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Abstract
It	 remains	 uncertain	 whether	 pharmacokinetic	 changes	 following	 Roux-	en-	Y	
gastric	 bypass	 (RYGB)	 can	 be	 attributed	 to	 surgery-	induced	 gastrointestinal	
alterations	per	se	and/or	 the	subsequent	weight	 loss.	The	aim	was	 to	compare	
short-		and	long-	term	effects	of	RYGB	and	calorie	restriction	on	CYP3A-	activity,	
and	cross-	sectionally	compare	CYP3A-	activity	with	normal	weight	to	overweight	
controls	 using	 midazolam	 as	 probe	 drug.	 This	 three-	armed	 controlled	 trial	 in-
cluded	patients	with	severe	obesity	preparing	for	RYGB	(n = 41)	or	diet-	induced	
(n = 41)	weight-	loss,	and	controls	(n = 18).	Both	weight-	loss	groups	underwent	a	
3-	week	low-	energy-	diet	(<1200 kcal/day)	followed	by	a	6-	week	very-	low-	energy-	
diet	or	RYGB	(both	<800 kcal/day).	Patients	were	followed	for	2 years,	with	four	
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INTRODUCTION

Obesity	 is	 a	 worldwide	 epidemic.	 Individuals	 with	 obe-
sity	 often	 receive	 multiple	 medication	 for	 obesity-	related	
comorbidities,	 such	 as	 diabetes,	 cardiovascular	 diseases,	
and	non-	alcoholic	fatty	liver	disease	(NAFLD).1,2	Bariatric	
surgery	is	considered	superior	to	nonsurgical	intervention	
in	terms	of	achieving	long-	lasting	weight	loss	and	improve-
ment	of	comorbidities.3,4	The	anatomic	and	physiological	
alterations	in	the	gastrointestinal	tract	following	Roux-	en-	Y	
gastric	bypass	 (RYGB)5	may	 influence	oral	drug	bioavail-
ability	and	thus	have	consequences	for	postsurgery	dosing.	

More	specifically,	the	total	surface	area	available	for	drug	
absorption	is	reduced	and	the	proximal	intestinal	segments	
rich	in	cytochrome	P450	(CYP)	enzymes	are	bypassed.6

CYP3A	 is	 the	 most	 important	 drug	 metabolizing	 en-
zyme	 with	 regard	 to	 drug	 dosing,	 and	 accounts	 for	 the	
metabolism	of	30–	50%	of	clinically	used	drugs.7,8	CYP3A	
is	not	only	widely	expressed	in	the	liver,	but	also	in	the	du-
odenum	and	proximal	jejunum.9	RYGB	may	therefore	re-
duce	first-	pass	metabolism,	resulting	in	an	increased	oral	
bioavailability.	 Besides	 the	 gastrointestinal	 alterations,	
the	subsequent	weight	loss	may	also	influence	the	expres-
sion	and	activity	of	CYP3A	enzymes	in	both	the	intestine	

pharmacokinetic	 investigations	 using	 semisimultaneous	 oral	 and	 intravenous	
dosing	 to	 determine	 changes	 in	 midazolam	 absolute	 bioavailability	 and	 clear-
ance,	 within	 and	 between	 groups.	 The	 RYGB	 and	 diet	 groups	 showed	 similar	
weight-	loss	at	week	9	(13 ± 2.4%	vs.	11 ± 3.6%),	but	differed	substantially	after	
2 years	(−30 ± 7.0%	vs.	−3.1 ± 6.3%).	At	baseline,	mean	absolute	bioavailability	
and	clearance	of	midazolam	were	similar	in	the	RYGB	and	diet	groups,	but	higher	
compared	 with	 controls.	 On	 average,	 absolute	 bioavailability	 was	 unaltered	 at	
week	9,	but	decreased	by	40 ± 7.5%	in	the	RYGB	group	and	32 ± 6.1%	in	the	diet	
group	at	year	2	compared	with	baseline,	with	no	between-	group	difference.	No	
difference	in	clearance	was	observed	over	time,	nor	between	groups.	In	conclu-
sion,	neither	RYGB	per	se	nor	weight	 loss	 impacted	absolute	bioavailability	or	
clearance	of	midazolam	short	term.	Long	term,	absolute	bioavailability	was	simi-
larly	decreased	in	both	groups	despite	different	weight	loss,	suggesting	that	the	
recovered	CYP3A-	activity	is	not	only	dependent	on	weight-	loss	through	RYGB.

StudyHighlights
WHATISTHECURRENTKNOWLEDGEONTHETOPIC?
The	current	literature	indicates	an	inverse	relationship	between	body	mass	index	
(BMI)	and	CYP3A-	activity,	and	that	systemic	clearance	of	the	CYP3A-	probe	mi-
dazolam	increases	after	Roux-	en-	Y	gastric	bypass	(RYGB).	However,	the	knowl-
edge	regarding	changes	in	drug	disposition	following	weight	loss	in	general,	and	
bariatric	 surgery	 in	particular,	 is	 sparse	and	 inconclusive,	making	drug	dosing	
challenging.	In	addition,	it	remains	uncertain	whether	pharmacokinetic	changes	
following	bariatric	surgery	are	attributed	to	the	gastrointestinal	alterations	per	se	
and/or	the	subsequent	weight	loss.
WHAT	QUESTIONDIDTHISSTUDYADDRESS?
Do	body	weight,	weight	loss,	and	RYGB	impact	CYP3A-	activity	in	vivo?
WHAT	DOESTHISSTUDYADDTOOURKNOWLEDGE?
This	study	shows	that	neither	short-	term	weight	loss	induced	by	RYGB	or	very-	
low-	energy-	diet,	 nor	 RYGB	 per	 se,	 impact	 absolute	 bioavailability	 or	 systemic	
clearance	of	midazolam.
HOW	 MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONALSCIENCE?
Our	results	suggests	that	dose	adjustments	of	CYP3A	substrate	drugs,	30–	50%	of	
all	drugs	on	the	market,	may	not	be	necessary	following	nonsurgical	and	surgical	
weight	loss	neither	in	a	short-		nor	long-	term	perspective.
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and	 liver.	 Obesity	 is	 associated	 with	 impaired	 CYP3A-	
activity,6,10,11	 and	 previous	 studies	 suggest	 an	 inverse	
relationship	between	body	mass	index	(BMI)	and	CYP3A-	
activity,12,13	possibly	due	 to	 low-	grade	 inflammation	and	
NAFLD.14–	16	 Because	 inflammation	 status	 and	 NAFLD	
improve	after	RYGB	or	nonsurgical	weight	loss,17–	20	both	
intestinal	and	hepatic	CYP3A	mediated	drug	metabolism	
may	 also	 recover.21	 An	 increase	 in	 intestinal	 CYP3A-	
activity	 is	 expected	 to	 decrease	 oral	 bioavailability	 of	
CYP3A	substrates,	unless	other	physiological	parameters	
compensate	for	the	higher	activity.	Clearance,	however,	is	
expected	 to	 increase	with	an	 increase	 in	hepatic	CYP3A	
activity,	unless	weight	loss	also	results	in	other	physiolog-
ical	changes	that	may	influence	clearance,	such	as	lower	
hepatic	blood	 flow.	 In	 studies	 investigating	pharmacoki-
netic	 changes	 following	 bariatric	 surgery,6,21–	23	 patients	
usually	serve	as	their	own	controls	and	it	is	therefore	not	
possible	to	disentangle	the	effect	of	bariatric	surgery	and	
the	subsequent	weight	 loss.	To	improve	our	understand-
ing	of	the	underlying	mechanisms	involved	in	restricting	
oral	bioavailability,	this	is	important	to	investigate.

RYGB	 may	 influence	 the	 pharmacokinetics	 of	 many	
drugs	and	thus	have	consequences	for	dosing	recommen-
dations.	 However,	 it	 remains	 uncertain	 whether	 such	
potential	 pharmacokinetic	 changes	 are	 attributed	 to	 the	
gastrointestinal	alterations	per	se	and/or	 the	subsequent	
weight	loss.	To	address	this,	we	performed	a	three-	armed	
controlled	trial	over	2 years	with	a	dietary	control	group	
achieving	 a	 matched	 short-	term	 weight	 loss	 as	 patients	
undergoing	 RYGB.24	 CYP3A	 activity	 was	 investigated	
using	oral	and	intravenous	dosing	of	midazolam,	the	clin-
ical	CYP3A	probe	of	choice.	The	study	objectives	were	to	
compare	short-		and	long-	term	effects	of	surgical	and	non-
surgical	calorie	restriction	on	CYP3A	activity,	and	to	com-
pare	CYP3A	activity	in	a	control	group	of	normal	weight	to	
overweight	individuals	with	patients	with	severe	obesity.

METHODS

Patientsandstudydesign

The	 COCKTAIL	 study	 is	 an	 open,	 nonrandomized,	
three-	armed,	single-	center	controlled	study	performed	at	
Vestfold	Hospital	Trust	in	Norway,	as	previously	described	
in	detail.24	In	short,	patients	with	severe	obesity	scheduled	
for	weight	loss	treatment	with	RYGB	or	a	restricted	calo-
rie	 diet	 based	 on	 clinical	 indications	 were	 included	 and	
followed	prospectively	 for	2 years.	Additionally,	a	cross-	
sectional	 control	 group	 of	 individuals	 with	 BMI	 18.5–	
30  kg/m2	 scheduled	 for	 cholecystectomy	 was	 included.	
The	study	was	approved	by	 the	Regional	Committee	 for	
Medical	and	Health	Research	Ethics	(2013/2379/REK)	and	

performed	in	accordance	with	Good	Clinical	Practice	and	
the	 Declaration	 of	 Helsinki	 (NCT02386917).	 Written	 in-
formed	consent	was	obtained	prior	to	study	participation.

Patients	were	eligible	for	inclusion	based	on	the	follow-
ing	 inclusion	 criteria:	 greater	 than	 or	 equal	 to	 18  years,	
BMI	greater	than	or	equal	to	18.5 kg/m2,	and	stable	body	
weight	 (<5  kg	 weight	 change)	 over	 the	 last	 3  months.	
Exclusion	criteria	included	glomerular	filtration	rate	less	
than	30 ml/min/1.73m2,	previous	bariatric	or	upper	gas-
trointestinal	 surgery,	 or	 treatment	 with	 substances	 that	
may	influence	midazolam	pharmacokinetics	in	close	ap-
proximation	to	the	investigations.24

Studyvisitsandprocedures

The	current	analysis	included	data	from	the	control	group	
(baseline;	 week	 0),	 and	 from	 the	 intervention	 groups	 at	
weeks	 0,	 3,	 and	 9,	 and	 year	 2.	 At	 baseline	 (week	 0),	 all	
three	 groups	 were	 subjected	 to	 a	 24-	h	 pharmacokinetic	
investigation	 one	 day	 before	 intervention	 start.	 Both	
weight	 loss	 groups	 were	 prescribed	 a	 low-	energy-	diet	
(LED;	<1200 kcal/day)	for	the	first	3 weeks,	followed	by	
an	 additional	 6  weeks	 of	 an	 isocaloric	 very-	low-	energy-	
diet	 (VLED;	 <800  kcal/day)	 or	 RYGB	 (<800  kcal/day).	
Thereafter,	patients	were	treated	according	to	local	guide-
lines	 until	 the	 year	 2	 visit.	 A	 24-	h	 pharmacokinetic	 in-
vestigation	was	repeated	at	all	three	follow-	up	visits.	For	
patients	 undergoing	 RYGB,	 small	 intestinal	 and	 hepatic	
biopsies	 were	 obtained	 on	 the	 day	 of	 surgery,	 as	 previ-
ously	described.13,25	Hepatic	biopsies	were	also	obtained	
from	the	control	group	during	cholecystectomy.13

Patients	abstained	from	food	and	drugs	from	10:00	p.m.	
the	evening	before	all	pharmacokinetic	investigations.	On	the	
study	day,	patients	met	at	07:30	a.m.	for	blood	sampling,	be-
fore	1.5 mg	oral	midazolam	syrup	was	administered	followed	
by	1.0 mg	intravenous	midazolam	4 h	later.	Blood	samples	
were	collected	from	a	peripheral	venous	catheter	at:	0.25,	
0.5,	1,	1.5,	2,	3,	4,	4.25,	4.5,	5,	5.5,	6,	8,	10,	12,	23,	and	24 h.	
Details	 regarding	 the	 pharmacokinetic	 investigations	 and	
clinical	chemistry	analyses	are	described	in	the	Supplement.

Outcomes

The	primary	outcomes	were	short-		and	long-	term	changes	
in	absolute	bioavailability	and	clearance	of	midazolam	as	
measures	of	both	first-	pass	and	systemic	CYP3A-	activity.24	
Secondary	outcomes	included	CYP3A	protein	quantifica-
tion	in	 liver	and	intestine	biopsies.	Additional	outcomes	
included	 full	 pharmacokinetic	 profiling;	 oral	 clearance	
(clearance/bioavailability),	 volume	 of	 distribution	 (Vd),	
terminal	 elimination	 half-	life	 (t1/2),	 maximum	 plasma	
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concentration	(Cmax),	and	time	to	reach	maximum	plasma	
concentration	 (Tmax)	 after	 oral	 midazolam	 administra-
tion	as	well	as	concentrations	of	the	endogenous	CYP3A	
biomarker;	4β-	hydroxycholesterol	(4βOHC)	formed	from	
cholesterol	via	CYP3A	metabolism.26

Analyticalassays

Detailed	descriptions	of	the	analytical	assays	are	presented	
in	 the	 Supplement.	 In	 brief,	 midazolam	 plasma	 concen-
trations	 were	 determined	 by	 validated	 ultra-	high	 perfor-
mance	liquid	chromatography	tandem	mass	spectrometry	
(UHPLC-	MS/MS).27	Within-	series	and	between-	series	per-
formance	were	assessed	with	resulting	imprecision	less	than	
12.3%,	and	the	mean	accuracy	ranged	from	99.3	to	104.3%.	
Plasma	 concentrations	 of	 4βOHC	 was	 determined	 by	 an	
HPLC-	MS	 method	 previously	 described,28	 with	 an	 added	
filtration	 step,29	 at	 the	 Center	 for	 Psychopharmacology,	
Diakonhjemmet	 Hospital,	 Oslo,	 Norway.	 Within-		 and	
between-	series	imprecision	and	inaccuracy	were	less	than	
15%	at	10 ng/ml	and	less	than	4%	at	644 ng/ml.28

Proteinquantification(intestineandliver)

Proteins	were	extracted	from	small	intestinal	and	liver	bi-
opsies	in	an	SDS-	containing	(2%	w/v)	lysis	buffer	and	quan-
tified,	as	previously	described.30,31	Details	are	presented	in	
the	 Supplement,	 in	 short,	 samples	 were	 processed	 with	
the	 multi-	enzyme	 digestion	 filter-	aided	 sample	 prepara-
tion	 (MED-	FASP)	 protocol,	 using	 LysC	 and	 trypsin.32	
Proteomics	 analysis	 was	 performed	 with	 Q	 Exactive	 HF	
or	Q	Exactive	HF-	X	mass	spectrometer	in	data	dependent	
mode.	MS	data	were	processed	with	MaxQuant	 (version	
1.6.10.43)33	 where	 proteins	 were	 identified	 by	 search-
ing	MS	and	MS/MS	data	of	peptides	against	 the	human	
UniProtKB	(UP000005640).	Spectral	raw	intensities	were	
normalized	with	variance	stabilization	(vsn),34	and	were	
subsequently	used	to	calculate	the	protein	concentrations	
using	 the	 Total	 Protein	 Approach.35	 Batch	 effects	 were	
removed	 by	 geometric	 mean	 centering	 of	 proteins	 from	
samples	analyzed	at	different	time	points.

Dataanalysis

The	 data	 analysis	 comprised	 two	 subsequent	 steps.	 In	
step	one,	a	population	pharmacokinetic	model	was	devel-
oped	 for	 characterization	 of	 individual	 pharmacokinetic	
profiles	 in	 order	 to	 retrieve	 individual	 pharmacokinetic	
parameters	 from	each	 investigation.	 In	 step	 two,	 the	 in-
dividual	pharmacokinetic	parameters	were	used	to	assess	

changes	over	the	study	period	using	linear	mixed	effects	
modeling	and	visualizations.

Populationpharmacokineticmodeling

Given	 the	semisimultaneous	oral	and	 intravenous	dosing	
of	midazolam	applied	in	this	study,	we	developed	a	popula-
tion	 pharmacokinetic	 model	 for	 description	 of	 individual	
pharmacokinetic	 profiles	 in	 order	 to	 retrieve	 individual	
pharmacokinetic	 parameters	 from	 all	 patients,	 including	
absolute	bioavailability.	A	detailed	description	of	the	popu-
lation	pharmacokinetic	model	development	is	presented	in	
the	Supplement.	In	brief,	a	midazolam	model	parameter-
ized	 to	 determine	 individual	 absolute	 bioavailability	 was	
developed	 with	 data	 from	 semisimultaneous	 administra-
tion	 of	 oral	 and	 intravenous	 midazolam.	 The	 modeling	
was	performed	using	the	nonparametric	adaptive	grid	ap-
proach	implemented	in	Pmetrics	(version	1.5.2)	for	R	(ver-
sion	3.6.2).36,37	A	 total	of	5414	midazolam	concentrations	
corresponding	to	306	unique	24-	h	pharmacokinetic	profiles	
were	available	from	a	total	of	98	patients.	A	catenary	three-	
compartment	model38,39	with	absorption	lag-	time	and	first-	
order	 elimination	 from	 the	 central	 compartment	 (Figure	
S1)	was	developed	and	validated.	Due	to	the	sole	 interest	
in	 individual	 predictions	 of	 pharmacokinetic	 parameters	
and	to	avoid	including	the	same	potential	covariate	both	in	
the	pharmacokinetic	population	model	and	the	statistical	
analysis	 (linear	 mixed	 effects	 model),	 no	 covariates	 were	
implemented	 in	 the	 population	 model.	 Results	 from	 the	
population	pharmacokinetic	modeling	are	described	in	the	
Supplement	Figure	S2–	S4,	and	Table	S1/S2.

Calculations

Posterior	 individual	parameter	values	obtained	from	the	
final	model	were	used	to	describe	midazolam	pharmacoki-
netics	 in	each	 individual	at	each	 investigation.	Absolute	
bioavailability,	Cmax,	and	Tmax	were	obtained	directly	from	
the	individual	model	predictions,	whereas	clearance,	oral	
clearance,	Vd,	and	t1/2	were	calculated	from	the	individ-
ual	model	parameter	estimates.	Equations	are	described	
in	the	Supplement.	NAFLD	score	was	calculated	as	sug-
gested	by	Kotronen	et	al.40

Statisticalanalysesandconsiderations

Student’s	t-	tests	were	used	for	the	cross-	sectional	analysis	
between	patients	with	obesity	and	controls.	Linear	mixed	
effects	 models,	 with	 the	 pharmacokinetic	 parameters	 as	
dependent	 variable	 and	 visit	 and	 group	 as	 fixed	 effects	
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with	 individual	 intercepts	 (random	effect),	were	used	 to	
compare	 delta	 change	 and	 95%	 confidence	 interval	 (CI)	
from	baseline	at	the	different	study	visits	within	the	RYGB	
and	 diet	 groups.	 All	 exploratory	 tests	 were	 two-	sided	 at	
the	5%	level	without	adjustment	for	multiplicity.	To	adjust	
for	comparison	between	multiple	study	visits	in	the	mixed	
effects	model,	CIs	were	adjusted	with	the	Tukey	method.	
To	describe	the	relationship	between	variables,	linear	re-
gression	analyses	were	performed.	All	statistical	analyses	
were	performed	using	R	(version	3.6.2).37

RESULTS

Patientcharacteristics

Between	March	18,	2015,	and	May	22,	2017,	196	patients	
who	were	preparing	for	bariatric	surgery,	low	calorie	diet	
(<1200  kcal/day),	 or	 cholecystectomy,	 were	 screened	 for	
eligibility.24	After	exclusion	of	88	ineligible	patients,	a	total	
of	44,	44,	and	20	patients	were	included	in	the	RYGB,	diet,	
and	control	group,	respectively	(Figure 1a).	The	first	and	
last	 patient	 were	 included	 April	 15,	 2015,	 and	 June	 29,	
2017,	 respectively.	 Eight	 patients	 withdrew	 or	 were	 ex-
cluded	before	study	start	(week	0),	leaving	41,	41,	and	18	
patients	in	the	three	groups	starting	treatment	at	week	0.	
Three	patients	did	not	undergo	RYGB	due	to	(1)	liver	cir-
rhosis	(thus	excluded	from	pharmacokinetic	analyses),	(2)	
intubation	not	possible,	and	(3)	anaphylactic	reaction.	The	
latter	two	were	hence	excluded	after	the	study	visit	at	week	
3.	Finally,	13	patients	(RYGB = 4	and	diet = 9)	withdrew	
or	 dropped	 out	 after	 week	 9,	 leaving	 34	 (RYGB)	 and	 30	
(diet)	patients	who	attended	the	2-	year	follow-	up.	Due	to	
technical	difficulties,	some	patients	were	unable	to	supply	
evaluable	pharmacokinetic	profiles	at	all	four	study	visits,	
whereas	one	patient	in	the	diet	group	did	not	supply	any	
pharmacokinetic	profile.	A	 total	of	40	and	40	patients	 in	
the	RYGB	and	diet	groups,	respectively,	supplied	at	 least	
one	24-	h	pharmacokinetic	profile	during	the	study	period.

At	 baseline,	 sex,	 age,	 and	 ethnicity	 did	 not	 differ	 be-
tween	the	intervention	groups	and	controls,	but	the	con-
trol	 group	 had	 lower	 body	 weight	 (Figure  1b),	 alanine	
aminotransferase	 (ALT),	 and	 high-	sensitivity	 C-	reactive	
protein	(hs-	CRP)	than	the	intervention	groups	(Table 1).	
Baseline	characteristics	did	not	differ	between	 the	 inter-
vention	groups	(Table 1).

Changesinbodyweightandselected
laboratorymeasures

Body	 weight	 decreased	 similarly	 in	 the	 RYGB	 and	 diet	
groups	from	baseline	to	week	3	(4.8 ± 1.1%	vs.	4.4 ± 2.0%),	

and	 from	 baseline	 to	 week	 9	 (13  ±  2.4%	 vs.	 11  ±  3.6%).	
Between	week	9	and	year	2,	mean	body	weight	decreased	
in	the	RYGB	group	(20 ± 9.0%)	but	increased	in	the	diet	
group	(9.0 ± 8.0%)	as	several	patients	had	almost	returned	
to	baseline	body	weight	at	year	2	(Figure 1c,	Table	S3).

Changes	in	selected	laboratory	measures	are	presented	
in	Table	S3.	At	week	9,	hs-	CRP	 levels	were	unaltered	 in	
both	 groups,	 but	 hs-	CRP	 decreased	 in	 the	 RYGB	 group	
at	year	2	(p < 0.001;	Figure 1d).	ALT	increased	between	
week	0	and	week	9	in	the	RYGB	group,	whereas	no	change	
was	observed	in	the	diet	group.

Baselinepharmacokinetics–severeobesity
versusnormalweighttooverweight

In	total,	96	pharmacokinetic	profiles	(RYGB = 38,	diet = 40,	
and	 control  =  18)	 were	 included	 in	 the	 cross-	sectional	
analysis	at	baseline.	Mean	±SD	plots	for	pharmacokinetic	
parameters	 and	 variables	 in	 the	 RYGB,	 diet,	 and	 control	
groups	at	baseline	are	presented	in	Figure 2.	Mean	phar-
macokinetic	profiles	are	shown	in	Figure	S5.	Absolute	bio-
availability	was	153%	higher	in	patients	with	severe	obesity	
(n = 78)	compared	with	controls	(n = 18,	p < 0.001).

In	patients	with	severe	obesity,	4βOHC	concentrations	
were	 44%	 lower	 compared	 with	 normal	 weight	 to	 over-
weight	 controls	 (p  <  0.001).	 In	 addition,	 patients	 with	
severe	obesity	exhibited	a	higher	systemic	clearance	com-
pared	with	controls	(46%,	p = 0.003).	We	observed	positive	
associations	between	body	weight	and	both	absolute	bio-
availability	(β = 0.10,	R2adj = 0.04)	and	clearance	(β = 0.10,	
R2adj = 0.08;	Figure 3a,	b,	respectively).

In	 the	 patients	 undergoing	 RYGB	 and	 cholecystectomy	
(n  =  54),	 regression	 analyses	 revealed	 no	 associations	 be-
tween	 individual	 hepatic	 CYP3A4	 concentrations	 and	
midazolam	 clearance	 at	 the	 time	 of	 surgery	 (Figure  3e).	
However,	 significant	 associations	 were	 observed	 among	
body	weight	and	hepatic	CYP3A4	concentrations	(β = −0.09,	
R2adj = 0.11),	hs-	CRP,	and	hepatic	CYP3A4	concentrations	
(β = −0.48,	R2adj = 0.06),	NAFLD	score	and	hepatic	CYP3A4	
concentrations	 (β  =  −1.7,	 R2adj  =  0.16),	 and	 4βOHC	 and	
hepatic	 CYP3A4	 concentrations	 (β  =  0.45,	 R2adj  =  0.11;	
Figure 3f–	i).	The	individual	CYP3A4	concentrations	in	the	
jejunum	(n = 36),	information	only	available	in	the	patients	
undergoing	RYGB,	showed	a	negative	association	with	abso-
lute	bioavailability:	β = −1.1,	R2adj = 0.23	(Figure 3d).

ChangesinpharmacokineticsafterVLED,
RYGB,andweightloss

In	 total,	 288	 pharmacokinetic	 profiles	 from	 80	 pa-
tients	 (RYGB  =  40	 and	 diet  =  40)	 were	 included	 in	 the	
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longitudinal	 analysis,	 and	 of	 these,	 56	 patients	 supplied	
pharmacokinetic	profiles	at	all	four	study	visits.	At	base-
line,	absolute	bioavailability	and	clearance	did	not	differ	
between	the	intervention	groups,	but	the	RYGB	group	had	
a	32%	lower	oral	clearance	than	the	diet	group	(p = 0.002).	
Mean	±SD	pharmacokinetic	parameters	for	all	groups	at	
the	different	study	visits	are	shown	in	Table 2.	Short-		and	
long-	term	 pharmacokinetic	 outcomes	 are	 presented	 in	
Table 3.

Short-	term	effect	of	RYGB	and	diet	on	
midazolam	pharmacokinetics

Three	weeks	of	LED	did	not	change	midazolam	pharma-
cokinetics	in	the	two	intervention	groups	(Table 3).	After	
an	 additional	 6  weeks	 of	 VLED,	 absolute	 bioavailability	
and	clearance	were	still	unaltered	in	both	groups	and	did	
not	show	difference	between	groups	(Figure 2a,b).	In	the	
RYGB	 group,	 a	 35  ±  2.6%	 shorter	 Tmax	 and	 a	 52  ±  15%	

F I G U R E  1  Patient	flow-	chart,	study	design,	and	clinical	parameters.	In	panel	(a),	patient	flow	chart	during	the	study	period	is	shown.	
Number	of	patients	with	PK	profiles	are	in	bold.	BMI	in	the	RYGB	group	(n = 41),	diet	group	(n = 41),	and	control	group	(n = 18)	at	
baseline	(week	0)	is	shown	in	panel	b.	Changes	in	total	body	weight	and	hs-	CRP	during	the	study	period	in	patients	with	evaluable	24-	h	PK	
profiles	are	shown	in	panels	c	and	d,	respectively.	Abbreviations:	BMI,	body	mass	index;	hs-	CRP,	high-	sensitivity	C-	reactive	protein;	PK,	
pharmacokinetic;	RYGB,	Roux-	en-	Y	gastric	bypass



   | 7CYP3A-ACTIVITYAFTERRYGBANDWEIGHTLOSS

higher	Cmax	was,	however,	observed	6 weeks	after	surgery	
(week	9;	Figure 2f,g).

Long-	term	effect	of	RYGB	and	diet	on	
midazolam	pharmacokinetics

At	year	2,	absolute	bioavailability	was	decreased	in	both	
the	RYGB	and	diet	groups	by	40 ± 7.5%	(p < 0.001)	and	
32 ± 6.1%	(p = 0.016),	respectively	(Table 3,	Figure 2a).	In	
addition,	both	groups	exhibited	increases	in	4βOHC	con-
centrations:	60 ± 22%	in	the	RYGB	group	(p < 0.001)	versus	
23 ± 6.8%	in	the	diet	group	(p = 0.018;	Table 3,	Figure 2h).	
Mean	 difference	 between	 the	 groups	 at	 year	 2	 was	 20%	
(p = 0.009).	No	difference	in	clearance	was	observed	over	
time,	nor	between	the	groups	(Table 3,	Figure 2b).	In	the	
RYGB	 group,	 Cmax	 after	 oral	 midazolam	 administration	
showed	 similar	 values	 as	 prior	 to	 surgery,	 but	 Tmax	 was	
still	shorter	(−28%,	p < 0.001;	Table 3,	Figure 2f,g).

Inter-		and	intra-	individual	variability

A	 large	 inter-	individual	 variability	 was	 observed	 for	 all	
pharmacokinetic	 parameters	 and	 variables	 (Figure  2).	
Patients	 with	 severe	 obesity	 also	 exhibited	 a	 substantial	
intra-	individual	 variability	 over	 time,	 as	 illustrated	 in	
Figure	 S6.	 The	 intra-	individual	 variability	 was	 assessed	
as	the	coefficient	of	variation	(CV)	in	patients	with	phar-
macokinetic	 profiles	 at	 all	 of	 the	 three	 first	 study	 visits	
(n = 69).	Of	these	patients	with	pharmacokinetic	profiles	at	
weeks	0,	3,	and	9,	61%	and	41%	had	a	CV	greater	than	30%	
for	absolute	bioavailability	and	clearance,	respectively.

DISCUSSION

The	 main	 finding	 of	 this	 three-	armed,	 controlled	 study	
with	98	participants	was	that	RYGB	per	se	did	not	have	any	
significant	 effect	 on	 absolute	 bioavailability	 or	 systemic	
clearance	of	midazolam	short-	term	(week	9).	Considering	
the	rearrangement	of	the	gastrointestinal	tract	leading	to	
both	loss	of	absorptive	area	and	bypass	of	the	most	CYP3A	
rich	 part	 of	 the	 intestine,	 we	 expected	 to	 observe	 an	 in-
creased	 oral	 bioavailability	 following	 RYGB,	 which	 has	
also	 been	 suggested	 in	 previous	 studies.21,22,41	 However,	
the	 unaltered	 absolute	 bioavailability	 and	 clearance	 of	
midazolam	6 weeks	postsurgery	suggests	that	neither	the	
surgery	induced	gastrointestinal	alterations,	nor	a	moder-
ate	weight	loss,	 influences	midazolam	pharmacokinetics	
in	the	short-	term	perspective.	The	unique	dietary	control	
group	included	in	this	study	showing	matched	weight	loss	
with	the	surgery	group	short-	term	(11%	vs.	13%),	further	
substantiates	 that	 such	 a	 significant	 weight	 loss	 seems	
to	 have	 limited	 clinical	 relevance	 considering	 dosing	 of	
CYP3A	 substrates,	 such	 as	 midazolam.	 Nevertheless,	
these	 findings	may	 reduce	 the	uncertainty	 for	clinicians	
regarding	 the	need	 for	dose	adjustments	of	CYP3A	sub-
strates	in	the	early	period	after	RYGB,	but	also	following	a	
moderate	weight	loss	after	nonsurgical	calorie	restriction.

The	 semisimultaneous	 administration	 of	 oral	 and	
intravenous	 midazolam	 revealed	 an	 almost	 three-	fold	
higher	 absolute	 bioavailability	 in	 patients	 with	 severe	
obesity	 compared	 with	 normal	 weight	 to	 overweight	 in-
dividuals.	 Similar	 results	 for	 absolute	 bioavailability	 of	
midazolam	have	been	shown	 in	a	 smaller	 study	by	Brill	
et	al.	comparing	patients	with	severe	obesity	and	healthy	
normal	weight	controls.10	We	also	observed	that	patients	
with	 severe	obesity	had	an	almost	50%	higher	clearance	
compared	 to	 normal	 weight	 with	 overweight	 controls.	
Considering	 previous	 literature	 on	 CYP3A-	activity	 in	
patients	 with	 obesity,10,11,21	 the	 inverse	 association	 be-
tween	 hepatic	 CYP3A	 concentration	 and	 body	 weight	
(Figure  3f),	 and	 that	 patients	 with	 obesity	 had	 lower	
4βOHC	concentrations	compared	with	controls,	this	was	
unexpected.	 However,	 patients	 with	 severe	 obesity	 have	
higher	hepatic	blood	flow,	possibly	induced	by	a	combina-
tion	of	increased	blood	volume,	cardiac	output,	and	liver	
volume.42,43	 Given	 that	 midazolam	 is	 a	 medium-	to-	high	
extraction	ratio	drug,	hepatic	blood	flow	will	affect	mid-
azolam	 clearance	 and	 potentially,	 based	 on	 the	 present	
results,	 have	 a	 more	 significant	 role	 than	 CYP3A	 activ-
ity	on	clearance	estimates	 in	this	patient	population.11,44	
Regardless,	 this	 finding	 is	 in	contrast	 to	what	Brill	et	al.	
observed	in	their	study.10	We	can	only	speculate	on	the	rea-
sons	for	this	discrepancy	in	midazolam	clearance.	In	our	
study,	the	age	of	the	patients	in	the	different	groups	were	
comparable,	whereas,	in	the	study	of	Brill	et	al.,	the	mean	

T A B L E  1 	 Baseline	(week	0)	characteristics	presented	as	mean	
±SD	or	number	of	patients	(%)

RYGB
n = 41

Diet
n = 41

Control
n = 18

Sex,	n	(male/female) 14/27 14/27 3/15

Age	(years) 46 ± 9 49 ± 10 42 ± 15

Ethnicity,	n	(White/
other)

41/0 40/1 17/1

Body	weight	(kg) 132 ± 24 124 ± 23 71 ± 11

BMI	(kg/m2) 44.5 ± 6.2 42.0 ± 5.4 25.0 ± 3.5

Albumin	(g/L) 40 ± 2 40 ± 2 40 ± 2

Creatinine	(µmol/L) 58 ± 11 59 ± 14 60 ± 12

AST	(U/L) 29 ± 11 28 ± 15 25 ± 11

ALT	(U/L) 34 ± 17 32 ± 18 22 ± 15

hs-	CRP	(mg/L) 8.1 ± 6.3 8.2 ± 9.6 2.5 ± 3.8

Abbreviations:	ALT,	alanine	aminotransferase;	AST,	aspartate	
aminotransferase;	BMI,	body	mass	index;	hs-	CRP,	high	sensitivity	C-	reactive	
protein;	RYGB,	Roux-	en-	Y	gastric	bypass.
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age	of	the	patients	with	obesity	was	similar	to	our	patients	
(44 years),	but	 their	 controls	were	considerable	younger	
(mean	age	of	22 years).	Younger	individuals	will	typically	
have	 higher	 liver	 blood	 flow	 resulting	 in	 higher	 clear-
ance	of	midazolam	compared	with	older	individuals.11,44	
Further,	 the	present	 study	 supports	previous	 findings	of	
an	 inverse	 relationship	between	BMI	and	oral	 clearance	
of	CYP3A	substrates	(Figure 3c).10,12,13	Given	that	we	as-
sessed	both	absolute	bioavailability	and	clearance,	we	can	
argue	that	the	negative	association	between	BMI	and	oral	
clearance	is	explained	by	both	higher	bioavailability	and	
clearance	with	higher	body	weight,	but	that	the	effect	on	
bioavailability	was	greater.

The	 protein	 quantification	 in	 the	 present	 study	 sup-
ports	previous	findings	of	a	lower	hepatic	CYP3A	expres-
sion	and	activity	in	patients	with	severe	obesity12,13	and	in	
patients	with	NAFLD	(Figure 3f,h).15,16	The	lack	of	short-	
term	 changes	 in	 absolute	 bioavailability	 and	 clearance	
of	 midazolam	 with	 body	 weight	 reduction	 in	 our	 study	
indicates	 that	 9  weeks	 is	 not	 sufficient	 time	 for	 CYP3A	
activity	 to	 recover.	 Given	 the	 suggested	 mechanism	 of	
reduced	 CYP3A	 activity	 due	 to	 low-	grade	 inflammation	
and	 NAFLD	 this	 appears	 plausible.14–	16	 This	 also	 seems	
reasonable	 considering	 the	 hepatic	 CYP3A4	 enzyme	

turnover	 half-	life,45	 and	 that	 hs-	CRP	 did	 not	 change	 in	
this	period.	The	decreased	absolute	bioavailability	in	the	
RYGB	group	at	year	2	(40%)	supports	the	hypothesis	that	
CYP3A	activity	 is	recovered	following	weight	 loss,	given	
enough	 time,	 considering	 a	 sustained	 mean	 weight	 loss	
of	30%.	However,	other	simultaneous	physiological	alter-
ations,	such	as	changed	splanchnic	and	hepatic	blood	flow	
during	substantial	body	weight	loss,	limit	the	true	mech-
anistic	understanding	of	 the	effects.	The	diet	group	also	
showed	 decreased	 bioavailability	 (32%)	 despite	 the	 fact	
that	many	of	these	patients	had	returned	to	their	baseline	
body	weight	at	year	2	(mean	weight	loss	of	3%	from	base-
line).	Overall,	this	suggests	that	other	mechanisms	known	
to	 influence	 midazolam	 pharmacokinetics,	 such	 as	 gut	
microbiota,46	may	also	be	involved.

The	 lack	 of	 association	 between	 clearance	 and	 he-
patic	 CYP3A4	 expression	 observed	 in	 the	 present	 study	
(Figure 3e),	further	supports	that	hepatic	blood	flow	may	
have	a	larger	role	in	determining	clearance	of	midazolam.	
Thus,	CYP3A	activity	may	be	 recovered,	although	clear-
ance	was	unaltered	at	the	2-	year	study	visit.	The	observed	
increase	 in	 4βOHC	 concentrations	 in	 the	 present	 study	
supports	a	recovery	of	CYP3A	activity.	Additionally,	 this	
endogenous	CYP3A	biomarker	was	positively	associated	

F I G U R E  2  Pharmacokinetic	changes	during	the	study	period.	Mean	±standard	deviation	plots	for	midazolam	(a)	absolute	
bioavailability,	(b)	clearance,	(c)	oral	clearance	(CL/F),	(d)	volume	of	distribution,	(e)	elimination	half-	life,	(f)	maximum	plasma	
concentration	(Cmax)	after	oral	midazolam,	(g)	time	to	reach	maximum	plasma	concentration	(Tmax)	after	oral	midazolam,	and	(h)	4β-	
hydroxycholesterol	at	the	different	study	visits.	Statistically	significant	differences	between	patients	with	obesity	versus	control	at	baseline	
(from	two-	sided	t-	test)	are	given	by	black	stars.	Statistically	significant	differences	were	seen	for	all	parameters,	except	from	Cmax	and	Tmax.	
Statistically	significant	differences	over	time	compared	to	baseline	within	the	Roux-	en-	Y	gastric	bypass	(RYGB)	and	diet	groups	(from	linear	
mixed	effects	model)	are	given	by	blue	and	green	stars,	respectively.	Difference	within	and	between	the	two	intervention	groups	at	the	
different	study	visits	are	shown	in	Table 3.	*p	value	<0.05;	**p	value	≤0.01;	***p	value	≤0.001
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with	hepatic	CYP3A4	concentrations	and	negatively	cor-
related	with	BMI,	which	has	also	been	shown	previously.47

The	major	strength	of	 this	study	is	 the	matched	short-	
term	weight	 loss	between	a	group	undergoing	RYGB	and	
a	 dietary	 control	 group,	 enabling	 us	 to	 separate	 the	 sur-
gery	effect	per	se	on	drug	disposition	from	the	subsequent	
weight	loss	effect.	To	our	knowledge,	this	is	the	first	study	to	

achieve	this.	In	addition,	we	were	not	limited	to	investigat-
ing	the	surrogate	variable	oral	clearance	as	we	assessed	both	
absolute	bioavailability	and	clearance	using	a	semisimulta-
neous	oral	and	intravenous	administration	of	midazolam,	
the	standard	CYP3A	in	vivo	probe.	Additionally,	our	study	
has	 a	 relatively	 large	 sample	 size	 considering	 the	 study	
design,	and	it	maintains	a	high	quality	compared	to	other	

F I G U R E  3  Association	among	body	weight,	CYP3A4	concentrations,	and	pharmacokinetics.	Association	between	body	weight	and	
midazolam	(a)	absolute	bioavailability,	(b)	clearance,	and	(c)	oral	clearance	(CL/F)	at	baseline.	Association	between	small	intestinal	CYP3A4	
concentration	and	(d)	midazolam	absolute	bioavailability	at	the	time	of	surgery.	Association	between	hepatic	CYP3A4	concentration	and	
(e)	midazolam	clearance	at	the	time	of	surgery.	Association	among	(f)	body	weight,	(g)	high	sensitivity	C-	reactive	protein	(hs-	CRP),	(h)	
non-	alcoholic	fatty	liver	(NAFLD)	score,	and	(i)	4β-	hydroxycholesterol,	and	hepatic	CYP3A	concentrations	at	the	time	of	surgery.	R	is	the	
correlation	coefficient.	RYGB,	Roux-	en-	Y	gastric	bypass
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studies	with	similar	objectives.10,21,23,48	In	addition,	the	rich	
pharmacokinetic	data	(18	concentrations	per	24-	h	profile)	
combined	 with	 population	 pharmacokinetic	 analyses,	 the	
high	completion	rate	and	the	long-	term	follow-	up,	form	a	
strong	foundation	for	this	thorough	in-	depth	investigation	
of	both	short-		(9 weeks)	and	long-	term	(2 years)	effects.

The	 results	 in	 this	 study	 should,	 however,	 be	 inter-
preted	 in	 light	 of	 some	 important	 limitations.	 Although	
midazolam	(a	moderate	to	high	extraction	drug)	is	the	pre-
ferred	probe	drug	to	study	CYP3A	activity	 in	vivo,	other	
mechanisms,	 such	 as	 alterations	 in	 blood	 flow	 and/or	
unbound	fraction,	will	also	impact	midazolam	pharmaco-
kinetics.	However,	no	other	 in	vivo	probes	available	will	
bypass	this	problem	(e.g.,	a	low	extraction	drug	would	by-
pass	a	hepatic	blood	flow	effect	but	not	provide	detailed	
information	on	absolute	oral	bioavailability).	In	addition,	
the	 midazolam	 absolute	 bioavailability	 observed	 in	 the	
control	group	in	our	study	(~10%)	was	lower	than	the	large	
proportion	 of	 estimates	 reported	 in	 the	 literature,	 rang-
ing	 from	20	 to	70%	 in	different	populations	and	a	 range	
of	doses.10,27,49,50	We	also	observed	a	high	intra-	individual	
variability	in	midazolam	pharmacokinetics,	in	addition	to	
the	expected	high	inter-	individual	variability.21,23	The	rea-
son	for	 the	high	 intra-	individual	variability	 is	unknown,	
although	the	pharmacokinetic	population	modeling	anal-
yses	indicate	that	the	initial	volume	of	distribution	may	be	
a	main	contributor.	It	may	be	speculated	that	this	might	be	
due	to	the	rapid	changes	in	body	composition	in	the	early	
study	period,	resulting	in	very	high	midazolam	concentra-
tions	immediately	after	intravenous	dosing	and	thus	low	
distribution	volume	estimates	in	some	patients.	We	there-
fore	applied	model	predicted	area	under	the	curve	(AUC)	
to	determine	clearance,	instead	of	deriving	clearance	from	
the	individual	model	parameter	estimates	of	elimination	
rate	constant	and	distribution	volume.

In	 conclusion,	 neither	 RYGB	 per	 se	 nor	 the	 subse-
quent	 weight	 loss	 impacted	 absolute	 bioavailability	 or	
systemic	clearance	of	midazolam	short	 term.	Thus,	our	
results	suggest	that,	despite	the	extensive	rearrangement	
of	 the	gastrointestinal	 tract	by	RYGB,	dose	adjustments	
may	 not	 be	 necessary	 for	 the	 extensive	 group	 of	 drugs	
that	is	substrates	for	CYP3A	metabolism	in	the	early	pe-
riod	after	RYGB.	 In	 the	 long-	term	perspective,	absolute	
bioavailability	 decreased	 in	 the	 RYGB	 group,	 suggest-
ing	that	CYP3A	activity	 is	recovered	following	substan-
tial	 weight	 loss.	This	 is	 also	 supported	 by	 an	 increased	
concentration	of	4βOHC	at	year	2.	A	decreased	absolute	
bioavailability	and	an	increased	concentration	of	4βOHC	
were	also	observed	in	the	diet	group,	although	the	major-
ity	of	these	patients	had	returned	to	their	baseline	weight	
at	year	2,	suggesting	that	other	unknown	processes	also	
have	influenced	the	CYP3A	activity.	The	large	inter-		and	
intra-	individual	 pharmacokinetic	 variability	 should	 be	T
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kept	in	mind	when	initiating	CYP3A	therapies	within	a	
broad	range	of	BMI,	and	warrants	 further	 investigation	
in	future	clinical	trials.
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