher	oral	doses	of	these	
compounds	(Table	S4).

Importance of considering intestinal 
P- gp on the prediction of PK and DDI 
with rifampicin

Simulations	 suggested	 that	 increasing	 passive	 perme-
ability	 led	to	an	increase	in	Cmax,	AUC,	and	fa	as	well	
as	a	decrease	in	Tmax.	By	contrast,	increasing	intestinal	
P-	gp	 efflux	 activity	 resulted	 in	 decreased	 Cmax,	 AUC,	
and	fa	as	well	as	delayed	Tmax	(Figure 1a,b).	When	in-
testinal	 P-	gp	 was	 induced	 by	 rifampicin,	 the	 simula-
tions	 showed	 that	 the	 Cmax	 and	 AUC	 ratios	 declined	
rapidly	from	1	to	0.5	as	P-	gp	CLint,T	was	increased	from	
0	 to	 20  µl/min;	 Cmax	 and	 AUC	 ratios	 then	 gradually	
reached	 a	 plateau	 of	 0.3–	0.4	 as	 P-	gp	 CLint,T	 exceeded	
100  µl/min	 (Figure  1c,d).	 In	 addition,	 Peff,man	 showed	
a	 marginal	 impact	 on	 the	 magnitude	 of	 DDI	 with	 ri-
fampicin.	Increasing	the	Peff,man	value	by	200-	fold	(from	
0.5	to	10	×	10−4 cm/s)	only	led	to	a	1.4-	fold	change	of	
the	Cmax	ratio	but	had	no	appreciable	effect	on	the	AUC	
ratio	(Figure 1c,d).	For	digoxin	and	talinolol,	which	are	
well-	characterized	 P-	gp	 substrates	 with	 relatively	 low	
intestinal	P-	gp	CLint,T	(5	and	16.8	µl/min,	respectively),	
the	Cmax	and	AUC	ratios	were	0.5	to	0.7	when	coadmin-
istered	 with	 rifampicin,	 whereas	 for	 dabigatran	 etex-
ilate,	a	P-	gp	substrate	with	higher	intestinal	P-	gp	CLint,T	
(531 µl/min),	the	Cmax	and	AUC	ratios	were	0.3	and	0.4,	
respectively.	Furthermore,	the	fa	of	digoxin	(0.7),	talin-
olol	 (0.7),	 and	 dabigatran	 etexilate	 (0.1)	 decreased	 by	
1.4-	fold,	1.8-	fold,	and	2.5-	fold,	respectively,	as	a	result	
of	rifampicin-	mediated	P-	gp	induction.

Accounting for concurrent P- gp and 
CYP3A4 induction improved DDI prediction 
with rifampicin

The	 simulation	 results	 showed	 that	 accounting	 for	 P-	gp	
induction	in	addition	to	CYP3A4	induction	led	to	further	
decreases	of	AUC	and	Cmax	ratios	(from	1.2-	fold	to	1.6-	fold	

and	from	1.4-	fold	to	1.7-	fold,	respectively)	for	seven	P-	gp–	
CYP3A4	dual	 substrates	compared	with	only	considering	
CYP3A4	 induction	 (Figure  2).	 Accounting	 for	 simultane-
ous	induction	of	P-	gp	and	CYP3A4	by	rifampicin	improved	
the	accuracy	of	DDI	prediction.	In	comparison	with	consid-
ering	CYP3A4	induction	alone,	the	RMSE	decreased	from	
0.11	to	0.06	for	AUC	ratios	and	from	0.15	to	0.10	for	Cmax	
ratios.	The	AFE	were	reduced	from	1.93	to	1.48	for	AUC	ra-
tios	and	from	1.54	to	1.04	for	Cmax	ratios.	However,	for	qui-
nidine	and	verapamil,	two	well-	characterized	competitive	
P-	gp	 inhibitors,	 P-	gp	 induction	 by	 rifampicin	 only	 led	 to	
marginal	changes	of	the	AUC	and	Cmax	ratios,	which	may	
be	attributed	to	the	saturation	of	intestinal	P-	gp	at	the	stud-
ied	dose	level.	In	the	cases	of	acalabrutinib,	naldemedine,	
and	naloxegol,	where	P-	gp	activity	was	described	by	CLint,T	
rather	 than	 Km	 and	 Jmax	 because	 of	 the	 insufficient	 data	
for	determining	Km	values	(e.g.,	solubility	restrictions	pre-
cluded	testing	high	substrate	concentrations	in	the	in vitro	
assays),	the	slightly	overpredicted	Cmax	ratios	with	P-	gp	in-
duction	may	be	attributed	largely	to	these	models	not	ac-
counting	for	potential	saturation	of	intestinal	P-	gp	activity.	
Furthermore,	sensitivity	analysis	was	performed	to	evalu-
ate	the	impact	of	intestinal	P-	gp–	mediated	efflux	clearance,	
fmCYP3A4,	 and	 EH	 on	 the	 predicted	 AUC	 and	 Cmax	 ratios	
for	DDIs	with	rifampicin	(Figure 3).	A	general	 trend	was	
shown	with	the	analysis	that	the	level	of	interaction	with	
rifampicin	 was	 increased	 (AUC	 and	 Cmax	 ratios	 became	
smaller)	as	a	result	of	increased	fmCYP3A4	and/or	increased	
efflux	clearance	mediated	by	 intestinal	P-	gp	(with	Peff,man	
fixed	at	9.3	×	10−4 cm/s	in	this	example).	For	compounds	
with	higher	intestinal	P-	gp	efflux	clearance	(relative	to	pas-
sive	 permeability)	 and	 higher	 fmCYP3A4	 (e.g.,	 bosutinib),	
a	greater	reduction	in	oral	exposure	with	concomitant	ri-
fampicin	can	be	expected.	As	a	compound	is	substantially	
extracted	by	hepatic	CYP3A4	(EH	>	0.7,	fmCYP3A4:	0.6–	1)	as	
well	as	intestinal	CYP3A4	(fraction	of	the	dose	that	escapes	
intestinal	first-	pass	metabolism	[Fg]	<	0.46),	the	change	of	
oral	exposure	after	rifampicin	pretreatment	was	shown	to	
be	largely	driven	by	CYP3A4	induction,	whereas	P-	gp	in-
duction	 by	 rifampicin	 had	 a	 limited	 effect	 on	 drug	 expo-
sure.	In	fact,	 for	 these	compounds	substantially	extracted	
by	CYP3A4,	the	analysis	suggested	that	increased	intestinal	
P-	gp	clearance	led	to	a	slightly	lower	extent	of	interaction	
with	rifampicin,	as	more	drug	appeared	to	be	absorbed	in	
the	distal	 region	of	 the	 intestine	where	 first-	pass	gut	me-
tabolism	mediated	by	CYP3A4	was	less	pronounced	com-
pared	with	the	proximal	region	(Figure 4).	By	contrast,	for	
low	hepatic	extraction	drugs	(EH	<	0.3,	fmCYP3A4:	0.6	~	1)	
with	high	Fg	(>	0.73),	the	effect	of	P-	gp	induction	on	the	
magnitude	 of	 interaction	 with	 rifampicin	 became	 more	
pronounced	 and	 more	 sensitive	 to	 the	 intestinal	 P-	gp–	
mediated	clearance.
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DISCUSSION

In	the	present	study,	we	have	evaluated	the	effect	of	mul-
tiple	 doses	 of	 rifampicin	 on	 the	 systemic	 exposure	 of	 a	
number	of	P-	gp–	CYP3A4	dual	substrates	using	the	PBPK	
modeling	approach.	The	primary	focus	was	to	investigate	
the	effect	of	considering	concurrent	induction	of	P-	gp	and	
CYP3A4	by	rifampicin	on	the	predicted	levels	of	interac-
tion	compared	with	that	of	considering	CYP3A4	induction	
alone.	 The	 simulation	 results	 revealed	 that	 considering	
both	 P-	gp	 and	 CYP3A4	 induction	 by	 rifampicin	 led	 to	
decreased	bias	and	 increased	precision	 for	 the	predicted	

AUC	and	Cmax	ratios	of	P-	gp–	CYP3A4	dual	substrates	in	
the	presence	and	absence	of	multiple	doses	of	rifampicin	
pretreatment	 compared	 with	 the	 simulations	 without	
P-	gp	induction.

Intestinal	 P-	gp	 and	 CYP3A4	 are	 functionally	 syner-
gistic	in	limiting	the	systemic	exposure	of	orally	admin-
istered	 drugs.	 For	 P-	gp–	CYP3A4	 dual	 substrates,	 drug	
molecules	 entered	 into	 the	 gut	 enterocytes	 can	 be	 ex-
truded	back	into	the	gut	lumen	and	become	available	for	
reabsorption.	As	drug	molecules	undergo	this	efflux	and	
reabsorption	cycle,	they	are	more	likely	to	be	metabolized	
as	the	exposure	of	drug	molecules	to	intestinal	CYP3A4	

F I G U R E  1  Impact	of	P-	gp	activity	on	predicted	PK	parameters	and	drug–	drug	interactions.	(a	and	b)	Impact	of	passive	permeability	and	
CLint,T	on	PK	parameters	(AUC,	Cmax,	overall	fa,	and	Tmax)	of	the	substrate.	The	direction	of	the	arrow	indicates	increase	of	the	parameter.	
(c and	d)	Impact	of	Peff,man	and	CLint,T	on	the	interaction	between	rifampicin	and	pure	P-	gp	substrates.	The	data	points	represent	the	
observed	AUC	and	Cmax	ratios	of	digoxin,	talinolol,	and	dabigatran	etexilate	with	or	without	the	presence	of	multiple	doses	of	rifampicin.	
AUC,	area	under	the	concentration-	time	curve;	CLint,T,	in vitro	intestinal	P-	gp–	mediated	intrinsic	clearance;	Cmax,	maximum	(peak)	
plasma	drug	concentration;	fa,	fraction	of	the	dose	absorbed;	Peff,man,	effective	intestinal	passive	permeability;	P-	gp,	P-	glycoprotein;	PK,	
pharmacokinetic;	Tmax,	time	to	reach	Cmax
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is	increased.	Furthermore,	P-	gp	decreases	the	intracellu-
lar	 concentration	of	 the	drug	 in	 the	enterocytes,	 reduc-
ing	the	chance	of	CYP3A4 saturation.	In	addition	to	the	
functional	synergy,	P-	gp	and	CYP3A4	are	also	shown	to	
be	 coregulated	 by	 the	 nuclear	 receptors	 PXR	 and	 CAR	
and	therefore	can	be	upregulated	by	the	agonists	of	these	
nuclear	receptors.12	Rifampicin,	a	well-	known	PXR	ago-
nist,	has	been	shown	to	induce	P-	gp	and	CYP3A4 simul-
taneously.	Hence,	it	is	important	to	consider	the	impact	
of	 rifampicin	 on	 both	 P-	gp	 and	 CYP3A4,	 especially	 for	
the	assessment	of	DDIs	when	rifampicin	is	administered	
concomitantly	with	P-	gp–	CYP3A4	dual	substrates.	In	the	

present	study,	we	showed	that	although	the	initial	rifam-
picin	PBPK	model	(without	considering	P-	gp	induction)	
was	validated	extensively	 for	 its	predictive	performance	
for	 CYP3A4	 induction	 in	 previous	 publications,	 there	
was	a	tendency	of	the	initial	model	to	underestimate	the	
magnitudes	of	DDIs	with	P-	gp–	CYP3A4	dual	substrates.	
To	account	for	P-	gp	induction,	a	3.5-	fold	increase	of	the	
P-	gp	 protein	 level	 at	 steady	 state,	 which	 was	 measured	
by	 Western	 blot	 in	 healthy	 volunteers	 following	 multi-
ple	administrations	of	rifampicin	(600 mg	once	daily	for	
10 days),16	was	incorporated	in	the	PBPK	models,	result-
ing	in	successfully	recovering	the	observed	AUC	and	Cmax	

F I G U R E  2  Predicted	versus	observed	(a)	AUC	and	(b)	Cmax	ratios	with	or	without	the	presence	of	multiple	doses	of	rifampicin.	
The	starting	point	of	the	arrow	indicates	the	AUC	and	Cmax	ratios	predicted	without	considering	P-	gp	induction	by	rifampicin	(CYP3A4	
induction	only).	The	end	of	the	arrow	indicates	the	AUC	and	Cmax	ratios	predicted	with	CYP3A4	induction	and	a	3.5-	fold	induction	of	
intestinal	P-	gp.	Solid	and	dashed	lines	represent	unity	and	2-	fold	error,	respectively.	AUC,	area	under	the	concentration-	time	curve;	Cmax,	
maximum	(peak)	plasma	drug	concentration;	CYP3A4,	cytochrome	P450	3A4;	P-	gp,	P-	glycoprotein

F I G U R E  3  Impact	of	intestinal	P-	gp	CLint,T,	fmCYP3A4,	and	EH	on	drug–	drug	interaction	prediction.	The	simulated	(a)	AUC	and	(b)	Cmax	
ratios	of	P-	gp–	CYP3A4	dual	substrate	with	or	without	the	presence	of	multiple	doses	of	rifampicin.	AUC,	area	under	the	concentration-	time	
curve;	CLint,T,	in vitro	intestinal	P-	gp–	mediated	intrinsic	clearance;	Cmax,	maximum	(peak)	plasma	drug	concentration;	CYP3A4,	cytochrome	
P450	3A4;	EH,	hepatic	extraction	ratio;	fmCYP3A4,	fraction	of	drug	elimination	through	the	CYP3A4-	mediated	pathway;	P-	gp,	P-	glycoprotein
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ratios	for	P-	gp	probe	substrates	as	well	as	P-	gp–	CYP3A4	
dual	substrates.

For	 an	 investigational	 drug	 that	 is	 substantially	
(>25%)	 metabolized	 by	 CYP3A,	 the	 assessment	 of	 the	
impact	of	CYP3A	induction	on	drug	exposure	is	required	
by	multiple	regulatory	agencies.13,34,35	Rifampicin	is	one	
of	 the	 most	 potent	 inducers	 of	 CYP3A4	 and	 is	 exten-
sively	used	in	prospective	DDI	studies	to	investigate	the	
effect	of	CYP3A4	induction.	The	findings	from	the	DDI	
studies	 with	 rifampicin	 and	 strong	 CYP3A4	 inhibitors	
(ketoconazole	or	itraconazole)	are	often	used	to	validate	
and/or	 refine	 fmCYP3A4	 for	 a	 given	 substrate	 in	 PBPK	
modeling.28,30,31,33,36	 Thereafter,	 the	 substrate	 model	 is	
considered	 as	 validated	 for	 making	 prospective	 predic-
tions	 of	 untested	 scenarios	 (e.g.,	 DDIs	 with	 moderate/
weak	inhibitors	or	inducers).	However,	such	a	paradigm	
is	 sometimes	confounded	by	 the	experience	 that	PBPK	
models	 tend	 to	underpredict	DDIs	with	 rifampicin.37,38	
Such	underprediction	may	have	contributed	to	less	reg-
ulatory	 clarity	 about	 the	 acceptability	 of	 PBPK	 in	 this	
area39	 and	 also	 highlighted	 the	 need	 to	 further	 refine	
the	rifampicin	model	to	account	for	additional	induction	
mechanisms	such	as	transporter	induction.37	In	the	case	
of	P-	gp–	CYP3A4	dual	substrates,	it	has	been	shown	that	
despite	 fmCYP3A4	 being	 validated	 or	 refined	 using	 DDIs	
with	strong	CYP3A4	inhibitors,	there	was	a	tendency	to	
underestimate	the	interaction	with	multiple	doses	of	ri-
fampicin	 if	 P-	gp	 induction	 was	 not	 considered.	 Hence,	
to	 increase	 the	 confidence	 in	 prospective	 prediction	 of	
DDIs	 with	 other	 perpetrators,	 it	 is	 important	 to	 differ-
entiate	the	contributions	of	P-	gp	and	CYP3A4	for	P-	gp–	
CYP3A4	dual	substrates	and	account	for	P-	gp	induction	
in	the	DDI	simulations	with	rifampicin.	During	drug	de-
velopment,	it	is	recommended	by	the	US	FDA	that	most	

investigational	drugs	should	be	evaluated	in vitro	to	de-
termine	whether	they	are	P-	gp	substrates	unless	they	are	
highly	permeable	and	highly	soluble.	If	the	efflux	ratio	
(ER)	of	a	drug	determined	from	in vitro	assay	meets	cer-
tain	criteria,	a	clinical	DDI	study	should	be	considered	
based	 on	 the	 drug's	 safety	 margin,	 therapeutic	 index,	
and	likely	concomitant	drugs	that	are	known	P-	gp	inhib-
itors.13	In	this	case,	it	is	advisable	to	generate	more	de-
tailed	kinetic	data	(CLint,T	or	Km	and	Jmax)	other	than	ER	
as	inputs	to	PBPK	models	to	predict	the	likely	magnitude	
of	DDI	when	a	P-	gp	substrate	or	P-	gp–	CYP3A4	dual	sub-
strate	 is	 coadministered	 with	 P-	gp	 inhibitors/inducers.	
To	address	the	limitations	of	the	conventional	approach	
that	estimates	P-	gp	kinetic	data	using	the	nominal	drug	
concentration	in	the	donor	chamber	of	the	in vitro	trans-
port	system,40	the	use	of	in vitro	modeling	that	features	
a	 dynamic	 and	 mechanistic	 representation	 of	 the	 in 
vitro	 transport	 assays	 has	 been	 increasingly	 adopted	 in	
recent	 years	 for	 estimating	 more	 intrinsic	 estimates	 of	
P-	gp	kinetics	by	accounting	for	active	transport,	passive	
diffusion,	 and	 relevant	 driving	 concentration	 of	 P-	gp–	
mediated	efflux	in	in vitro	systems.24,40,41

In	principle,	P-	gp	expression	can	be	induced	by	rifam-
picin	 in	 multiple	 tissues,	 including	 the	 intestine,	 liver,	
kidney,	 and	 brain.	 Nevertheless,	 it	 has	 been	 shown	 that	
the	effect	of	rifampicin	on	the	systemic	exposure	of	P-	gp	
substrates	can	be	explained	predominantly	by	P-	gp	induc-
tion	in	the	intestine,	whereas	the	induction	of	hepatic	and	
renal	 P-	gp	 has	 limited	 impact	 on	 the	 systemic	 exposure	
of	 P-	gp	 substrates.12	 Hence,	 the	 present	 study	 primarily	
focused	on	the	induction	of	intestinal	P-	gp	by	rifampicin.	
However,	it	should	be	noted	that	the	exact	mechanism	un-
derlying	the	differential	effect	of	P-	gp	induction	in	differ-
ent	tissues	still	remains	unclear.	Therefore,	it	is	advisable	

F I G U R E  4  (a)	Relative	expression	of	P-	gp	and	CYP3A4	in	intestine	and	(b)	impact	of	P-	gp	intrinsic	clearance	on	the	fa	in	each	intestinal	
segment.	CLint,T,	in vitro	intestinal	P-	gp–	mediated	intrinsic	clearance;	CYP3A4,	cytochrome	P450	3A4;	fa,	fraction	of	the	dose	absorbed;	P-	gp,	
P-	glycoprotein
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to	consider	whether	an	inducer	modulates	P-	gp	to	differ-
ent	extents	in	each	organ	and	specify	input	parameters	to	
describe	the	induction	effects	in	these	organs	accordingly	
when	 developing	 inducer	 PBPK	 models	 using	 the	 ap-
proach	described	herein.

The	sensitivity	analysis	presented	in	the	current	study	
suggested	 fmCYP3A4	 and	 intestinal	 P-	gp	 CLint,T	 as	 the	
main	 substrate	 characteristics	 that	 determined	 the	 level	
of	 interaction	 with	 rifampicin.	 This	 is	 also	 reflected	 in	
the	observed	data	set	that	AUC	and	Cmax	ratios	of	the	in-
vestigated	 compounds	 varied	 by	 approximately	 4.9-	fold	
and	 15.5-	fold,	 respectively,	 possibly	 because	 of	 the	 wide	
range	of	fmCYP3A4	and	CLint,T	of	 intestinal	P-	gp	for	these	
compounds.	 Although	 the	 importance	 of	 accurate	 fm-
CYP3A4 measurements	has	been	widely	recognized	in	this	
field,	these	results	further	pointed	out	the	importance	of	
reliable	and	detailed	estimates	for	intestinal	P-	gp	activity	
in	DDI	predictions.	To	increase	the	robustness	of	the	P-	gp	
parameters,	an	in vitro	modeling	approach	(SIVA	Toolkit)	
was	applied	in	this	study	to	estimate	Km	and	Jmax	where	
possible	 as	 P-	gp	 saturation	 may	 offset	 the	 effect	 of	 P-	gp	
induction	 by	 rifampicin.	 In	 cases	 where	 insufficient	 in 
vitro	data	precluded	the	estimation	of	Km	and	Jmax,	CLint,T	
was	 estimated	 as	 the	 alternative	 input.	 In	 principle,	 the	
P-	gp	 and	 CYP3A4	 components	 of	 the	 substrate	 model	
should	be	 individually	validated	using	clinical	DDI	data	
before	moving	forward	to	predict	the	combined	effect	of	
P-	gp	and	CYP3A4	induction.	Although	the	assessment	of	
fraction	metabolized	by	CYP3A	(fmCYP3A)	 for	a	CYP3A4	
substrate	using	strong	index	inhibitor	is	a	widely	accepted	
approach,	applying	the	same	strategy	to	validate	P-	gp	and	
CYP3A4	components	separately	for	a	P-	gp–	CYP3A4	dual	
substrate	model	is	not	straightforward	as	most	clinical	in-
hibitors	(e.g.,	ketoconazole,	itraconazole)	coadministered	
with	 these	 P-	gp–	CYP3A4	 dual	 substrates	 could	 inhibit	
both	P-	gp	and	CYP3A4.	Nevertheless,	in	cases	where	P-	gp	
activity	 is	 saturated	 by	 the	 substrate	 itself,	 DDI	 studies	
with	such	inhibitors	may	be	used	to	validate	the	CYP3A4	
component	 separately.	 To	 demonstrate	 this	 point,	 the	
quinidine–	verapamil	 DDI	 study	 reported	 by	 Edwards	
et	al.42	was	simulated	where	the	observed	clearance	ratios	
were	reasonably	recovered	 (observed	vs.	predicted	clear-
ance	 ratios	were	0.69	±	0.05	vs.	0.61	±	0.09	with	80 mg	
verapamil	 pretreatment	 and	 0.65	 ±	 0.07	 vs.	 0.56	 ±	 0.09	
with	120 mg	verapamil	pretreatment).	The	simulated	P-	gp	
intrinsic	clearance	using	Km	and	Jmax	inputs	revealed	that	
intestinal	 P-	gp	 was	 saturated	 by	 quinidine	 itself	 at	 the	
therapeutic	dose	(322 mg	free	base);	hence,	the	DDI	is	pre-
dominantly	 driven	 by	 a	 mechanism-	based	 inhibition	 of	
CYP3A4 mediated	by	verapamil.

The	CYP3A4	induction	parameters	of	the	default	rifam-
picin	model	(maximal	fold	induction	of	CYP3A4	over	vehi-
cle	[Indmax_CYP3A4]	=	16,	drug	concentration	that	supports	

half	maximal	induction	of	CYP3A4	[IndC50_CYP3A4]	=	0.32,	
unbound	fraction	of	drug	in	enterocytes	[fu,gut]	=	1)	have	
been	validated	extensively	using	clinical	DDI	studies	with	
a	large	number	of	CYP3A4 substrates.4,22,23	An	alternative	
set	of	CYP3A4	induction	parameters	(Indmax_CYP3A4	=	30.6,	
IndC50_CYP3A4	 =	 0.32,	 fu,gut	 =	 0.116),	 which	 were	 previ-
ously	used	as	a	worst	case	assessment	of	DDI	liability	for	
metabolically	stable	CYP3A4 substrates,	further	improved	
the	 predictions	 for	 some	 compounds	 such	 as	 bosutinib	
by	 simulating	 a	 stronger	 induction	 of	 CYP3A4	 (Figure	
S7).	Although		bosutinib	is	predominantly	metabolized	by	
CYP3A4	(fm,CYP3A4	≈ 1),	such	improvement	should	be	inter-
preted	with	caution	as	rifampicin	is	also	shown	to	induce	
other	proteins	such	as	CYP1A2,	CYP2B6,	CYP2C8,	CYP2C9,	
UDP	glucuronosyltransferase	(UGT)1A1,	and	possibly	or-
ganic	 anion	 transporting	 polypeptide	 (OATP)1B1,15,43–	48	
which	may	account	for	the	underestimation	of	DDIs	with	
the	 default	 rifampicin	 model	 when	 their	 involvement,	 if	
any,	is	not	considered	in	the	substrate	model.	Hence,	fur-
ther	 investigation	 is	 warranted	 to	 identify	 whether	 meta-
bolic	pathways	mediated	by	non-	CYP	enzymes	as	well	as	
CYP	enzymes	other	than	CYP3A4	were	involved	in	the	me-
tabolism	of	 the	substrates	and	contributed	 to	 the	 interac-
tion	with	rifampicin.

One	of	the	limitations	of	this	study	is	that	the	current	
model	does	not	account	for	the	time	dependency	of	P-	gp	
induction,	as	the	induction	effect	was	considered	in	the	
simulations	by	increasing	the	P-	gp	level	based	on	the	ob-
served	 fold	 induction	 of	 P-	gp	 at	 steady	 state.	 Although	
this	had	a	limited	impact	on	the	simulations	in	the	pres-
ent	 study	 as	 the	 substrates	 were	 administered	 after	 the	
induction	effect	reached	steady	state	following	multiple	
doses	of	rifampicin,	dynamic	models	that	take	into	con-
sideration	the	rates	of	P-	gp	synthesis	and	degradation	are	
required	to	fully	understand	the	time	dependency	of	P-	gp	
induction,	such	as	the	effect	of	dose	staggering	and	the	
level	of	DDIs	before	steady	state	is	reached.

In	 summary,	 although	 challenges	 remain	 in	 differ-
entiating	 the	 effects	 of	 P-	gp	 and	 CYP3A4	 inductions	 on	
oral	 drug	 exposure	 of	 their	 substrates,	 the	 present	 study	
demonstrated	the	utility	of	the	PBPK	modeling	approach	
to	predict	the	effect	of	simultaneous	P-	gp	and	CYP3A4	in-
duction	on	the	exposure	of	P-	gp–	CYP3A4	dual	substrates.	
According	 to	 the	 European	 Medicines	 Agency	 guidance,	
a	data	set	of	8–	10	compounds	is	indicative	of	a	sufficient	
number	of	compounds	to	qualify	a	specific	system	model	
of	a	PBPK	platform,49	hence	the	data	set	presented	in	the	
present	study	provides	a	valuable	aid	in	understanding	the	
combined	effect	of	P-	gp	and	CYP3A	induction	during	drug	
development.	The	 PBPK	 models	 described	 herein,	 when	
informed	by	robust	in vitro	and	clinical	data,	can	help	in	
the	assessment	of	DDI	potentials	for	investigational	drugs	
as	P-	gp	and	CYP3A	substrates	or	inducers.
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