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Abstract
N-	Nitrosamine	 (NA)	 impurities	 are	 considered	 genotoxic	 and	 have	 gained	 at-
tention	 due	 to	 the	 recall	 of	 several	 marketed	 drug	 products	 associated	 with	
higher-	than-	permitted	limits	of	these	impurities.	Rifampicin	is	an	index	inducer	
of	multiple	 cytochrome	P450s	 (CYPs)	 including	CYP2B6,	2C8,	2C9,	2C19,	and	
3A4/5	and	an	inhibitor	of	OATP1B	transporters	(single	dose).	Hence,	rifampicin	
is	 used	 extensively	 in	 clinical	 studies	 to	 assess	 drug–	drug	 interactions	 (DDIs).	
Despite	 NA	 impurities	 being	 reported	 in	 rifampicin	 and	 rifapentine	 above	 the	
acceptable	 limits,	 these	 critical	 anti-	infective	 drugs	 are	 available	 for	 therapeu-
tic	 use	 considering	 their	 benefit–	risk	 profile.	 Reports	 of	 NA	 impurities	 in	 ri-
fampicin	products	have	created	uncertainty	around	using	rifampicin	in	clinical	
DDI	studies,	especially	in	healthy	volunteers.	Hence,	a	systematic	investigation	
through	 a	 literature	 search	 was	 performed	 to	 determine	 possible	 alternative	
index	 inducer(s)	 to	 rifampicin.	 The	 available	 strong	 CYP3A	 inducers	 were	 se-
lected	from	the	University	of	Washington	DDI	Database	and	their	 in	vivo	DDI	
potential	assessed	using	the	data	from	clinical	DDI	studies	with	sensitive	CYP3A	
substrates.	 To	 propose	 potential	 alternative	 CYP3A	 inducers,	 factors	 including	
lack	of	genotoxic	potential,	adequate	safety,	feasibility	of	multiple	dose	adminis-
tration	to	healthy	volunteers,	and	robust	in	vivo	evidence	of	induction	of	CYP3A	
were	considered.	Based	on	the	qualifying	criteria,	carbamazepine,	phenytoin,	and	
lumacaftor	were	identified	to	be	the	most	promising	alternatives	to	rifampicin	for	
conducting	CYP3A	induction	DDI	studies.	Strengths	and	limitations	of	the	pro-
posed	alternative	CYP3A	inducers,	the	magnitude	of	in	vivo	CYP3A	induction,	
appropriate	study	designs	 for	each	alternative	 inducer,	and	 future	perspectives	
are	presented	in	this	paper.
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INTRODUCTION

The	pharmacokinetics	(PKs)	of	a	drug	may	be	influenced	
by	extrinsic	and	intrinsic	factors	that	can	lead	to	undesired	
or	unexpected	clinical	outcomes.	Extrinsic	factors,	such	as	
smoking	habits,	diet,	and	drug–	drug	 interactions	(DDIs)	
are	 important	 sources	 of	 variability	 in	 drug	 exposures.1	
The	 DDIs	 can	 inadvertently	 lead	 to	 exaggeration	 of	 ad-
verse	drug	effects	or	loss	of	efficacy.	PK	DDIs	often	result	
from	inhibition	and/or	induction	of	drug	metabolizing	en-
zymes	and/or	transporter-	mediated	disposition	of	a	victim	
drug	by	a	perpetrator	drug.2,3

CYP	 induction	 is	an	 important	mechanism	for	DDIs,	
and	primarily	occurs	through	the	activation	of	xenobiotic-	
sensing	 receptors,	 aryl	 hydrocarbon	 receptor	 (AHR),	
pregnane	X	 receptor	 (PXR),	 and	 constitutive	 androstane	
receptor	 (CAR).4,5	 CYP	 induction	 increases	 metabolic	
clearance	and	thereby	decreases	the	systemic	exposure	of	
a	victim	drug.	Additionally,	depending	on	the	metaboliz-
ing	enzymes	involved,	sometimes	a	perpetrator	drug	may	
induce	its	own	metabolism	(autoinduction).	Induction	is	
often	nonselective	and	requires	multiple	doses	to	achieve	
the	maximum	effect.	PXR	regulates	the	expression	of	many	
CYPs	(CYP3A,	CYP2B6,	CYP2C8,	CYP2C9,	CYP2C19,	and	
CYP1A),	 non-	CYP	 (UGTs,	 SULTs,	 and	 GSTs),	 enzymes,	
and	transporters	(P-	gp	and	BCRP).6	Many	drugs	and	their	
metabolites	 regulate	 the	 transcription	 of	 enzymes	 and	
transporters	through	activation	of	PXR.6

DDIs	 are	 one	 of	 the	 major	 causes	 for	 morbidity	 and	
mortality	 associated	 with	 the	 use	 of	 prescription	 drugs	
and	have	occasionally	resulted	even	in	the	withdrawal	of	
approved	drugs.	Quantitative	assessments	of	 the	magni-
tude	of	DDIs	for	 investigational	agents	both	as	potential	
victim	 and	 perpetrator	 are	 required	 to	 inform	 labeling	
language	 and	 clinical	 management	 by	 appropriate	 con-
traindications,	 dose	 adjustments,	 or	 staggered	 admin-
istration	 of	 drugs.	 This	 is	 generally	 accomplished	 by	
incorporating	 a	 well-	designed	 combination	 of	 in	 vitro,	
in	 vivo	 (clinical)	 studies,	 and	 quantitative	 model-	based	
assessment	approaches	at	different	 stages	of	drug	devel-
opment.	 Regulatory	 agencies,	 such	 as	 the	 US	 Food	 and	
Drug	Administration	(FDA),	European	Medicines	Agency	
(EMA),	and	Pharmaceuticals	and	Medical	Devices	Agency	
(PMDA)	have	issued	guidelines	related	to	the	conduct	of	

DDI	studies	including	their	timing	and	design,	the	inter-
pretation	 of	 study	 results,	 and	 management	 of	 DDIs	 in	
patients.7–	9

For	 the	 assessment	 of	 the	 sensitivity	 of	 an	 investiga-
tional	agent	as	a	victim	of	CYP3A	induction	DDIs,	a	clinical	
study	is	generally	performed	with	a	strong	index	inducer,	
such	as	rifampicin	as	the	primary	choice.10	Rifampicin,	an	
antibiotic	against	gram-	positive	bacteria,	is	a	strong	index	
inducer	of	CYP3A,	and	is	most	used	in	clinical	DDI	stud-
ies	based	on	 its	established	CYP3A	induction	and	safety	
profiles.	 Rifampicin	 induces	 multiple	 drug	 metabolizing	
enzymes	and	certain	transporters	primarily	via	activation	
of	PXR.	In	addition	to	hepatic	CYP3A,	rifampicin	also	in-
duces	 intestinal	 CYP3A	 in	 a	 dose-	dependent	 manner.11	
The	conduct	of	clinical	DDI	studies	with	rifampicin	has	
been	hampered	recently	by	the	presence	of	higher	than	ac-
ceptable	limits	of	nitrosamine	impurities.12	In	this	review,	
we	have	surveyed	 the	 literature	and	presented	a	current	
view	of	fit-	for-	purpose	rifampicin	alternatives	and	associ-
ated	design	considerations	for	induction	in	DDI	studies.

NITROSAMINE IMPURITIES IN 
DRUG PRODUCTS

N-	Nitrosoamines	 (NAs)	 are	 derivatives	 of	 secondary	
amines	where	a	nitroso	(-	NO)	group	is	attached	to	an	amino	
group	and	are	found	in	food,	water,	tobacco,	personal	care,	
and	consumer	products.13	NAs	are	classified	as	high	potent	
mutagenic	carcinogens	as	per	the	International	Conference	
on	 Harmonization	 (ICH)	 M7(R1)	 guideline	 and	 catego-
rized	as	group	2A	(probably	carcinogenic	to	humans)	car-
cinogens	 by	 the	 International	 Agency	 for	 Research	 on	
Cancer	 (IARC).14,15	 Depending	 on	 their	 reactivity,	 NAs	
can	 form	 adducts	 with	 DNA	 directly	 or	 through	 bioacti-
vation	 by	 cytochrome	 P450	 enzymes	 via	 α-	hydroxylation	
to	form	highly	reactive	nitrosamide,	alkyldiazohydroxide,	
or	 aldehyde	 intermediates	 (Figure  1).16,17	 These	 adducts,	
if	 not	 repaired	 or	 repaired	 incorrectly,	 can	 induce	 muta-
tions,	and	ultimately	cause	cancer,	especially	if	the	adduct	
is	in	an	oncogene	or	tumor	suppressor	gene.	NA	impurities	
gained	attention	 recently	due	 to	 the	 recall	of	many	mar-
keted	products	associated	with	higher	than	allowed	limits	
of	 these	 impurities.	 The	 FDA	 first	 reported	 the	 presence	

F I G U R E  1  Example	of	metabolic	activation	and	DNA	alkylation	by	nitrosamine.



   | 2077STRONG CYP3A INDUCERS FOR CLINICAL DDI STUDIES

of	 NA	 impurity,	 N-	nitrosodimethylamine	 (NDMA)	 from	
one	 of	 the	 manufacturers	 of	 valsartan	 in	 2018.	 Since	
then,	 four	 other	 NA	 impurities,	 N-	nitrosodiethylamine	
(NDEA),	 N-	nitroso-	N-	methyl-	4-	aminobutanoic	 acid	
(NMBA),	 N-	nitrosoisopropylethylamine	 (NIPEA),	 and	
N-	nitrosomethylphenylamine	 (NMPA),	 were	 detected	 in	
many	drug	substances	or	drug	products	above	the	accept-
able	upper	limits.	This	led	to	withdrawal	or	recall	of	drug	
products	containing	APIs	of	valsartan,	irbesartan,	losartan,	
metformin,	ranitidine,	and	nizatidine.18	The	causes	for	the	
presence	 of	 these	 impurities	 are	 currently	 being	 investi-
gated	by	regulators.	Recently,	the	FDA	issued	a	guidance	
on	“Control	of	NA	impurities	in	human	drugs”	and	recom-
mended	acceptable	intake	limits	for	the	NA	impurities.19

Two	 additional	 NA	 impurities,	 1-	cyclopentyl-	4-	nitro
sopiperazine	 (CPNP)	 and	 1-	methyl-	4-	nitrosopiperazine	
(MNP),	have	been	reported	in	rifapentine	and	rifampicin	
products,	respectively,	in	2020.20	Both	rifapentine	and	ri-
fampicin	are	rifamycin	derivatives	used	to	treat	bacterial	
infections,	with	a	critical	role	in	the	pharmacotherapy	of	
tuberculosis.21	The	acceptable	intake	limits	are	0.16	parts	
per	million	(ppm)	for	MNP	and	0.1 ppm	for	CPNP	in	ri-
fampicin	and	rifapentine,	respectively.20	Despite	the	pres-
ence	of	NA	impurities	of	rifampicin	and	rifapentine,	the	
FDA	permitted	the	marketing	of	these	drugs	with	impu-
rities	below	5 ppm	for	MNP	and	20	ppm	for	CPNP	(above	
the	acceptable	intake	limits),	considering	the	benefit–	risk	
profile	of	these	life-	saving	medications.20

Rifampicin	 is	a	prototypical	 strong	 inducer	of	CYP3A	
and	 used	 extensively	 in	 clinical	 drug	 interaction	 studies	
to	assess	the	sensitivity	of	CYP3A	substrates	to	induction	
DDIs.	The	DDI	studies	with	rifampicin	are	conducted	pri-
marily	in	healthy	volunteers	and	occasionally	in	patients.22	
Recent	 issues	with	NA	 impurities	 in	 rifampicin	products	
and	restrictions	around	use	of	rifampicin	in	healthy	volun-
teers	and	patients	have	challenged	the	design	of	DDI	stud-
ies	for	investigational	agents	that	are	substrates	of	CYP3A	
to	 evaluate	 the	 magnitude	 of	 DDI	 with	 strong	 CYP3A	
inducers.	Hence,	 there	 is	a	critical	need	 for	guidance	 for	
choosing	the	right	alternative	strong	CYP3A	inducers	for	
conducting	clinical	DDI	studies	in	drug	development.

STRONG CYP3A INDUCERS

The	 University	 of	 Washington	 Drug–	Drug	 Interaction	
Database	 (DIDB)	was	utilized	 to	determine	potential	 al-
ternatives	to	rifampicin.	A	list	of	available	strong	CYP3A	
inducers	 were	 first	 prepared	 and	 their	 properties,	 in-
cluding	safety,	enzymes	responsible	for	metabolism,	and	
CYPs	 that	 are	 induced,	 are	 summarized	 (Table  1).23	 To	
determine	the	maximum	magnitude	of	CYP3A	induction	
by	 strong	 inducers,	 a	 search	 was	 performed	 for	 clinical	

DDI	studies	conducted	with	strong	CYP3A	inducers	and	
sensitive	 CYP3A	 substrates	 and	 results	 were	 compiled	
(Table 2).	Published	literature	was	then	reviewed	to	deter-
mine	the	strengths	and	limitations	of	each	strong	CYP3A	
inducer	and	to	propose	alternatives	to	rifampicin.	Finally,	
study	designs	for	the	identified	alternative	inducers	were	
also	proposed	based	on	knowledge	of	their	PK	properties,	
typical	considerations	of	 the	dynamics	of	CYP3A	 induc-
tion,	 and	 available	 literature	 data	 on	 the	 dose–	response	
and	 time	 course	 of	 CYP3A	 induction	 by	 the	 identified	
alternative	 inducers.	 The	 properties	 of	 strong	 CYP3A	
inducers	 that	are	potential	alternatives	 to	rifampicin	are	
summarized	below.

Avasimibe

Avasimibe	is	a	potent	inhibitor	of	acyl-	coenzyme	A:	choles-
terol	acyltransferase	(ACAT),	which	was	in	development	
for	 the	 treatment	 of	 atherosclerosis	 and	 hyperlipidemia	
but	was	 terminated	at	 the	phase	II	 stage	 in	2003.	 It	was	
shown	 that	 avasimibe	 has	 a	 similar	 inductive	 spectrum	
resembling	 rifampicin,	 as	 a	 potent	 inducer	 of	 CYP3A4,		
P-	glycoprotein	(P-	gp),	and	CYP2C9.24,25	Avasimibe	known	
to	exhibit	CYP/P-	gp	induction	through	potent	activation	
human	PXR.25	Because	avasimibe	was	discontinued	from	
development,	it	is	not	available	for	use	as	an	index	perpe-
trator	 in	DDI	studies.	Hence,	avasimibe	was	not	consid-
ered	as	a	viable	alternative	to	rifampicin.

Carbamazepine

Carbamazepine	 is	 an	 anticonvulsant	 and	 widely	 used	
to	 treat	 epileptic	 seizures,	 neuropathic	 pain,	 and	 schizo-
phrenia.	 Carbamazepine	 is	 cleared	 almost	 entirely	 by	 me-
tabolism	 (~72%	 is	 excreted	 in	 the	 urine,	 with	 only	~2%	 as	
unchanged	 drug).26	 As	 a	 low	 clearance	 drug,	 the	 elimina-
tion	of	carbamazepine	is	primarily	governed	by	the	intrin-
sic	metabolic	capacity	of	the	liver.	Metabolism	via	CYP3A4	
was	 recognized	 as	 a	 main	 route	 of	 elimination	 with	 a	
minor	 role	 played	 by	 CYP2C8.27	 Even	 weak	 inhibitors	 of	
CYP3A4,	 such	 as	 isoniazid,	 have	 been	 known	 to	 increase	
carbamazepine	exposures	in	a	clinically	relevant	manner.28	
Carbamazepine	 is	an	 inducer	of	multiple	CYPs,	P-	gp,	and	
UDP-	glucuronosyltransferase	(UGTs)	and	known	to	exhibit	
induction	primarily	by	activating	CAR	and	with	minor	con-
tribution	from	PXR.	The	UW	database	classifies	carbamaz-
epine	as	a	weak	inducer	of	CYP1A2,	CYP2C19,	a	moderate	
inducer	 of	 CYP2C8	 and	 CYP2C9,	 and	 a	 strong	 inducer	 of	
CYP3A	and	CYP2B6.	Clinically,	carbamazepine	reduces	ex-
posures	of	drugs	 that	are	substrates	of	CYP1A2,	2B6,	2C9,	
and	 3A4	 enzymes.	 Specifically,	 with	 sensitive	 substrates	
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of	 CYP3A4,	 there	 are	 several	 reports	 that	 describe	 induc-
tion	 effects	 by	 carbamazepine	 (Table  2).	 For	 example,	 co-	
administration	of	carbamazepine	with	simvastatin	decreases	
exposures	of	simvastatin	by	~75%.29	Antivirals,	such	as	pari-
taprevir,	elvitegravir,	and	indinavir,	have	also	been	shown	to	
have	significantly	reduced	exposures	when	co-	administered	
with	 carbamazepine.30–	32	 Carbamazepine	 has	 also	 been	
shown	to	significantly	decrease	the	exposures	(reduction	in	
area	under	the	curve	[AUC]	by	~79%)	of	oral	midazolam,	a	
sensitive	 probe	 substrate	 for	 CYP3A4	 and	 significantly	 in-
crease	the	clearance	of	lamotrigine,	a	substrate	of	UGT1A4	
(major)	and	UGT2B7	(minor),	upon	co-	administration.33,34	
A	study	in	healthy	volunteers	showed	that	carbamazepine	
decreased	 ~80%	 exposures	 of	 ivabradine,	 a	 sensitive	 sub-
strate	of	CYP3A	upon	co-	administration	for	400	mg	q.d.	of	
carbamazepine	for	16	days.35	Physiologically-	based	pharma-
cokinetic	(PBPK)	modeling	results	supported	the	induction	

potential	 of	 carbamazepine	 with	 CYP3A	 substrates,	 such	
as	 abemaciclib,	 acalabrutinib,	 ibrutinib,	 zanabrutinib,	 and	
midazolam.36–	40	 Carbamazepine	 also	 significantly	 reduced	
(>80%)	AUC	of	other	CYP3A	(not	sensitive)	substrates,	such	
as	cobicistat,	nefazodone,	praziquantel,	and	ritonavir.23	The	
exposure	 of	 P-	gp	 substrates	 ranged	 from	 no	 effect	 to	 39%	
reduction	 upon	 co-	administration	 of	 carbamazepine.41	 In	
summary,	there	are	sufficient	clinical	DDI	data	with	CYP3A	
substrates	 for	 carbamazepine	 to	 be	 considered	 a	 potential		
alternative	to	rifampicin	as	an	index	inducer.

Enzalutamide and apalutamide

Enzalutamide	 and	 apalutamide	 are	 antiandrogens	 ap-
proved	 for	 the	 treatment	 of	 prostate	 cancers.42,43	 Both	
drugs	are	strong	in	vivo	inducers	of	CYP3A4.44,45

T A B L E  1 	 Summary	of	safety	and	the	enzymes	involved	in	the	metabolism	and	CYP	induction	of	strong	CYP3A	inducers

Therapeutic 
class

Metabolizing 
enzymesa

CYP induction
Mechanism of 
inductiona SafetyStrong Moderate Weak

Apalutamide Antiandrogen CYP2C8
CYP3A4

CYP2C19
CYP3A

CYP2C9 PXR QT	prolongation

Avasimibe Antilipemic NA CYP3A CYP2C9 PXR

Carbamazepine Anticonvulsant CYP3A4
CYP2C8
UGT2B7

CYP2B6
CYP3A

CYP2C8
CYP2C9

CYP1A2
CYP2C19

CAR/PXR NTR

Enzalutamide Antiandrogen CYP2C8
CYP3A

CYP3A CYP2C9
CYP2C19

PXR/CAR

Ivosidenibb Anticancer CYP3A4
CYP2B6
CYP2C8

CYP3A CYP2C8 QT
prolongation

Lumacaftor Cystic	Fibrosis	
Treatment

CYP3A4	
(minor)

CYP3A CYP2B6c;	CYP2C8c;	
CYP2C9c;	CYP2C19c

PXR

Mitotane Antineoplastic NA CYP3A NTR

Phenytoin Anticonvulsant CYP2C9
CYP2C19

CYP3A CYP1A
CYP2C19

CAR/PXR NTR

Rifampicind Antibiotic AADAC
UGTe

CYP2C19
CYP3A

CYP1A2
CYP2B6
CYP2C8
CYP2C9

PXR

Rifapentine Antibiotic AADAC CYP3A CYP2C8c

CYP2C9c
PXR

St.	John’s	wort	
extract

Herbal	
Medication

CYP3A4f

CYP2C8/9/19
CYP3A CYP2C9

CYP2C19
PXR

Note:	Gray	boxes:	None.
Abbreviations:	NA,	not	available;	NTR,	narrow	therapeutic	range.
aBolded	refers	to	primary	pathway.
bPhysiologically-	based	pharmacokinetic	(PBPK)	modeling	was	used	to	assess	drug-	drug	interaction	potential.
cPossible	DDIs	were	assessed	at	clinically	relevant	concentration	from	in	vitro	data.
dNo	definitive	information	on	CYP3A	involvement	in	metabolism	of	rifampicin.
eAsaumi	et	al.	assigned	fm	(0.76)	through	UGTs	in	PBPK	modeling.96

fEnzyme	responsible	for	hyperforin	metabolism.	Hyperforin,	a	constituent	of	St.	John’s	Wart,	responsible	for	CYP3A	induction.
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Enzalutamide	is	a	moderate	inducer	of	both	CYP2C19	
and	CYP2C9.	Enzalutamide	and	its	primary	active	metab-
olite,	N-	desmethyl	enzalutamide,	inhibit	P-	gp	and	BCRP	
in	 vitro.	 A	 clinical	 cocktail	 DDI	 study	 investigated	 the	
CYP3A4,	 CYP2C19,	 and	 CYP2C9	 induction	 potential	 of	
enzalutamide	with	daily	dose	of	160	mg	enzalutamide	for	
50	days.44	Here,	the	AUC	of	midazolam,	(S)-	warfarin,	and	
omeprazole	decreased	by	86%,	56%,	and	71%,	respectively,	
upon	co-	administration	of	enzalutamide.	The	half-	life	of	
enzalutamide	is	5.8	days	and	steady-	state	was	achieved	by	
28	days.46	 A	 PBPK	 model	 also	 showed	 a	 strong	 CYP3A4	
induction	effect	(predicted	area	under	the	concentration-	
time	curve	ratio	[AUCR]:	0.06–	0.16)	of	enzalutamide	and	
it	takes	up	to	8	weeks	to	achieve	baseline	CYP3A4	activity	
after	discontinuation	of	 the	drug.47	 Induction	of	CYP3A	
occurs	 via	 primarily	 by	 activation	 of	 the	 PXR	 receptor.	
Enzalutamide	has	been	studied	in	healthy	volunteers	as	a	
single	dose,	but	not	multiple	doses.	The	product	label	has	
warnings	of	seizures,	encephalopathy,	and	ischemic	heart	
disease,	that	will	have	to	be	considered	before	any	poten-
tial	use	in	DDI	studies.

Co-	administration	 (240	mg	 daily,	 28	days)	 of	 apalut-
amide	decreased	AUC	of	midazolam	(CYP3A),	omeprazole	
(CYP2C19),	and	(S)-	warfarin	AUC	(CYP2C9)	by	92%,	84%,	
and	46%,	respectively.45	Apalutamide	is	a	strong	inducer	
of	CYP2C19	and	a	weak	inducer	of	CYP2C9.	Apalutamide	
is	known	to	be	an	inducer	of	P-	gp	and	BCRP/OATP1B1,	
and	 noted	 to	 have	 the	 potential	 to	 induce	 UGTs.43	 The	
mechanism	 of	 induction	 by	 apalutamide	 is	 also	 medi-
ated	by	activation	of	PXR.	The	mean	effective	half-	life	of	
apalutamide	 is	 3–	4	days	 with	 steady-	state	 achieved	 after	
4	weeks	 upon	 repeat	 daily	 dosing.	 Apalutamide	 exhib-
its	a	 time-	dependent	 increase	apparent	clearance	due	 to	
auto-	induction.43	 The	 QTc	 prolongation	 of	 apalutamide	
(although	limited,	with	a	mean	change	in	QTc	of	12.4 s	at	
steady-	state)	may	limit	its	application	as	an	index	inducer	
in	DDI	studies.48	Considering	their	safety	profile	and	long	
half-	lives,	both	apalutamide	and	enzalutamide	have	lim-
ited	potential	to	be	alternative	index	inducers	in	place	of	
rifampicin.

Ivosidenib

Ivosidenib	(Tibsovo)	is	a	selective	inhibitor	of	mutant	isoc-
itrate	 dehydrogenase	 1	 (IDH1),	 approved	 in	 the	 United	
States	for	the	treatment	of	adults	with	relapsed	or	refrac-
tory	acute	myeloid	leukemia	(AML)	and	newly	diagnosed	
AML	who	are	≥	75	years	of	age	or	are	ineligible	for	inten-
sive	 chemotherapy	 with	 a	 susceptible	 IDH1	 mutation.49	
Ivosidenib	is	rapidly	absorbed	(median	time	to	maximum	
concentration	[Tmax]	was	typically	2–	4 h)	and	concentra-
tions	slowly	declined	with	a	mean	terminal	half-	life	(t½)	

of	~72–	138	h	after	single	dosing	and	multiple	doses	in	pa-
tients	 with	 hematologic	 malignancies.	 Ivosidenib	 exhib-
ited	an	increase	in	apparent	clearance	after	multiple	dose	
administration	which	was	attributed	to	a	decrease	in	bio-
availability	due	to	auto-	induction	of	CYP3A4.50	Ivosidenib	
is	a	substrate	and	an	inducer	of	CYP3A4	and	also	induces	
CYP2B6,	and	CYP2C	enzymes.	PBPK	modeling	was	used	
to	predict	magnitude	of	CYP2B6,	CYP2C8,	CYP2C9,	and	
CYP3A4	induction	of	ivosidenib	along	with	other	DDI	pre-
dictions	 in	patients	with	cancer.51	For	CYP3A	induction	
prediction,	 the	 in	 vivo	 induction	 parameters	 were	 opti-
mized	 using	 4β-	hydroxycholesterol	 (4-	OHC),	 an	 endog-
enous	biomarker	of	CYP3A4	activity,	data	being	obtained	
from	 patients.	 The	 model	 predicted	 the	 AUC	 and	 maxi-
mum	 plasma	 concentration	 (Cmax)	 ratios	 of	 midazolam	
(single	dose)	to	be	0.18	and	0.27,	respectively,	after	multi-
ple	doses	(500	mg	q.d.,	15	days)	suggesting	ivosidenib	to	be	
a	strong	inducer	of	CYP3A.	Ivosidenib	was	also	predicted	
to	 decrease	 AUC	 of	 repaglinide	 (CYP2C8	 and	 CYP3A4	
substrate)	 and	 warfarin	 (CYP2C9	 substrate)	 by	 59%	 and	
23%,	 respectively.	 Although	 a	 PBPK	 modeling	 approach	
was	used	to	assess	CYP3A	induction	potential,	no	clinical	
DDI	study	was	conducted	with	a	sensitive	CYP3A	index	
substrate.	Mechanisms	of	pleiotropic	effects	of	ivosidenib	
on	CYPs	and	transporters	are	not	fully	understood	at	this	
time.	 In	 addition,	 multiple	 doses	 of	 ivosidenib	 were	 not	
studied	in	healthy	participants.	Taken	together,	ivosidenib	
has	insufficient	data	to	be	a	viable	index	inducer.

Lumacaftor

The	fixed	dose	combination	of	lumacaftor	and	ivacaftor	
(LUM	400	mg/IVA	250	mg,	b.i.d.)	was	approved	for	the	
treatment	 of	 cystic	 fibrosis	 in	 patients	 who	 have	 two	
copies	 of	 the	 F508del	 mutation	 in	 the	 CFTR	 gene.52	
Lumacaftor	was	not	extensively	metabolized	and	elimi-
nated	primarily	as	an	unchanged	parent	via	biliary/fecal	
excretion.	Renal	elimination	of	lumacaftor	is	minimal.	
In	vitro	studies	suggested	lumacaftor	to	be	a	strong	in-
ducer	of	CYP3A	and	it	is	also	showed	potential	to	induce	
CYP2B6,	CYP2C8,	CYP2C9,	and	CYP2C19	at	clinically	
relevant	concentrations.51	Lumacaftor	is	an	inhibitor	of	
CYP2C8	and	CYP2C9,	however,	net	in	vivo	effect	due	to	
inhibition	and	induction	of	CYP2C8	and	CYP2C9	is	not	
known.	A	roughly	proportional	increase	of	steady-	state	
(multiple	 doses)	 exposure	 was	 observed	 after	 oral	 ad-
ministration	of	lumacaftor	from	50	to	1000	mg	daily	in	
healthy	subjects	with	low	apparent	clearance	(CL/F)	and	
volume	 of	 distribution	 (Vz/F),	 and	 long	 terminal	 half-	
life	(23–	26	h).	In	healthy	subjects,	steady-	state	concen-
trations	were	reached	after	5–	14	days	of	daily	oral	dose	
with	an	accumulation	ratio	of	1.9	to	2.2-	fold.	In	clinical	
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DDI	 studies,	 lumacaftor	 exposure	 was	 not	 affected	 by	
co-	administration	 of	 CYP3A4	 inhibitors	 (itraconazole	
and	ciprofloxacin)	or	a	strong	inducer	(rifampicin).	The	
magnitude	 of	 CYP3A	 induction	 by	 lumacaftor	 was	 as-
sessed	in	healthy	participants	with	a	sensitive	CYP3A4	
substrate	 and	 combination	 partner,	 ivacaftor.	 A	 DDI	
study	conducted	with	lumacaftor	(200	mg	daily,	14	days)	
and	ivacaftor	(150	mg	b.i.d.,	14	days)	showed	significant	
decrease	in	ivacaftor	and	its	metabolite	exposure	(AUC)	
by	81%	and	72%,	respectively.	Lumacaftor	showed	con-
sistent	 induction	 effect	 upon	 co-	administration	 with	
ivacaftor	 by	 reducing	 ivacaftor	 AUC	 by	 75–	78%	 with	
dosing	 regimens	 of	 either	 400	mg	 q.d.	 (LUM)/150	mg	
b.i.d.	 (IVA)	 or	 200	mg	 q.d.	 (LUM)/250	mg	 b.i.d.	 (IVA)	
for	14	days.	A	study	conducted	with	co-	administration	
of	 itraconazole	(200	mg	daily)	and	lumacaftor	(200	mg,	
twice	 a	 daily)	 plus	 ivacaftor	 (250	mg	 twice	 a	 daily)	 for	
7	days,	showed	>80%	decrease	of	AUC	and	Cmax	of	itra-
conazole	further	substantiating	strong	induction	effect	
of	 lumacaftor/ivacaftor	 combination.53	 Lumacaftor	
concentrations	 were	 unaffected	 by	 multiple	 doses	 of	
ivacaftor	or	 itraconazole.	Lumacaftor	showed	dose	de-
pendent	CYP3A	induction	which	was	demonstrated	by	
a	 decrease	 in	 ivacaftor	 exposure	 with	 increased	 dose	
and	frequency	of	lumacaftor	(Figure 2).

Lumacaftor	 is	 marketed	 in	 combination	 with	 iva-
caftor	(ORKAMBI)	and	is	not	available	as	a	single	agent	
to	conduct	clinical	drug	interaction	studies.	In	terms	of	
perpetrator	drug	interactions,	ivacaftor	is	a	weak	inhib-
itor	of	CYP3A	(increased	midazolam	AUC	and	Cmax	by	
1.54	and	1.38-	fold,	respectively)	and	P-	gp	(increased	di-
goxin	AUC	and	Cmax	by	1.32-		and	1.23-	fold,	respectively).	
In	addition,	 ivacaftor	 is	an	 inhibitor	of	2C9	 in	vitro.	 In	
summary,	both	lumacaftor	and	ivacaftor	are	inhibitors	of	
P-	gp	and	2C9	in	vitro	and	the	magnitude	of	drug	interac-
tion	due	to	CYP3A	inhibition	by	ivacaftor	is	minimal.	The	
net	 DDI	 effect	 of	 combination	 (lumacaftor	+	ivacaftor)	
on	 CYP3A	 substrates	 was	 strong	 induction	 and	 hence	
fixed-	dose	combination	of	lumacaftor	and	ivacaftor	can	

be	used	in	clinical	DDI	studies	to	determine	the	magni-
tude	of	drug	interaction	with	CYP3A	substrates.	It	is	ex-
pected	that	ivacaftor	would	not	introduce	any	bias	in	the	
final	 DDI	 outcome	 of	 combination	 compared	 to	 luma-
caftor	as	a	single	agent.	Based	on	the	available	informa-
tion,	lumacaftor	is	an	activator	of	PXR	in	vitro	and	may	
cause	 induction	 of	 PXR-	dependent	 metabolic	 enzymes	
and	transporters.54,55	Although	lumacaftor	decreased	ex-
posure	of	ivacaftor	and	itraconazole	in	clinical	DDI	stud-
ies,	 the	 induction	effect	was	not	established	on	CYP3A	
clinical	index	substrate(s),	such	as	midazolam.	In	addi-
tion,	 the	relative	contribution	of	gut	and	 liver	CYP3A4	
induction	to	overall	induction	effect	was	also	not	estab-
lished	for	lumacaftor.	Taken	together,	lumacaftor	can	be	
a	potential	alternative	to	rifampicin;	however,	additional	
clinical	DDI	studies	with	standard	CYP3A	clinical	index	
substrate(s)	would	be	beneficial.

Mitotane

Mitotane	 (LYSODREN)	 is	 an	 adrenal	 cytotoxic	 agent	
approved	 for	 the	 treatment	 of	 inoperable,	 functional,	 or	
nonfunctional	 adrenal	 cortical	 carcinoma.	 The	 recom-
mended	initial	dose	is	2–	3 g/day	at	2-	week	intervals	with	
a	 recommendation	 to	 increase	dose	 to	achieve	a	plasma	
concentration	of	14–	20	mg/L	or	as	tolerated.	Serum	drug	
concentrations	>20	mg/L	correlate	with	considerable	ad-
verse	 effects	 (AEs),	 especially	 neurologic	 toxicity.	 The	
half-	life	of	mitotane	is	very	long,	with	a	median	of	53	days.	
The	 carcinogenicity	 and	 mutagenicity	 of	 mitotane	 are	
unknown.

A	clinical	study	using	single-	dose	midazolam	(7.5 mg)	
as	 the	 probe	 showed	 mitotane	 has	 a	 strong	 induction	
on	 CYP3A.56	 Both	 midazolam	 (AUC0–	12h)	 and	 sunitinib	
(dose	normalized	AUC0–	24h	 to	50	mg	sunitinib)	exposure	
were	 decreased,	 by	 95%	 and	 80%,	 respectively.	 Mitotane	
not	only	has	a	strong	induction	of	CYP3A,	but	induction	
effect	 is	 long-	lasting	 due	 to	 its	 long	 elimination	 half-	life	

F I G U R E  2  Decrease	in	AUC	of	
ivacaftor	due	to	dose	dependent	CYP3A	
induction	by	lumacaftor.	AUC,	area	
under	the	curve;	IVA,	ivacaftor;	LUM,	
lumacaftor;	NA,	N-	Nitrosamine.
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(18–	159	days).	Mitotane	was	not	selected	as	an	alternative	
to	rifampicin	due	to	its	long	half-	life	and	cytotoxicity.

Phenytoin

Phenytoin	 is	 indicated	 for	 the	 treatment	 of	 secondary	
generalized	 tonic–	clonic	 and	 complex	 partial	 seizures	
and	prevention	and	treatment	of	seizures	occurring	dur-
ing	or	following	neurosurgery.	The	recommended	dose	of	
phenytoin	is	300	mg/day.	Phenytoin	is	extensively	bound	
to	 plasma	 proteins	 with	 an	 average	 half-	life	 of	 14–	22	h.	
Phenytoin	is	metabolized	primarily	by	CYP2C9	with	addi-
tional	contribution	from	CYP2C19.	Owing	to	saturation	of	
metabolism	at	high	serum	concentrations,	small	increases	
in	doses	may	substantially	increase	serum	exposures	with	
increase	 in	 half-	life.	 Most	 of	 the	 drug	 is	 excreted	 in	 the	
bile	 as	 inactive	 metabolites	 and	 then	 re-	absorbed	 from	
the	intestinal	tract	and	excreted	in	the	urine.57	The	major	
metabolic	 pathways	 of	 phenytoin	 are	 hydroxylation	 and	
dihydrodiol	 formation	 accounting	 for	 70–	90%	 of	 the	 ad-
ministered	dose.	Phenytoin	induces	several	enzymes,	in-
cluding	CYP1A2,	CYP2C9,	CYP2C19,	CYP2B6,	CYP3A4,	
and	 UGTs,	 and	 transporter,	 P-	gp.	 Phenytoin	 is	 a	 well-	
characterized	CAR	activator	and	known	to	elicit	induction	
effect	on	metabolic	enzymes	and	P-	gp	primarily	through	
activation	CAR	with	minor	contribution	from	PXR.58

Phenytoin	 has	 been	 evaluated	 in	 several	 studies	 as	 a	
CYP3A	or	P-	gp	inducer	and	there	are	case	reports	on	the	
interaction	of	phenytoin	with	sensitive	CYP3A	substrates.	
When	multiple	doses	of	phenytoin	(300	mg	q.d.)	was	used	
with	lopinavir/ritonavir	(400/100	mg	b.i.d.)	in	healthy	vol-
unteers,	 it	 showed	 moderate	 induction	 with	 geometric	
mean	ratios	of	0.67	for	AUC	and	0.54	for	Cmax.59	Phenytoin	
(150	mg	 b.i.d.)	 showed	 moderate	 induction	 effect	 on	 iv-
abradine	 PKs	 (single	 dose	 of	 10  mg)	 in	 healthy	 subjects	
with	mean	ratio	of	0.31	 for	AUC	and	0.35	 for	Cmax.60	 In	
another	 DDI	 study	 with	 phenytoin	 (4  mg/kg	 q.d.)	 and	
atorvastatin	 (40	mg/day),	 phenytoin	 showed	 moderate	
decrease	 in	 AUC	 for	 atorvastatin	 by	 46%	 and	 its	 metab-
olites,	 2-	OH-	atorvastain	 and	 4-	OH-	atrovastain	 by	 47%	
and	 56%,	 respectively.61	When	 comparing	 nisoldipine	 or	
midazolam	 PKs	 in	 patients	 with	 chronic	 administration	
of	phenytoin	(150–	450	mg	q.d.)	versus	controlled	healthy	
subjects,	the	patients	showed	dramatically	lower	exposure	
with	AUC	ratio	of	0.11	for	nisoldipine	and	0.06	for	midaz-
olam.62,63	The	interaction	of	phenytoin	(100	mg	t.i.d.)	with	
quetiapine	 (25–	250	mg	t.i.d.)	was	reported	 in	17	patients	
with	various	disorders,	AUC	and	Cmax	of	quetiapine	were	
decreased	by	81%	and	72%,	respectively.64	Phenytoin	also	
reduced	itraconazole	AUC	and	Cmax	by	>90%.	Phenytoin	
(200	mg	b.i.d.)	was	also	reported	to	mildly	induce	P-	gp	in	a	
DDI	study	with	digoxin	in	healthy	volunteers,	decreasing	

digoxin’s	 AUC	 by	 22%.65	 Overall,	 phenytoin	 exhibits	
strong	induction	of	CYP3A	and	has	sufficient	clinical	DDI	
data	to	be	considered	as	an	alternative	index	inducer	for	
clinical	DDI	studies.

Rifapentine

Rifapentine	is	a	rifamycin	antimycobacterial	drug	approved	
for	 tuberculosis	 (TB)	 treatment.	 For	 adults,	 600	mg	 orally	
twice	weekly	is	recommended	during	the	intensive	phase	of	
TB	treatment,	followed	by	600	mg	once	weekly	during	the	
continuation	phase.	Rifapentine	is	known	to	be	an	inducer	
of	CYP3A4	and	CYP2C8/9.	Induction	of	enzyme	activities	
occurred	within	4	days	after	the	first	dose	and	returned	to	
baseline	levels	14	days	after	discontinuation.	No	significant	
auto-	induction	effect	was	observed.	A	DDI	study	with	mi-
dazolam	and	rifapentine	(15	mg/kg	q.d.)	 in	healthy	volun-
teers	showed	decrease	in	AUC	and	Cmax	of	midazolam	by	
93%	and	84%,	which	indicates	rifapentine	is	a	strong	inducer	
of	CYP3A.66	Similar	to	other	rifamycin	analogs,	rifapentine	
also	induces	CYP3A	through	activation	via	PXR.67	Presence	
of	NA	impurities	is	also	reported	in	rifapentine	and	hence	ri-
fapentine	cannot	be	an	appropriate	alternative	to	rifampicin.

St. John’s Wort

St.	John’s	Wort	(SJW;	Hypericum perforatum)	is	an	herbal	
product	and	a	dietary	supplement	that	is	used	to	treat	mild	
to	 moderate	 depression.	 Although	 many	 diverse	 phyto-
chemicals	have	been	identified	in	SJW	extracts,	hypericin,	
pseudohypericin,	 and	 hyperforin	 are	 generally	 thought	 to	
be	 the	 pharmacologically	 active	 components.68	 Besides	 its	
antidepressant	activity,	profound	drug	interactions,	mainly	
induction,	have	been	reported	with	SJW	and	substrates	of	
CYP3A4/5	and/or	P-	gp.68	Hyperforin,	an	acylphloroglucinol	
derivative,	is	thought	to	be	a	key	component	of	the	induc-
tion.	Many	in	vitro	investigations	have	revealed	CYP3A	in-
duction	by	hyperforin	 is	mediated	by	activation	of	PXR.69	
Clinical	DDI	studies	conducted	with	SJW	and	oral	adminis-
tration	of	sensitive	CYP3A	or	P-	gp	substrates	showed	moder-
ate	induction	with	AUC	ratio	ranging	from	~0.4	to	0.72	after	
300	mg	SJW,	three	times	a	day,	~14	to	18	days.68	In	a	cocktail	
drug	 interaction	 study	 with	 SJW	 having	 a	 low	 hyperforin	
(≤0.2%),	 meaningful	 drug	 interactions	 were	 not	 observed	
with	CYP1A2,	CYP2B6,	CYP2C9,	CYP2C19,	CYP3A4,	and	
P-	gp	substrates.70	A	study	conducted	with	SJW	preparations	
containing	various	amounts	of	hyperforin	and	midazolam	
showed	 a	 dose-	dependent	 induction	 effect	 on	 midazolam	
AUC	with	 strong	a	 induction	effect	being	achieved	at	 the	
highest	 hyperforin	 dose	 (41.25	mg/day).71	 The	 induction	
effect	 of	 SJW	 is	 more	 pronounced	 on	 intestinal	 CYP3A	
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compared	to	hepatic	CYP3A,	as	demonstrated	by	a	signifi-
cant	difference	in	AUC	of	midazolam	after	oral	and	intra-
venous	dose	administration	by	PBPK	modeling.72	In	herbal	
products,	the	concentration	of	active	ingredients	is	expected	
to	 depend	 on	 geographical	 regions,	 growth	 location,	 time	
of	harvest,	and	processing	methodologies.	Considering	the	
variability	 in	CYP3A	 induction	and	challenges	 in	control-
ling	consistent	levels	of	hyperforin,	the	utility	of	SJW	as	an	
index	inducer	is	limited.

ALTERNATIVE STRONG INDUCERS 
OF CYP3A

We	 initially	 identified	 10	 compounds	 that	 could	 serve		
as	 an	 alternative	 to	 rifampicin	 in	 clinical	 DDI	 studies	
as	 the	 index	 CYP3A	 inducer	 (Table  1).	 The	 data	 from	
clinical	 DDI	 studies	 with	 strong	 CYP3A	 inducers	 and		
sensitive	 CYP3A	 substrates	 were	 collected	 (Table  2).	
As	 clinical	 DDI	 studies	 in	 healthy	 subjects	 have	 clear		
advantages	including	easy	recruitment,	high	compliance,	
and	low	PK	variability,	a	few	of	these	alternatives	were	
eliminated	 based	 on	 their	 genotoxic	 and/or	 cytotoxic	
potential	and	safety	concerns	(mitotane,	enzalutamide,	
apalutamide,	 and	 ivosidenib),	 due	 to	 unsuitability	 or		
questionable	 suitability	 for	 multiple	 dose	 administra-
tion	 to	 healthy	 subjects	 (mitotane,	 apalutamide,	 en-
zalutamide,	 and	 ivosidenib;	 Figure  3).	 However,	 for		

investigational	 drugs	 that	 cannot	 be	 dosed	 to	 healthy	
volunteers	 and	 are	 under	 evaluation	 in	 disease	 areas		
(e.g.,	oncology)	where	one	of	these	drugs	may	offer	po-
tential	therapeutic	benefit,	the	selection	of	one	of	these	
agents	 may	 be	 justified	 based	 on	 broader	 benefit/risk		
considerations	 for	 the	 relevant	 patient	 population.	 A	
lack	 of	 adequate	 and	 robust	 clinical	 CYP3A	 induction		
data	 even	 with	 midazolam	 due	 to	 variations	 in	 hyper-
forin	 levels,	 St.	 John’s	 wort	 was	 eliminated	 as	 alterna-
tive	to	rifampicin	(Figure 3).	Avasimibe	was	terminated		
from	 development	 and	 rifapentine	 possesses	 NA	 im-
purities	(similar	to	rifampicin);	hence,	these	two	drugs	
are	 not	 considered	 as	 viable	 alternatives.	 Therefore,		
carbamazepine,	 phenytoin,	 and	 lumacaftor	 were	 cho-
sen	 as	 promising	 candidates	 for	 clinical	 DDI	 studies	
to	 assess	 CYP3A	 induction	 (Figure  3).	 A	 comparison		
of	 AUC	 decrease	 of	 sensitive	 CYP3A	 substrates	 upon	
co-	administration	with	the	alternative	 inducers	and	ri-
fampicin	 is	 presented	 in	 Figure  4.	 Each	 of	 these	 three	
drugs	has	strengths	and	limitations.

CYP3A	 induction	 can	 be	 achieved	 via	 activation	
of	 PXR	 and/or	 CAR,	 which	 binds	 with	 the	 promoter	
region	 of	 CYP3A	 genes.	 Rifampicin	 is	 known	 to	 be	 a	
strong	 PXR	 activator.	 Carbamazepine	 and	 phenytoin	
are	 well-	characterized	 CAR	 activators,	 whereas	 luma-
caftor	is	an	in	vitro	PXR	activator.55,58	PXR	and	CAR	not	
only	 share	 sets	 of	 regulated	 genes,	 including	 CYP2B6,	
CYP2C9,	 CYP2C19,	 CYP3A4,	 CYP3A5,	 UGT1A1,	 P-	gp,	

F I G U R E  3  Strategy	that	was	followed	for	recommendation	of	alternative	CYP3A	inducers.	HV,	healthy	volunteers.

Strong CYP3A Inducers (Possible alternatives to 
rifampicin)

Apalutamide, Avasimibe, Carbamazepine,
Enzalutamide, Ivosidenib, Lumacaftor, Mitotane,

Phenytoin, Rifapentine, and St John’s Wort Extract

Proposed strong CYP3A inducers
alternative to rifampicin

Carbamazepine
Phenytoin

Lumacaftor 

Genotoxic/Cytotoxic
/Safety Concern

(Mitotane,
enzalutamide,
apalutamide,
ivosidenib)

Compound(s)
suspended form

development

Avasimibe

Multiple doses
administration to HV

is not feasible

(Mitotane,
enzalutamide,
apalutamide,
ivosidenib)

Variable CYP3A
induction effect

St John’s wort

Nitrosamine 
impurities

Rifapentine 
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and	 MRP2,	 but	 also	 regulate	 distinctive	 sets	 of	 genes,	
such	 as	 CYP4F12,	 UGT1A6,	 SULT2A1,	 and	 OATP1A2	
by	PXR,	and	CYP1A1,	CYP1A2,	UGT2B1,	SULT2E1,	and	
OATP1B3	 by	 CAR.73	 For	 those	 dually	 regulated	 genes,	
CAR	and	PXR	show	different	induction	strengths	and	se-
lectivity	via	binding	to	different	motifs	in	the	promoter	
region	or	binding	the	same	motif	with	different	affinity.	
PXR	strongly	binds	with	motifs	in	CYP2B6	and	CYP3A4	
promoters,	whereas	CAR	strongly	binds	only	with	motifs	
in	 CYP2B6	 promoter,	 and	 weakly	 binds	 with	 motifs	 in	
CYP3A4	promoter.	With	the	same	mechanism	of	activat-
ing	PXR,	lumacaftor	is	expected	to	have	similar	induction	
profile	in	vivo	as	rifampicin	compared	with	carbamaze-
pine/phenytoin.	The	differences	caused	by	CAR	or	PXR	
activation	should	be	considered	in	the	design	of	CYP3A	
induction	 studies	 together	 with	 the	 metabolism	 profile	
of	the	victim	drugs.

Besides	 the	 induction	 mechanism	 differences,	 car-
bamazepine	was	used	most	in	clinical	DDI	studies	after	
rifampicin	for	assessment	of	CYP3A	induction,	followed	
by	phenytoin,	with	two	reports	of	lumacaftor	DDI	stud-
ies	with	ivacaftor	and	itraconazole	as	CYP3A	substrates.	
With	 the	most	abundant	clinical	data	among	 the	 three	
alternatives	 (Table  2)	 and	 advances	 in	 PBPK	 modeling	
for	 DDI	 predictions,	 carbamazepine	 could	 be	 an	 im-
mediate	 alternative	 to	 rifampicin.74	 However,	 carba-
mazepine	is	a	narrow	therapeutic	index	(NTI)	drug	and	
requires	dose	titration.	With	lesser	clinical	drug	interac-
tion	 studies,	 phenytoin	 ranks	 third	 in	 line	 as	 an	 index	
inducer	 to	 conduct	 CYP3A-	mediated	 drug	 interaction	

studies.	 Carbamazepine	 and	 phenytoin	 are	 extensively	
metabolized	 by	 CYP3A	 and	 CYP2C9,	 respectively,	 but	
lumacaftor	is	mainly	eliminated	as	an	unchanged	drug.	
Lumacaftor	shows	great	potential	to	replace	rifampicin,	
however,	 more	 data	 needs	 to	 be	 generated	 in	 clinical	
DDI	 studies.	 Overall,	 based	 on	 our	 assessment,	 carba-
mazepine	can	be	an	immediate	replacement	to	rifampi-
cin	followed	by	phenytoin	and	lumacaftor.	The	following	
section	describes	the	strengths	and	limitations	of	alter-
native	CYP3A	inducers.

Carbamazepine

Strengths:

•	 Sufficient	 clinical	 DDI	 experience	 with	 CYP3A	 sub-
strates	to	guide	dose	and	dosing	schedule	for	future	DDI	
studies.

•	 Availability	of	PBPK	models	which	can	be	utilized	
to	 predict	 DDIs	 of	 moderate	 and	 weak	 CYP3A	
inducers.

•	 Correlation	of	carbamazepine	CYP3A	induction	and	en-
dogenous	 biomarker,	 4β-	hydroxycholesterol	 (4βOHC)	
levels	have	been	established.

Limitations:

•	 NTI	and	hence	dose	 titration	 is	 required	starting	with	
100	mg	b.i.d.	to	300	mg	b.i.d.	over	3–	6	days.

F I G U R E  4  Comparison	of	percent	decrease	in	AUC	of	sensitive	CYP3A	substrates	(Y-	axis) upon	coadministration	of	rifampicin	and	
strong	CYP3A	inducers	that	are	proposed	as	an	alternative	to	rifampicin	(X-	axis).	The	percent	AUC	reduction	data	for	sensitive	CYP3A	
substrates	upon	co-	administration	of	rifampicin	(oral,	600	mg	daily	dose,	5–	36	days)	was	obtained	from	the	University	of	Washington	DDI	
database.	Doses	and	schedules	for	alternative	strong	CYP3A	inducers	are	presented	in	Table 2.	Lumacaftor	data	represents	only	two	available	
(ivacaftor	and	itraconazole	[not	a	sensitive	substrate	of	CYP3A])	CYP3A	induction	studies.	If	more	than	one	study	was	reported	for	the	same	
substrate,	the	weighted	mean	across	studies	was	calculated	to	represent	one	data	point	for	each	substrate.	The	horizontal	line	represents	the	
mean	of	percent	AUC	reduction	across	all	reported	sensitive	CYP3A	substrates).	AUC,	area	under	the	curve;	DDI,	drug-	drug	interaction.
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•	 Strong	 activator	 of	 CAR	 with	 weak	 hPXR	 activa-
tion	 and	 hence	 less	 potent	 inducer	 of	 CYP3A	 than	
rifampicin.

•	 Carbamazepine	 is	 metabolized	 by	 CYP3A	 and	 is	 an	
auto-	inducer.

•	 Quantitative	phenotype	of	pleiotropic	induction	of	non-	
CYP3A	 enzymes/transporters	 is	 likely	 different	 from	
rifampicin	due	to	a	more	predominant	contribution	of	
CAR	versus	PXR.

Phenytoin

Strengths:

•	 Phenytoin	ranks	third	in	line	for	CYP3A	induction	stud-
ies	after	rifampicin	and	carbamazepine.

•	 Sufficient	 experience	 is	 available	 with	 CYP3A	 sub-
strates	to	guide	dose	and	dosing	schedule	for	future	DDI	
studies.75

•	 Unlike	 carbamazepine,	 dose	 titration	 is	 not	 recom-
mended	for	DDI	studies	with	phenytoin.75

Limitations:

•	 NTI.
•	 Strong	 activator	 of	 CAR	 with	 weak	 hPXR	 activation	

similar	to	carbamazepine	and	hence	pleiotropic	induc-
tion	effect	on	non-	CYP3A	enzymes/transporters	could	
be	different	from	rifampicin.

Lumacaftor

Strengths:

•	 Safety	 was	 established	 in	 multiple	 clinical	 studies	 in	
healthy	volunteers.

•	 Activator	 of	 PXR	 in	 vitro	 and	 has	 potential	 to	 behave	
similar	to	rifampicin	with	respect	to	induction	potential	
of	CYPs	and	transporters.

•	 Not	 extensively	 metabolized	 and	 primarily	 eliminated	
as	 an	 unchanged	 drug	 by	 biliary	 excretion	 and	 not	 a	
substrate	 of	 uptake	 transporters	 such	 as	 OATP1Bs,	
OATP2B1,	or	P-	gp.	Hence	limited	scope	of	alteration	of	
PK	by	victim	drug.

Limitations:

•	 Clinical	data	available	with	only	one	sensitive	CYP3A	
substrate,	ivacaftor	and	with	itraconazole	(CYP3A	sub-
strate).	Hence,	more	data	with	probe	CYP3A	substrates	
such	as	midazolam	are	required	to	build	confidence.

•	 Additional	data	 (in	vitro	and	 in	vivo)	are	 required	 for	
characterization	 of	 pleotropic	 induction	 effects	 of	
lumacaftor.

COMPARISON OF RIFAMPICIN 
AND ALTERNATIVE CYP3A 
INDUCERS ON THEIR UTILITY IN 
NON-  CYP3A MEDIATED CLINICAL 
DDI STUDIES

Rifampicin,	carbamazepine,	and	phenytoin	are	all	 listed	
as	strong	inducers	for	CYP3A	by	the	FDA.76	In	addition,	
rifampicin	 is	 also	 a	 strong	 inducer	 of	 CYP2C19,	 and	 a	
moderate	 inducer	 of	 CYP1A2,	 CYP2B6,	 CYP2C8,	 and	
CYP2C9.	Carbamazepine	 is	a	 strong	 inducer	of	CYP2B6	
and	a	weak	inducer	of	CYP2C9.	Phenytoin	is	a	moderate	
inducer	of	CYP1A2	and	CYP2C19.

As	for	their	induction	mechanisms,	rifampicin	is	a	strong	
agonist	of	PXR,	compared	to	carbamazepine	and	phenytoin	
being	 well-	characterized	 CAR	 activators.73	 Even	 though	
CYP2C8	was	shown	to	be	regulated	by	both	PXR	and	CAR	
agonists,	 no	 reports	 could	 be	 identified	 regarding	 the	 in-
duction	of	CYP2C8	by	either	carbamazepine	or	phenytoin,	
whereas	rifampicin	has	been	shown	to	induce	CYP2C8.77	As	
an	agonist	of	PXR,	lumacaftor	induced	CYP2B6,	CYP2C8,	
CYP2C9,	and	CYP2C19	in	vitro.	However,	comparative	po-
tencies	and	in	vivo	relevance	of	in	vitro	induction	remains	to	
be	elucidated.	Similar	to	CYP3A,	induction	of	P-	gp	occurs	via	
perpetrators	activating	nuclear	receptors	PXR	and/or	CARs,	
followed	by	the	nuclear	receptors	binding	with	the	promoter	
region	and	thus	upregulating	the	gene	expression	of	P-	gp.	
PXR	and	CAR	expression	is	 tissue	specific.	Both	PXR	and	
CAR	are	expressed	in	the	liver	and	CAR	has	little	extrahe-
patic	expression.	PXR	is	also	expressed	in	the	intestine,	but	
with	limited	expression	in	the	kidneys.73	As	a	result,	PXR/
CAR-	mediated	 P-	gp	 induction	 also	 shows	 tissue-	specific	
pattern	by	rifampicin,	phenytoin,	or	carbamazepine.41

Rifampicin	is	the	strongest	P-	gp	inducer	based	on	cur-
rently	 available	 clinical	 experience,	 and	 the	 induction	
is	 more	 evident	 in	 the	 enterocytes	 with	 greater	 impact.	
Rifampicin	also	increases	total	clearance	of	 intravenously	
administered	digoxin	and	talinolol,	with	no	effects	on	renal	
clearance.	 Phenytoin	 caused	 a	 22%	 decrease	 of	 AUC	 for	
digoxin,	but	no	changes	in	renal	clearance,	which	also	in-
dicates	P-	gp	induction	is	mainly	in	the	liver	and	intestine,	
but	not	in	the	kidneys.	Carbamazepine	decreased	fexofen-
adine	AUC	and	Cmax	by	around	35%,	but	resulted	in	mini-
mal	changes	in	half-	life.	This	induction	effects	seems	to	be	
mainly	driven	via	P-	gp	and/or	MRP2	induction	in	the	gut.44

Rifampicin	(following	single	dose	administration)	has	
been	 used	 as	 an	 index	 inhibitor	 to	 assess	 the	 impact	 of	
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inhibition	on	OATP1B	substrates.	Although	there	were	in-
hibitors	of	OATP1B	in	vitro,	no	interaction	with	OATP1B1	
substrates	 is	 expected	 at	 a	 clinically	 relevant	 concentra-
tion	 for	 carbamazepine	 (basic	 model	 calculations)	 and	
lumacaftor.53	Rifampicin	can	also	induce	UGTs,	of	which	
UGT1A1	 and	 UGT1A4	 were	 most	 strongly	 induced.11,78	
With	 UGT	 induction	 being	 regulated	 by	 PXR	 and	 CAR,	
carbamazepine	 and	 phenytoin	 are	 also	 inducers	 of	
UGTs.	 In	 vitro	 studies	 showed	 carbamazepine	 could	 in-
duce	UGT1As	and	UGT2B7,	and	phenytoin	could	induce	
UGT1A1.79,80	 Clinical	 studies	 showed	 both	 carbamaz-
epine	 and	 phenytoin	 increased	 clearance	 of	 lamotrig-
ine	 (metabolized	 primarily	 UGT1A4	 and	 UGT2B7)	 and	
acetaminophen	 via	 UGT	 induction,	 and	 the	 effects	 on	
lamotrigine	 were	 greater	 with	 phenytoin	 than	 with	 car-
bamazepine.33,79	 UGT	 induction	 of	 lumacaftor	 was	 not	
reported.

Although	rifampicin	is	a	pleiotropic	 inducer	of	many	
drug-	metabolizing	 enzymes	 and	 transporters,	 it	 remains	
uncertain	whether	multiple	dose	administration	of	rifam-
picin	 is	 associated	 with	 clinically	 meaningful	 induction	
of	OATP	transporters.	The	observed	induction	of	the	total	
apparent	clearance	of	statins	following	rifampicin	admin-
istration	 is	 likely	 multifactorial.	 Given	 the	 involvement	
of	 multiple	 molecular	 determinants	 of	 statin	 clearance	
(e.g.,	 CYP3A3,	 P-	gp,	 MRP2,	 and	 BCRP)	 in	 addition	 to	
OATP	transporters,	the	outcomes	of	interactions	between	
rifampicin	and	the	statins	cannot	be	completely	ascribed	
to	OATP	induction.81	The	comparative	potential	for	inhi-
bition	and	induction	of	OATP	transporters	by	rifampicin	
versus	 the	 alternatives	 (e.g.,	 phenytoin,	 carbamazepine,	
and	lumacaftor)	represents	an	area	for	future	translational	
research.

PROPOSED CLINICAL STUDY 
DESIGN WITH ALTERNATIVE 
STRONG CYP3A INDUCERS

Both	rifampicin	and	phenytoin	have	been	recommended	
by	 the	 FDA	 and	 PMDA	 as	 strong	 index	 inducers	 of	
CYP3A	for	conducting	clinical	DDI	studies.9,76	Although	
rifampicin	is	being	used	extensively,	the	phenytoin	usage	
in	clinical	DDI	studies	is	limited.

The	clinical	DDI	study	design	with	rifampicin	is	well-	
established,	 however,	 not	 much	 information	 is	 available	
on	appropriate	 study	design	and	recommendations	with	
other	strong	CYP3A	inducers.	Hence,	this	section	focuses	
on	providing	illustrative	clinical	study	designs	for	the	pro-
posed	alternate	inducers	based	on	available	information.	
Various	 doses	 and	 dosing	 schedules	 were	 reported	 for	
both	carbamazepine	and	phenytoin	DDI	studies	(Table 2).	
In	 addition,	 dose	 titration	 is	 recommended	 to	 increase	

tolerability	and	decrease	dropout	rate	in	clinical	DDI	stud-
ies	with	carbamazepine.	For	carbamazepine	DDI	studies,	
200–	600	mg/day	dose	was	used	with	sensitive	CYP3A	sub-
strates	along	with	3–	7	days	of	dose	titration	and	5–	24	days	
of	 dose	 administration	 (Table  2).	 Xu	 et	 al.40	 utilized	 in	
vitro	CYP3A	induction	data	from	hepatocytes	and	simu-
lated	various	doses	and	duration	of	carbamazepine	with	
population-	based	 dynamic	 modeling.	 The	 simulated	 re-
sults	 were	 successfully	 verified	 with	 the	 observed	 sim-
vastatin	and	carbamazepine	DDI	results.	Based	on	these	
results,	authors	concluded	both	300	mg	b.i.d.	and	600	mg	
q.d.	doses	would	achieve	the	near	maximal	CYP3A	induc-
tion	over	10	days	treatment	with	carbamazepine.

Carbamazepine	 treatment	 is	 associated	 with	 dose-		 or	
concentration-	dependent	 AEs,	 such	 as	 somnolence,	 diz-
ziness,	 gastrointestinal	 disturbance,	 and	 hematologic	
abnormalities.	 Other	 adverse	 events,	 including	 liver	 in-
jury,	 and	 hypersensitivity	 reactions,	 such	 as	 maculopap-
ular	 eruption	 (MPE),	 drug	 reaction	 with	 eosinophilia	
and	 systemic	 symptoms	 (DRESS),	 and	 Stevens–	Johnson	
syndrome	 (SJS)/toxic	 epidermal	 necrolysis	 (TEN),	 have	
a	complex	dose–	response	relationship.82	The	plasma	con-
centration	range	of	4–	12	μg/ml	is	the	therapeutic	range	for	
carbamazepine	and	higher	probability	of	AEs	at	the	upper	
end	 of	 the	 therapeutic	 ranges	 were	 reported.83	 Hence,	 a	
cautious	approach	needs	to	be	followed	to	escalate	to	the	
required	dose	for	clinical	DDI	studies.

Patients	 who	 are	 positive	 for	 HLA-	B*1502,	 HLA-	
A*3101,	 and	 HLA-	B*1511	 are	 associated	 with	 SJS/TEN	
and	HLA-	A*3101	allele	also	associated	as	DRESS	and	MPE	
upon	treatment	with	carbamazepine.84	The	FDA	label	has	
warning	 signs	 for	 carbamazepine	 usage	 in	 patients	 who	
are	positive	for	HLA-	B*1502	allele.	Carbamazepine	dosing	
guidelines	based	on	HLA	genotype	have	been	published	
by	the	Dutch	Pharmacogenetics	Working	Group	(DPWG)	
of	 the	 Royal	 Dutch	 Association	 for	 the	 Advancement	
of	 Pharmacy	 (KNMP),	 the	 Clinical	 Pharmacogenetics	
Implementation	 Consortium	 (CPIC),	 and	 the	 Canadian	
Pharmacogenomics	Network	for	Drug	Safety	(CPNDS).84	
The	prevalence	of	positive	HLA-	B*15:02	allele	is	10–	15%	
in	Chinese	populations	and	averages	2–	4%	in	south	Asian	
population.	Hence,	 it	 is	suggested	 to	screen	and	exclude	
subjects	 with	 HLA-	B*1502	 allele	 to	 minimize	 AEs	 asso-
ciated	with	carbamazepine	in	drug	interaction	studies.84

Based	on	 the	available	clinical	DDI	studies	with	sen-
sitive	 CYP3A	 substrates	 and	 population-	based	 model-
ing	 results,	 we	 propose	 a	 target	 carbamazepine	 dosage	
of	300	mg	b.i.d.	 attained	with	a	dose	 titration	 starting	at	
100	mg	b.i.d.	for	3	days	followed	by	200	mg	b.i.d.	for	3	days	
and	 continuous	 treatment	 with	 300	mg	 b.i.d.	 for	 14	days	
for	 conducting	clinical	DDI	 studies	with	carbamazepine	
as	a	strong	CYP3A	inducer.33,39	The	proposed	study	details	
are	 presented	 in	 Figure  5a.	 Briefly,	 an	 open	 label,	 fixed	
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sequence,	 crossover	 study	with	 two	periods	 is	proposed.	
Period	 1	 would	 evaluate	 PK	 of	 the	 investigational	 drug	
followed	by	a	washout	period	and	period	2	would	assess	
DDI	 of	 carbamazepine	 with	 victim	 drug.	The	 total	 time	
for	period	1	and	washout	depends	on	the	half-	life	of	the	
investigational	 compound.	 For	 period	 2,	 carbamazepine	
should	 be	 started	 at	 100	mg	 b.i.d.	 and	 can	 be	 titrated	 to	
300	mg	b.i.d.	over	a	7-	day	period.	To	achieve	maximum	in-
duction	effect,	300	mg	b.i.d.	dose	is	suggested	for	14	days	

prior	 to	 administration	 of	 the	 investigational	 drug,	 with	
carbamazepine	 dosing	 continued	 through	 the	 period	 of	
PK	characterization	of	the	victim	drug.

In	the	DDI	studies	of	phenytoin	with	sensitive	CYP3A	
substrates,	various	dosing	regimens	have	been	used,	from	
q.d.	to	t.i.d.,	and	the	daily	dose	ranged	from	200	to	450	mg.	
In	several	reports,	phenytoin	was	targeted	to	reach	a	stable	
concentration,	ranged	from	5.5–	25.9 μg/ml.62,85	Of	all	the	
reports,	 the	 strongest	 CYP3A	 induction	 was	 reported	 in	

F I G U R E  5  Proposed	design	for	clinical	DDI	studies	with	alternative	CYP3A	inducers	(a)	carbamazepine;	(b)	phenytoin	and	lumacaftor	
with	CYP3A	substrates.	PK,	pharmacokinetic.
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a	DDI	study	with	midazolam	and	nisoldipine,	with	~90%	
lower	AUC	and	~80%	to	90%,	lower	Cmax	compared	to	the	
control	group.	However,	both	these	studies	were	not	con-
trolled	drug	 interaction	studies.	These	studies	compared	
midazolam/nisoldipine	exposure	in	patients	with	epilepsy	
co-	administered	 phenytoin	 with	 the	 midazolam/nisol-
dipine	 exposure	 (without	 phenytoin)	 in	 healthy	 volun-
teers.	In	addition,	patients	with	epilepsy	were	dosed	with	
phenytoin	 for	 at	 least	 2  months.60,61	 All	 of	 these	 factors	
confounded	 the	 interpretation	 of	 the	 induction	 strength	
of	phenytoin	on	CYP3A.	Similar	to	carbamazepine,	phe-
nytoin	 also	 has	 a	 narrow	 therapeutic	 window,	 between	
10	and	20	μg/ml.	Phenytoin	 treatment	 is	associated	with	
eosinophilia,	DRESS	syndrome,	and	SJS,	and	it	is	a	more	
severe	 manifestation	 of	 TEN.	 Asian	 patients	 carrying	
HLAB*1502	and	CYP2C9*3	genes	are	at	high	risk	for	phe-
nytoin	 treatment.86	 The	 main	 AEs	 reported	 in	 the	 phe-
nytoin	 treatment	 are	 due	 to	 central	 nervous	 system	 and	
cardiovascular	 toxicity.	The	 symptoms	of	overdosing	are	
nystagmus,	 ataxia,	 hyperactivity,	 and	 dysarthria,	 which	
should	be	closely	monitored	during	 the	conduct	of	clin-
ical	DDI	studies.86

Although	 300	mg	 q.d.,	 150	mg	 b.i.d.,	 and	 100	mg	 t.i.d.	
are	 known	 to	 produce	 similar	 CYP3A	 induction	 effects,	
considering	 the	 safety	 profile	 and	 therapeutic	 range	 of	
phenytoin,	we	propose	150	mg	b.i.d.	or	100	mg	t.i.d.	dose	
for	 14	days	 in	 clinical	 DDI	 studies	 using	 phenytoin	 in	
healthy	subjects	(Figure 5b).	Recently,	PBPK	models	were	
developed	 based	 on	 100	mg	 t.i.d.	 dose	 and	 a	 duration	 of	
14	days	was	chosen	to	achieve	maximum	induction	effect	
of	phenytoin.87,88	As	described	in	the	carbamazepine	drug	
interaction	 study	 design,	 a	 similar	 open	 label,	 fixed	 se-
quence,	crossover	study	with	two	periods	is	recommended	
for	phenytoin	DDI	studies.	Period	1	would	evaluate	PKs	of	
the	investigational	drug	followed	by	a	washout	period	and	
period	2	would	assess	DDI	effect	of	phenytoin	on	PK	of	
the	victim	drug.	The	total	time	for	period	1	and	washout	
depends	on	the	half-	life	of	an	investigational	compound.

Lumacaftor	is	a	strong	inducer	of	CYP3A	and	showed	
a	 dose-	dependent	 induction	 effect	 on	 ivacaftor,	 a	 sen-
sitive	 CYP3A	 substrate.	 Ivacaftor	 AUC	 was	 decreased	
by	80–	90%	with	co-	administration	of	200–	600	mg	daily	
dose	 and	 >90%	 with	 400	mg	 b.i.d.	 dosing.	Two	 phase	 I	
studies	 were	 conducted	 to	 assess	 DDI	 interaction	 be-
tween	 lumacaftor	 and	 ivacaftor.53	 The	 first	 one	 was	 a	
randomized,	 double-	blind,	 placebo-	controlled	 study	
with	 a	 three-	treatment	 period	 (ivacaftor	 alone,	 luma-
caftor	alone,	and	their	combination)	in	healthy	subjects	
with	 a	 minimum	 washout	 period	 of	 14	days	 between	
periods.	 This	 was	 a	 multiple	 dose	 DDI	 study	 for	 both	
agents	 for	 14	days	 with	 200	mg	 daily	 dose	 (q24	 hours)	
of	 lumacaftor	 and	 150	mg	 of	 ivacaftor	 twice	 daily	 (q12	
hours).	There	 was	 no	 effect	 of	 ivacaftor	 on	 lumacaftor	

PKs,	however,	AUC	and	Cmax	of	ivacaftor	was	decreased	
by	 81%	 and	 74%,	 respectively,	 upon	 co-	administration	
of	 both	 agents.	 Another	 phase	 I	 study	 was	 conducted	
to	 assess	 DDI	 between	 lumacaftor	 and	 ivacaftor	 with	
similar	three-	period	study	design	described	earlier	and	
two	different	doses	of	both	lumacaftor	(200	mg	q.d.	and	
400	mg	 q.d.)	 and	 ivacaftor	 (250	mg	 b.i.d.	 and	 150	mg	
b.i.d.).	The	 reduction	of	AUC	of	 ivacaftor	 ranged	 from	
75–	78%	with	lumacaftor	and	ivacaftor	regimens,	400	mg	
lumacaftor	q.d./150	mg	ivacaftor	q12h	or	200	mg	luma-
caftor	q.d./250	mg	 ivacaftor	q12h	 for	14	days.	A	consis-
tent	 reduction	 of	 AUC	 of	 ivacaftor	 was	 observed	 with	
treatment	of	200	mg	daily	dose	of	lumacaftor	for	14	days	
and	hence	this	dose	and	dosing	regimen	can	be	used	to	
assess	DDI	of	other	CYP3A	substrates	(Figure 5b).	The	
approved	 dose	 of	 lumacaftor	 in	 combination	 with	 iva-
caftor	 in	 adults	 is	 two	 tablets	 (each	 containing	 200	mg	
lumacaftor	/125	mg	of	ivacaftor)	every	12	h.	Hence,	one	
tablet	can	be	used	for	the	proposed	dose	of	200	mg	luma-
caftor	as	a	combination	for	DDI	studies.

Lumacaftor	 as	 monotherapy	 or	 in	 combination	 with	
ivacaftor	 was	 generally	 well-	tolerated	 in	 healthy	 partici-
pants	and	patients	with	cystic	fibrosis.	The	majority	of	AEs	
were	 mild	 or	 moderate	 in	 severity	 and	 resolved	 without	
discontinuing	 the	 treatment.55	 The	 most	 common	 drug-	
related	or	possibly	drug-	related	AEs	were	diarrhea,	upper	
abdominal	pain,	 increased	 liver	 transaminases,	vomiting,	
headache,	and	dyspnea.	The	proposed	200	mg	dose	is	much	
lower	than	the	approved	daily	dose	of	lumacaftor	(800	mg)	
and	is	expected	to	be	tolerated	well	in	DDI	studies.55

FUTURE PERSPECTIVES

For	 investigational	 agents	 that	 are	 substrates	 of	 CYP3A	
and/or	 PXR-	inducible	 enzymes	 and	 transporters,	 ri-
fampicin	has	traditionally	been	the	most	widely	used	index	
strong	inducer	in	DDI	studies	to	evaluate	sensitivity	as	vic-
tim	of	 induction	DDIs.	The	dose–	response	for	rifampicin	
induction	of	CYP3A,	relative	extent	of	induction	of	CYP3A	
versus	other	PXR-	inducible	enzymes	and	transporters,	and	
induction	 at	 both	 the	 hepatic	 and	 intestinal	 sites	 of	 the		
DDIs	 have	 all	 been	 extensively	 studied.11,40	 Progress	 in		
the	 field	 of	 enzyme	 and	 transporter	 induction,	 including	
the	development	of	novel	 translational	approaches	using	
endogenous	 biomarkers	 and	 PBPK	 models,	 has	 largely	
relied	on	data	from	in	vitro	and	clinical	induction	studies	
with	 rifampicin.	 With	 nitrosamine	 impurities	 prohibit-
ing	the	use	of	currently	available	rifampicin	formulations	
for	 induction	 DDI	 studies,	 the	 pharmaceutical	 industry	
at-	large	 is	 facing	a	challenge	of	having	 lost	an	 important	
component	of	the	clinical	pharmacology	toolkit	 to	evalu-
ate	sensitivity	of	investigational	agents	to	induction	DDIs.



2090 |   BOLLEDDULA et al.

Rifampicin	as	a	prototypic	index	strong	inducer	of	PXR	
target	genes	 is	not	without	 limitations.	For	example,	 se-
lectivity	is	an	acknowledged	problem,	with	the	most	nota-
ble	concerns	stemming	from	its	ability	to	potently	inhibit	
OATP1B1-	mediated	 hepatic	 uptake	 transport.	 This	 can	
confound	 interpretation	 of	 induction	 DDI	 study	 results	
for	dual	substrates	of	inducible	enzymes/transporters	and	
OATP1B1,	unless	dose	staggering	is	incorporated	as	part	of	
the	design	to	minimize	effects	on	hepatic	uptake.	Despite	
these	limitations,	best	practices	for	rifampicin	DDI	stud-
ies	are	well-	established	based	on	decades	of	research	that	
have	characterized	its	potency	and	selectivity	as	a	strong	
PXR-	mediated	inducer.

Currently,	 the	 experience	 of	 the	 acceptance	 of	 the	
PBPK	 model	 predicted	 results	 in	 lieu	 of	 rifampicin	 DDI	
study	by	regulatory	agencies	 is	 limited.	Underprediction	
of	DDIs	with	the	rifampicin	model	along	with	lack	of	con-
fidence	in	the	predictability	and	reliable	validation	of	the	
models	were	cited	as	reasons	for	not	acceptability	of	mod-
eling	results.	Nevertheless,	it	is	important	to	note	that	the	
field	of	PBPK	modeling	of	induction	DDIs	continues	to	ad-
vance,	with	notable	recent	progress	made	in	the	develop-
ment	and	qualification	of	a	model	of	rifampicin-	mediated	
induction,	 also	 incorporating	 P-	gp	 induction.89,90	 As	 the	
fidelity	of	PBPK	models	continues	to	grow,	we	trust	that	
confidence	 in	 their	 application	 in	 lieu	 of	 clinical	 DDI	
studies	should	increase	for	suitable	contexts	of	use.

Our	research	has	 identified	carbamazepine,	phenyt-
oin,	and	lumacaftor	as	three	potential	alternatives	to	ri-
fampicin.	Clearly,	the	extent	of	characterization	of	these	
strong	CYP3A	inducers	is	more	limited,	and	we	do	not	
fully	understand	their	selectivity	and	“off-	target”	effects	
beyond	 induction	 of	 CYP3A.	 Of	 note,	 the	 importance	
of	 CAR	 (vs.	 PXR	 alone)	 activation	 as	 a	 mechanism	 of	
induction	 by	 carbamazepine	 and	 phenytoin	 may	 have	
implications	 for	 the	 phenotype	 of	 pleiotropism	 in	 in-
duction	that	would	be	observed	compared	to	rifampicin.	
Looking	ahead,	we	have	an	opportunity	to	characterize	
these	 alternate	 index	 inducers	 further	 leveraging	 all	
available	 tools.	 Comprehensive	 in	 vitro	 head-	to-	head	
concentration-	response	studies,	not	only	in	human	he-
patocytes	but	also	considering	other	emerging	platforms,	
like	liver	spheroids,	may	help	elucidate	the	quantitative	
and	 molecular	 pharmacology	 of	 induction.91	 Full	 pro-
filing	 of	 these	 rifampicin	 alternatives	 with	 respect	 to	
their	 “off-	target”	 effects	 on	 a	 full	 panel	 of	 molecular	
determinants	 of	 absorption,	 distribution,	 metabolism,	
and	excretion	(ADME;	e.g.,	drug-	metabolizing	enzymes	
and	 transporters)	 will	 inform	 selectivity.	 Such	 com-
parative	 in	 vitro	 data	 with	 insights	 on	 mechanisms	 of	
induction	and	selectivity	can	be	instrumental	in	select-
ing	the	right	inducer	for	the	right	investigational	agent	
based	 on	 knowledge	 of	 the	 molecular	 determinants	 of	

clearance	 of	 the	 investigational	 agent.	 Quantitative	
concentration-	response	 data	 can	 be	 further	 crucial	 to	
development	and	refinement	of	PBPK	models	for	these	
inducers,	which	will	be	vital	for	model-	informed	design	
of	 induction	 DDI	 studies	 as	 well	 as	 predictions	 of	 the	
effects	 of	 moderate	 inducers	 (e.g.,	 efavirenz)	 based	 on	
data	 from	strong	 inducer	DDI	studies	conducted	using	
one	 of	 these	 rifampicin	 alternatives.	 The	 roadmap	 for	
such	PBPK	model-	informed	projections	using	a	predict-	
learn-	confirm-	apply	 paradigm	 is	 well-	established	 and	
precedented	 when	 the	 strong	 inducer	 DDI	 study	 was	
performed	 using	 rifampicin.92	We	 will	 need	 to	 achieve	
a	 similar	 level	 of	 confidence	 in	 the	 future	 state	 when	
strong	inducer	DDI	studies	will	be	conducted	with	one	
of	 these	 alternatives	 instead	 of	 rifampicin.	 In	 addition	
to	 comprehensive	 in	 vitro	 profiling	 of	 pleiotropism	 in	
induction	 phenotype	 and	 concentration-	response	 for	
these	inducers	(vs.	rifampicin),	other	recent	advances	in	
clinical	pharmacology	methods	deserve	to	be	exploited	
as	well.	For	example,	a	well-	designed	clinical	pharma-
cology	 study	 evaluating	 the	 effects	 of	 these	 rifampicin	
alternatives	 can	 evaluate	 endogenous	 biomarkers	 of	
ADME	 protein	 activity	 (e.g.,	 4β-	hydroxycholesterol	 for	
CYP3A	 induction,	 CP-	I	 for	 OATP1B1	 inhibition,	 etc.)	
to	 characterize	 the	 relative	 selectivity	 of	 these	 induc-
ers.	The	endogenous	biomarkers	data	could	further	in-
form	PBPK	modeling	 to	evaluate	or	validate	simulated	
results.	 Such	 an	 investigational	 clinical	 pharmacology	
study	could	additionally	collect	blood	samples	for	liquid	
biopsy	to	enable	exosome	analyses	using	proteomics	as	
well	as	activity	measurements	to	characterize	the	pleio-
tropic	 induction	effects	and	dose–	response	 in	vivo.93	A	
cocktail	 DDI	 study	 may	 be	 embedded	 to	 quantify	 the	
strength	of	 induction	of	non-	CYP3A	pathways	relative	
to	 CYP3A.	 The	 totality	 of	 results	 from	 such	 a	 suite	 of	
in	vitro	and	clinical	pharmacology	evaluations	together	
with	literature	data	on	existing	clinical	DDI	studies	with	
these	rifampicin	alternatives	as	inducers	can	provide	ex-
cellent	 substrate	 for	PBPK	model	development	and	re-
finement.	This	will	support	the	fidelity	of	such	modeling	
frameworks	in	serving	relevant	contexts	of	use	(e.g.,	pre-
dictions	to	unstudied	inducers	that	may	vary	in	strength	
and/or	 pleiotropism	 in	 the	 induced	 phenotype).	While	
we	adapt	to	the	current	state	of	being	unable	to	use	ri-
fampicin	 as	 an	 index	 inducer,	 we	 envision	 an	 import-
ant	 role	 for	 a	 multipronged	 quantitative	 translational	
research	 program	 (Figure  6)	 to	 increase	 confidence	 in	
use	of	data	from	induction	DDI	studies	conducted	with	
a	 suitable	 rifampicin	 alternative	 to	 inform	 labeling	 for	
our	future	medicines	across	contexts	of	clinical	use.	We	
have	successfully	done	this	when	we	faced	a	similar	sit-
uation	 with	 inability	 to	 use	 ketoconazole	 as	 an	 index	
strong	 CYP3A	 inhibitor,	 with	 IQ	 consortium	 efforts	



   | 2091STRONG CYP3A INDUCERS FOR CLINICAL DDI STUDIES

leading	 to	 recommendations	 on	 optimal	 study	 designs	
with	 itraconazole	as	an	alternative,	 informed	by	PBPK	
modeling	 and	 simulation.94	 We	 are	 in	 an	 analogous	
situation	 now	 with	 rifampicin.	 Additionally,	 given	 the	
limitations	 of	 some	 of	 the	 identified	 alternatives	 to	 ri-
fampicin,	we	may	need	to	use	the	results	of	DDI	studies	
with	 these	 less	established	 inducers	 to	extrapolate	and	
predict	 worst-	case	 scenarios	 for	 DDIs	 with	 rifampicin.	
This	will	require	us	to	leverage	PBPK	platforms	that	will	

need	to	be	qualified	for	cross-	inducer	DDI	predictions,	
considering	 not	 only	 differences	 between	 the	 inducers	
in	 potency/strength	 but	 also	 the	 specific	 pleiotropic	
phenotype	 of	 induction	 of	 molecular	 determinants	 of	
clearance	beyond	CYP3A4	that	may	be	involved	in	dis-
position	of	the	victim	drug.	Timely	progress	will	require	
commitment	to	precompetitive	collaboration,	data	shar-
ing,	 and	 effective	 multidisciplinary	 partnerships	 with	
commitment	to	a	totality	of	evidence	mindset.95

F I G U R E  6  Multifaceted	approach	to	enhance	confidence	on	data	generated	from	DDI	studies	conducted	with	alternative	inducers	of	
CYP3A.	DDI,	drug-	drug	interaction;	PBPK,	physiologically-	based	pharmacokinetic.
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