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Abstract
Fenfluramine	 (FFA)	 has	 potent	 antiseizure	 activity	 in	 severe,	 pharmacoresistant	
childhood- onset developmental and epileptic encephalopathies (e.g., Dravet syn-
drome).	To	assess	risk	of	drug	interaction	affecting	pharmacokinetics	of	FFA	and	its	
major	metabolite,	norfenfluramine	(nFFA),	we	conducted	in	vitro	metabolite	charac-
terization,	reaction	phenotyping,	and	drug	transporter−mediated	cellular	uptake	stud-
ies.	FFA	showed	low	in	vitro	clearance	in	human	liver	S9	fractions	and	in	intestinal	S9	
fractions in all three species tested (t1/2 >	120	min).	Two	metabolites	(nFFA	and	an	
N- oxide or a hydroxylamine) were detected in human liver microsomes versus six in 
dog and seven in rat liver microsomes; no metabolite was unique to humans. Selective 
CYP	 inhibitor	 studies	 showed	 FFA	 metabolism	 partially	 inhibited	 by	 quinidine	
(CYP2D6,	48%),	phencyclidine	(CYP2B6,	42%),	and	furafylline	(CYP1A2,	32%)	and,	to	
a lesser extent (<15%),	by	tienilic	acid	(CYP2C9),	esomeprazole	(CYP2C19),	and	tro-
leandomycin	 (CYP3A4/5).	 Incubation	of	nFFA	with	rCYP1A2,	 rCYP2B6,	 rCYP2C19,	
and	rCYP2D6	resulted	in	10%−20%	metabolism	and	no	clear	inhibition	of	nFFA	me-
tabolism by any CYP- selective inhibitor. Reaction phenotyping showed metabolism of 
FFA	by	recombinant	human	cytochrome	P450	(rCYP)	enzymes	rCYP2B6	(10%–	21%	
disappearance for 1 and 10 µM	FFA,	respectively),	rCYP1A2	(22%−23%),	rCYP2C19	
(49%−50%),	and	rCYP2D6	(59%−97%).	Neither	FFA	nor	nFFA	was	a	drug	transporter	
substrate.	Results	show	FFA	metabolism	to	nFFA	occurs	through	multiple	pathways	of	
elimination.	FFA	dose	adjustments	may	be	needed	when	administered	with	strong	in-
hibitors	or	inducers	of	multiple	enzymes	involved	in	FFA	metabolism	(e.g.,	stiripentol).
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1  |  INTRODUC TION

Fenfluramine	 (FFA),	 as	 designated	 by	 International	 Union	
of	 Pharmacology	 (IUPHAR),1 or (RS)- ethyl (α-	methyl-	3-	
trifluoromethylphenethyl)amine, and its major metabolite, norfenflu-
ramine	 (nFFA),	 modulate	 serotonergic	 neurotransmission.	 In	 clinical	
trials,	FFA	has	shown	efficacy	for	treatment	of	seizures	associated	with	
Dravet	syndrome	(DS),	Lennox-	Gastaut	syndrome	(LGS),	and	CDKL5	
deficiency	disorder	(CDD).	All	are	pediatric	developmental	and	epilep-
tic	encephalopathies	characterized	by	pharmacoresistant	seizures	of	
multiple types.2–	5	FFA	has	been	approved	in	the	US,	EU,	and	UK	for	the	
treatment of DS, and was recently approved for Lennox-Gastaut syn-
drome	in	the	US	(Prescribing	information:	https://www.finte	pla.com/).	
The severity and pharmacoresistance of these conditions often require 
multi−ASM	 regimens.	 Resultant	 drug-	drug	 interactions	 (DDIs)	 may	
lead to loss of efficacy or to toxicity by reducing or elevating plasma 
drug levels to subtherapeutic or toxic concentrations, respectively.6

Characterizing	the	metabolic	stability,	metabolites,	and	substrate	
potential	for	drug	transporters	of	antiseizure	medications	(ASM)	and	
the	enzymes	that	catalyze	 their	biotransformation	and	elimination	
can help predict pharmacokinetic DDIs. Early literature dating to the 
1960s	and	1970s—	when	FFA	was	marketed	as	an	anorectic	agent—	
describes	FFA	and	nFFA	metabolism	in	multiple	species,7–	12 but the 
clinical	pharmacology	of	FFA	and	nFFA	has	not	been	systematically	
described using updated protocols to predict potential clinical DDIs 
according	to	EMA	and	FDA	guidelines.13,14

Seven cytochrome P450 (CYP450)	 enzymes	 mediate	 phase	 1	
biotransformation and elimination reactions for most orally admin-
istered xenobiotics in the liver and, to a lesser extent, in the intes-
tine.15 Reaction phenotyping studies in liver microsomes can reveal 
the	key	CYP450	enzymes	catalyzing	metabolic	 transformation,	 al-
lowing prediction of pharmacokinetic DDIs.

In	 the	context	of	ASM	polypharmacy,	ASMs	with	 fraction	me-
tabolized	(fm) >25%	by	a	single	enzyme	or	clearance	pathway	have	
high victim potential.14,16	ASMs	 that	 are	 substrates	 of	 drug	 trans-
porters	are	potential	DDI	victims.	Earlier	reports	document	FFA	and	
nFFA	 metabolism,9,12,17,18	 but	 FFA	 metabolism	 has	 not	 been	 fully	
characterized	 in	 the	 context	 of	 predicting	DDIs	when	 used	 as	 an	
add-	on	to	existing	ASM	regimens	in	patients	with	DS	or	LGS.	In	vitro	
studies conducted according to DDI guidance have not yet been re-
ported.13,14	Developed	by	experts	in	drug	metabolism,	the	FDA	and	
EMA	guidance	documents	were	compiled	based	on	the	most	current	
state of the science for predicting DDI. The guidelines constitute “a 
systematic, risk- based approach to assessing DDI potential of inves-
tigational drugs and making recommendations to mitigate DDIs.”14 
Polypharmacy is common in treating developmental and epileptic 
encephalopathies;	FFA	is	likely	to	be	used	in	combination	ASM	regi-
mens. The potential for DDIs must be fully evaluated, and the rigor-
ous,	systematic	guidelines	provided	by	the	FDA	and	EMA	represent	
their current thinking on the studies necessary to predict DDIs in 
combination	ASM	regimens.

To	 predict	 the	 victim	 potential	 of	 FFA	 and	 nFFA,	 we	 performed	
metabolic stability, metabolite identification, reaction phenotyping, and 

drug transporter substrate studies in vitro. Metabolites formed were 
identified in rat, dog, and human liver and intestinal S9 fractions by 
liquid chromatography/tandem mass spectrometry (LC- MS/MS). CYP 
enzymes	mediating	FFA	and	nFFA	metabolism	were	 identified	via	re-
combinant	proteins	and	direct	or	metabolism-	dependent	 inhibitors.	A	
companion	manuscript	characterizes	the	perpetrator	potential	of	FFA.19

2  |  MATERIAL S AND METHODS

2.1  |  Chemicals

Diethyldithiocarbamate trihydrate, ethylenediaminetetraacetic acid 
(EDTA),	 furafylline,	 glucose-	6-	phosphate,	 glucose-	6-	phosphate	 de-
hydrogenase,	 ketoconazole,	 letrozole,	 magnesium	 chloride,	 nico-
tinamide	 adenine	 dinucleotide	 phosphate	 (NADP),	 paroxetine	
maleate salt, phencyclidine hydrochloride, quinidine, sucrose, and 
tris(hydroxymethyl)aminomethane hydrochloride, or tromethane 
hydrochloride	 base,	 were	 obtained	 from	 Sigma-	Aldrich	 (chemicals	
company), in St. Louis, Missouri. The deuterium- labeled metabolites 
used	as	an	 internal	standard	 for	nFFA,	hydroxybupropion-	d6, gemfi-
brozil	 glucuronide,	 and	 esomeprazole	 were	 received	 from	 Toronto	
Research Chemicals, Inc. (Toronto, Ontario, Canada). Tienilic acid was 
purchased from Cypex, Ltd., in Dundee, Scotland, and troleandomy-
cin	triacetate	from	Enzo	Life	Sciences,	Inc.,	in	Farmingdale,	New	York.	
The deuterium- labeled metabolite used as the internal standard for 
FFA	was	1’-	hydroxymidazolam-	d4 (Cerilliant Corporation, Round Rock, 
TX).	All	other	reagents	and	solvents	were	of	analytical	grade.	FFA	and	
nFFA,	 or	 1-	(3-	(trifluoromethyl)phenyl)propan-	2-	amine	 hydrochloride,	
were	obtained	from	IPCA	Onyx	Scientific	Ltd.	(Sunderland,	UK).

2.2  |  Biological test materials

Microsomes from a mixed- gender pool of 200 non- transplantable 
human	 livers	 (Sekisui	 XenoTech,	 LLC,	 Kansas	 City,	 KS)	 were	

Significance statement

Fenfluramine	 reduced	 convulsive	 seizure	 frequency	 in	
patients with Dravet syndrome and other developmental 
and epileptic encephalopathies. These patients take mul-
tiple	concurrent	antiseizure	medications,	emphasizing	the	
importance	 of	 evaluating	 fenfluramine’s	 drug-	drug	 inter-
action	potential.	We	characterized	the	victim	potential	of	
fenfluramine and its active metabolite, norfenfluramine, 
by	reaction	phenotyping.	Fenfluramine	dose	adjustments	
may be needed when administered with strong inhibitors 
or	inducers	of	CYP2D6,	CYP2B6,	CYP1A2	and,	to	a	lesser	
extent,	CYP2C9,	CYP2C19,	and	CYP3A4/5.	A	companion	
paper	evaluates	fenfluramine’s	perpetrator	potential.
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characterized	as	described.20,21	Human	recombinant	CYP450s	(rC-
YP450s) and control membranes from Escherichia coli transfected 
with empty expression plasmid or plasmid expressing nicotinamide 
adenine	dinucleotide	phosphate	 (hydrogen)	 (NADPH)-	CYP450	oxi-
doreductase	without	CYP450	enzymes	were	obtained	from	Cypex,	
Ltd. Metabolite identification and stability studies used human liver 
S9 fractions (containing both microsomal and cytosolic fractions 
of the cell) from pooled human liver (n = 50) and intestine (n = 10), 
pooled canine liver (n = 8) and intestine (n =	7),	and	pooled	rat	liver	
(n = 454) and intestine (n =	 199).	 All	 rCYP450	 enzymes	 except	
rCYP1A2 and rCYP2D6 were expressed with cytochrome b5.

2.3  |  LC- MS/MS analytical methods

LC- MS/MS analyses to assess metabolic stability and identify the 
transporter	 substrate	were	performed	using	 an	API	 4000	QTRAP	
mass	 spectrometer	 (SCIEX,	 Framingham,	 MA)	 with	 electrospray	
ionization	in	positive	mode.	Chromatography	was	performed	using	
an	Atlantis	 dC18	 analytical	 column	 (100	× 2.1 mm, 5 µm; Waters 
Corporation,	Milford,	MA).	Mobile	phases	were	0.2%	v/v	formic	acid	
in	water	and	0.2%	v/v	formic	acid	in	acetonitrile.	For	metabolic	sta-
bility	experiments,	FFA	and	metabolites	were	eluted	at	a	flow	rate	
of	0.6	mL/min,	with	a	linear	gradient	of	20%−80%	acetonitrile	from	
0.30−2.0	min.	For	transporter	substrate	experiments,	 the	gradient	
was slightly modified to achieve suitable chromatography. The mass 
transitions	monitored	were	232.0	>	159.0	for	FFA	and	348.0	>	330.0	
for	1 -́	OH-	midazolam-	d4 internal standard.

For	 metabolic	 characterization	 experiments,	 LC-	MS/MS	 anal-
yses	 were	 performed	 using	 an	 Acquity	 Ultra	 Performance	 Liquid	
Chromatography system with an in- line photodiode array detector 
and ethylene bridged hybrid C18 columns (2.1 ×	 100	mm,	 1.7	 µm; 
Waters	Corporation)	coupled	 to	a	Synapt	G2	HDMS	QTOF	 (Waters	
Corporation).	Mobile	phases	were	0.1%	v/v	formic	acid	in	water	and	
0.1%	v/v	formic	acid	in	methanol.	FFA	and	metabolites	were	eluted	at	
a	flow	rate	of	0.5	mL/min	with	a	linear	gradient	of	2.0%−35%	methanol	
from	1.0−10.0	min.	The	mass	spectrometer	was	operated	in	positive	
mode	with	electrospray	ionization.	Data	were	acquired	over	the	range	
50−1200	m/z	 (mass-	to-	charge	 ratio)	 using	 capillary	 voltage,	 3.5	 kV;	
extraction	cone	voltage,	4.0	V;	 source	 temperature,	120°C;	and	de-
solvation	temperature,	350°C.	A	continuous	lock	mass	reference	com-
pound, fexofenadine, was sampled at 10- s intervals for centroid data 
mass correction. Data were processed with MetaboLynx XS, a compo-
nent of MassLynx (v. 4.1) software (Waters Corporation).

For	 FFA	 and	 nFFA	 reaction	 phenotyping	 experiments,	 LC-	MS/
MS	 experiments	 were	 performed	 using	 an	 API	 4000	 QTRAP	 or	
QTRAP	5500	mass	spectrometer	 (SCIEX)	with	positive	electrospray	
ionization.	 Chromatography	was	 performed	 using	 an	 Atlantis	 dC18	
analytical column (100 × 2.1 mm, 5 µm; Waters Corporation). Mobile 
phases	were	0.2%	v/v	formic	acid	in	water	and	0.2%	v/v	formic	acid	
in	methanol.	FFA	and	nFFA	were	eluted	at	a	flow	rate	of	0.5	mL/min	
with	a	linear	gradient	of	40%−95%	methanol	from	0.20−2.1	min.	The	
mass	transitions	monitored	were	232.0>109.0	for	FFA,	204.0>159.0 

for	 nFFA,	 348.0>330.0	 for	 1’-	hydroxymidazolam-	d4	 internal	 stan-
dard	 (FFA	 reaction	 phenotyping),	 and	 262.0>244.0 for hydroxybu-
propion-	d6	 internal	 standard	 (nFFA	 reaction	 phenotyping).	 Analyst	
Instrument	Control	and	Data	Processing	software	(v.	1.6.1)	was	used	
for collecting and integrating data (SCIEX). Calibration curves ranging 
from 1.25 µM−0.01	µM	were	used	to	quantify	nFFA.	Relative	quanti-
tation	was	used	to	approximate	the	amount	of	FFA	test	material	used.

2.4  |  LC- MS/MS data analysis and processing

The line of best- fit for calibration standards was calculated by 
weighted (1/x) linear regression based on peak- area ratios of ana-
lyte	to	the	internal	standard	using	Analyst	Instrument	Control	and	
Data	Processing	software	(version	1.6.1;	SCIEX).	Mean	analyte	peak-	
area	ratio	at	each	time	point	was	normalized	to	controls	at	t	= 0 min 
(100%).

2.5  |  Metabolic stability and metabolite identity

FFA	 (1	 or	 10	µM) was incubated with liver and intestinal S9 frac-
tions	(2	mg	protein/mL)	at	37	±	1°C	in	0.2-	mL	incubation	mixtures	
containing	potassium	phosphate	buffer	(50	mM,	pH	7.4),	magnesium	
chloride (MgCl2)	(3	mM),	and	EDTA	(1	mM,	pH	7.4),	in	the	presence	or	
absence	of	a	three-	component	cofactor	mixture	(NADPH-	generating	
system,	uridine	diphosphate	glucuronic	acid	(UDPGA)	[8	mM],	and	
3’-	phosphoadenosine	 5’-	phosphosulfate	 [0.5	 mM]).	 The	 NADPH-	
generating	 system	 consisted	 of	NADP	 (1	mM,	 pH	7.4),	 glucose-	6-	
phosphate	(5	mM,	pH	7.4),	and	glucose-	6-	phosphate	dehydrogenase	
(1	U/mL).	Reactions	were	 initiated	by	adding	the	cofactor	mix	and	
were	stopped	at	0,	30,	60,	or	120	min	by	adding	an	equal	volume	of	
acetonitrile. Cofactor controls were incubations performed in paral-
lel	 in	 the	 absence	of	 cofactor	 for	 120	min.	Additional	 incubations	
were	 performed	with	midazolam	 (10	 μM) as a positive control to 
establish the metabolic competence of test systems. Samples were 
centrifuged at 920 ×	 g	 for	 10	min	 at	 10°C.	 Supernatant	 fractions	
were	analyzed	by	LC-	MS/MS.

To	characterize	substrate	loss	and	metabolic	stability,	duplicate	
samples	were	 analyzed	by	 LC-	MS/MS	 to	determine	 the	 change	 in	
substrate concentration over the incubation period. The rate con-
stant of elimination (kel, min−1) was determined from the time course 
of substrate loss based on single exponential decay (A(t) = A

(−kt
el
)

0
) .	

Half-	life	 in	 vitro	 was	 determined	 by	 the	 following	 equation:	
t1/2 =	0.693/kel. The in vitro intrinsic clearance (CLint) was calculated 
from the rate constant of elimination as follows:

Percent	 loss	 of	 substrate	 was	 determined	 by	 normalizing	 the	
mean analyte peak- area ratio at each time point to the average of 
four	replicates	at	the	0-	min	time	point	(100%).

CLint(�L∕min∕mgprotein)=kel

(

min−1
)

×

incubation volume (�L)

mg protein per incubation
.

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1319
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1329
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2.6  |  Reaction phenotyping: rCYP450s

Methods used to evaluate the role of CYP450s in the metabo-
lism	 of	 FFA	 have	 been	 described.22–	24	 To	 determine	whether	 FFA	
and	nFFA	were	substrates	for	specific	CYP450s,	either	FFA	(1	and	
10 μM)	or	 nFFA	 (0.1	 and	1	μM) was incubated via a Tecan Liquid 
Handling	System	 (Tecan	Life	Sciences,	Männedorf,	 Switzerland)	 in	
duplicate	with	25	pmol	of	rCYP1A2,	rCYP2B6, rCYP2C8, rCYP2C9, 
rCYP2C19,	 rCYP2D6,	 or	 rCYP3A4,	 and	 incubation	 at	 37°C.	 The	
200- μL incubation mixtures contained potassium phosphate buffer 
(50	mM,	pH	7.4),	MgCl2	 (3	mM),	and	EDTA	(1	mM,	pH	7.4),	and	an	
NADPH-	generating	 system.	 Incubations	 of	 FFA	 with	 control	 bac-
tosomes	 and	membranes	 containing	 human	NADPH-	CYP450	 oxi-
doreductase, but not human CYP450 (reductase control), served as 
negative	controls.	FFA	or	nFFA	was	added	to	the	incubation	mixtures	
in	water	 (1%	v/v).	Reactions	were	 initiated	by	adding	the	NADPH-	
generating	system	and	were	terminated	at	0	and	60	min	by	adding	
175	 μL acetonitrile stop reagent containing an internal standard 
(1’-	hydroxymidazolam-	d4	[final	concentration	of	50	ng/mL]	for	FFA;	
hydroxybupropion- d6	[final	concentration	of	10	ng/mL]	for	nFFA).	At	
termination,	each	sample	volume	was	normalized	to	the	volume	of	
standards (400 μL) with 25 μL of standard blank (methanol). Samples 
were centrifuged (920 ×	g	for	10	min	at	10°C).	Supernatant	fractions	
were	analyzed	by	LC-	MS/MS.

2.7  |  Chemical inhibition of FFA and 
nFFA metabolism

To	 determine	 the	 metabolic	 role	 of	 individual	 CYP450	 enzymes	
more	 quantitatively,	 FFA	 (1	 μM)	 or	 nFFA	 (0.1	 μM) was manually 
incubated in duplicate with human liver microsomes (1 mg protein/
mL)	for	60	min	(FFA),	or	for	0	and	120	min	(nFFA),	in	the	presence	
of direct- acting or metabolism- dependent chemical inhibitors. 
Direct-	acting	chemical	 inhibitors	were	 letrozole	 (CYP2A6;	10	µM 
in	0.5%	v/v	acetonitrile),	quinidine	(CYP2D6;	0.1,	1,	and	10	µM in 
water),	and	ketoconazole	(CYP3A4/5;	0.1,	0.5,	and	1	µM	in	0.5%	v/v	
acetonitrile). Metabolism- dependent inhibitors were furafylline 
(CYP1A2;	10	µM	in	0.5%	v/v	acetonitrile),	phencyclidine	(CYP2B6;	
30	 µM	 in	 water),	 gemfibrozil	 glucuronide	 (CYP2C8;	 100	 µM in 
1%	v/v	acetonitrile	with	0.1%	formic	acid),	 tienilic	acid	 (CYP2C9;	
20 µM	in	0.5%	v/v	acetonitrile),	esomeprazole	(CYP2C19;	10	µM in 
0.5%	v/v	40:60	methanol:Tris	pH	9),	paroxetine	(CYP2D6;	5	µM in 
water), diethyldithiocarbamate (CYP2E1; 10 µM in water), and tro-
leandomycin	(CYP3A4/5;	50	µM	in	0.5%	v/v	acetonitrile).	Solvent	
controls	were	processed	in	parallel	with	each	inhibitor.	Under	the	
conditions described above, incubations were conducted and reac-
tions terminated at 0 or 120 min. Metabolite formation for chemi-
cal	 inhibitors	was	 normalized	 over	 time	 to	metabolite	 formation	
in	the	respective	solvent	controls	for	each	inhibitor.	Assays	were	
conducted in duplicate due to the low biological and technical vari-
ability expected in this assay; statistical analysis was not possible 
with duplicate samples.

2.8  |  Efflux and uptake assays in transfected cells 
for transporter substrate determination

FFA	and	nFFA	were	evaluated	as	substrates	of	the	transporters	breast 
cancer resistance protein (BCRP), organic	anion	transporter	(OAT)1, 
OAT3, organic cation transporter (OCT)2, MATE1, MATE2-	K, and 
P-glycoprotein multidrug transporter (P- gp; also known as MDR1 
and	 ABCB1),	 according	 to	 published	 methods.25–	29 Madin- Darby 
canine	kidney	 (MDCKII)-	BCRP	cells	 (Netherlands	Cancer	 Institute,	
Amsterdam,	 Netherlands)	 or	 human	 embryonic	 kidney	 (HEK)293	
cells transfected with other transporters (Sekisui Medical Co., Ltd., 
Tokyo, Japan) were used. Transporter- transfected and control cells 
were	incubated	with	FFA	or	nFFA	(0.1,	1,	or	10	μM), and the amount 
of	 FFA	 and	 nFFA	 accumulated	 in	 the	 cells	 was	 measured	 by	 LC-	
MS/MS as described above. The accumulation of positive control 
substrates in the presence and absence of an inhibitor served as a 
positive control for transporter function. Control probes and inhibi-
tors	for	drug	transporter−transfected	cell	lines	were	as	follows:	for	
MDCKII-	BCRP,	prazosin	substrate	control	probe	(1	µM)	with	Ko143	
(1 µM)	 inhibitor;	 for	 HEK293-	OAT1,	 [3H]-	p-	aminohippurate	 probe	
(1 μM) and probenecid inhibitor (100 μM);	for	HEK293-	OAT3,	[3H]-	
estrone-	3-	sulfate	probe	(50	nM)	and	probenecid	inhibitor	(100	μM); 
for	 HEK293-	OCT2,	 [14C]-	metformin	 probe	 (10	 μM) and quinidine 
inhibitor	(300	µM);	and	for	HEK293-	MATE1	or	HEK293-	MATE2-	K,	
[14C]-	metformin	 probe	 (10	 μM)	 and	 cimetidine	 inhibitor	 (MATE1,	
10 μM;	MATE2-	K,	 100	 μM)	 or	 pyrimethamine	 inhibitor	 (0.3	 μM). 
BCRP substrate determination was made by bi- directional perme-
ability	 across	MDCKII-	BCRP	and	 control	 cells	 cultured	on	24-	well	
transwell plates. Incubation medium containing probe substrate 
was added. Ten minutes later, transepithelial electrical resistance 
(TEER)	was	 recorded	and	cells	were	preincubated	at	37	±	2°C	 for	
30−60	min	before	FFA	or	nFFA	or	positive	control	substrate	with	the	
solvent control or positive control inhibitor was added to the donor 
(apical) chamber. Incubation medium with solvent control or positive 
control inhibitor was added to the receiver (basolateral) chamber, 
and aliquots were collected from the donor (20 µL) at 0 and 120 min, 
or from receiver compartments (100 µL)	at	0,	15,	30,	and	120	min,	
and were replaced with comparable volumes of incubation medium. 
Samples	containing	FFA,	nFFA,	or	probe	substrate	were	mixed	with	
internal	 standard	 and	 analyzed	 by	 LC-	MS/MS.	 For	 OAT-	,	 OCT-	,	
and	MATE-	HEK293	 cells,	 substrate	was	 identified	 by	 determining	
the	accumulation	of	FFA	and	nFFA	 in	 transporter-	expressing	cells.	
After	 incubation	with	 FFA,	 nFFA,	 or	 radiolabeled	 positive	 control	
substrate in the presence or absence of positive control inhibitor, 
incubation medium was removed and cells were rinsed with 1 mL 
of	ice-	cold	phosphate	buffered	saline	(0.2%	bovine	serum	albumin),	
washed, and for radiolabeled compounds, resuspended in sodium 
hydroxide	 (0.1	M).	An	aliquot	was	added	 to	96-	well	plate	contain-
ing	scintillation	fluid	that	was	analyzed	by	a	MicroBeta2 scintillation 
counter	 (Perkin	 Elmer,	 Waltham,	 MA).	 Protein	 concentration	 was	
determined	 by	 a	 bicinchoninic	 acid	 (BCA)	 protein	 assay	 according	
to	the	manufacturer’s	protocol	(Thermo	Fisher	Scientific,	Waltham,	
MA).	Non-	radiolabeled	compounds	were	resuspended	in	a	50:50	v/v	

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1324
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1325
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1326
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=262&objId=1328#1328
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1337
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=792
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=792
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1025
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1027
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1020
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=236&objId=1216#1216
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=236&objId=1217#1217
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=768
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methanol:water solution containing internal standard and were ana-
lyzed	by	LC-	MS/MS.	Assays	were	run	in	triplicate.

2.9  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	 to	
corresponding entries in http://www.guide topha rmaco logy.org,  
the	 common	 portal	 for	 data	 from	 the	 IUPHAR/BPS	 Guide	 to	
PHARMACOLOGY,30 and are permanently archived in the Concise 
Guide	 to	 PHARMACOLOGY	 2021/2231–	33	 and	 the	 IUPHAR/BPS	
Guide to Pharmacology Database.1

3  |  RESULTS

3.1  |  Metabolic stability

FFA	was	metabolized	by	rat	and	dog	liver	S9	fractions	but	showed	
low in vitro intrinsic clearance in human liver S9 fractions and in-
testinal	S9	fractions	of	all	species	(Figure	1).	At	a	concentration	of	
1 µM	 FFA,	 rat,	 dog,	 and	 human	 liver	 S9	 fractions	 (2	 mg	 protein/
mL)	 showed	 a	 time-	dependent	 FFA	 substrate	 loss	 in	 all	 species	
(Figure	1A).	Rates	of	1	μM	FFA	substrate	loss	followed	this	rank	order	

in liver S9 fractions: rat (t1/2 =	35.4	min;	CLint = 9.8 µL/min/mg)	≈	dog	
(t1/2 =	30.0	min;	CLint =	11.6	µL/min/mg) >> human (outside assay 
detection limits t1/2 > 120 min; CLint < 2.9 µL/min/mg). Substrate 
loss	in	rat	and	dog	but	not	in	human	S9	liver	fractions	was	NADPH-	
dependent	(Figure	1A).	Although	t1/2 and CLint for intestine S9 frac-
tions were outside assay detection limits for all species after 1 µM 
FFA	(t1/2 > 120 min; CLint < 2.9 µL/min/mg), rat intestinal S9 fractions 
showed	slightly	more	substrate	loss	than	other	species	(Figure	1B).	
Rat	and	dog	liver	S9	fractions	showed	NADPH-	dependent	substrate	
loss	of	FFA	(Figure	1A).	The	overall	percent	of	FFA	substrate	loss	in	
liver S9 fractions after 10 µM	FFA	was	approximately	half	of	 sub-
strate loss after 1 µM	FFA	 for	all	 species	 (compare	Figure	1A	and	
1C).	At	10	μM,	substrate	loss	was	also	dependent	on	NADPH	in	rat	
and	 dog	 but	 not	 human	 liver	 S9	 fractions	 (Figure	 1C).	 In	 both	 rat	
and dog liver S9 fractions at 10 µM	FFA,	there	was	approximately	
twice	as	much	NADPH-	independent	FFA	substrate	 loss	compared	
to	NADPH-	dependent	substrate	loss	(Figure	1C).	In	human	S9	liver	
fractions, both overall percentage of substrate loss and proportion 
of	NADPH-	independent	 substrate	 loss	were	 comparable	 at	 1	 and	
10 µM	FFA	(Figure	1A,	1C).	 In	dog	intestinal	S9	fractions,	percent-
age	of	FFA	substrate	loss	was	about	2-	fold	higher	at	10	µM than at 
1 µM;	no	species	showed	NADPH-	dependent	FFA	substrate	loss	at	
10 µM	 in	 intestinal	 S9	 fractions	 (Figure	 1D).	Overall,	 FFA	demon-
strated	more	NADPH-	independent	metabolism	 in	human	 liver	and	

F I G U R E  1 Metabolic	stability	(percentage	substrate	loss)	of	1	µM	Fenfluramine	(FFA)	in	(A)	liver	S9	fractions	or	(B)	intestinal	S9	fractions	
from	rat,	dog,	or	human	over	time	in	the	presence	or	absence	of	NADPH-	containing	cofactor	mix.	Loss	of	10	µM	FFA	substrate	in	liver	
(C)	and	intestinal	(D)	S9	fractions	from	rat,	dog,	and	human	in	the	presence	or	absence	of	NADPH/cofactors.	FFA,	fenfluramine;	NADPH,	
nicotinamide adenine dinucleotide phosphate (hydrogen)

http://www.guidetopharmacology.org
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S9 intestinal fractions compared with rat and dog. In vitro CLint was 
lower in human liver S9 fractions than rat or dog S9 fractions, and 
FFA	clearance	was	uniformly	 low	in	rat,	dog,	and	human	 intestinal	
S9 fractions.

3.2  |  Metabolite identity

FFA,	its	de-	alkylated	metabolite,	nFFA,	and	six	other	FFA-	related	
metabolites	 (C1−C6)	 were	 detected	 (Table	 1).	 FFA	 and	 nFFA	
were present in extracted ion chromatograms from rat, dog, and 
human liver and in intestinal S9 fractions at retention times of 
9.91	and	9.12	min,	respectively	(Table	1;	Figure	2).	FFA	was	pre-
sent	 in	 incubations	with	 and	without	NADPH	 (Figure	 2A),	 but	
the	appearance	of	the	nFFA	peak	required	NADPH	in	all	species	
and	in	both	liver	and	intestinal	S9	fractions	(Figure	2C).	Further	
fragmentation of these parent compounds resulted in product 
ions	of	m/z	187,	159,	and	109;	an	additional	peak	at	the	parent	
mass	of	m/z	232	was	present	in	the	FFA	but	not	the	nFFA	spec-
tra	(Figure	2B,	D).

Overall,	 the	 metabolites	 of	 FFA	 were	 formed	 by	 N-	
dealkylation, oxygenation, and dehydrogenation, or a combina-
tion	 thereof,	 with	 and	 without	 glucuronide	 conjugation.	 nFFA	
formed	 by	 N-	dealkylation	 (N-	de-	ethylation)	 of	 FFA	 was	 ob-
served	in	all	liver	and	intestinal	fractions	(Table	1).	FFA	and	nFFA	
were observed after 120- min incubations of human liver S9 frac-
tions	 (Figure	2).	nFFA	was	further	metabolized	to	form	compo-
nents C2 through C5 in both dog and rat liver S9 fractions, C2 in 
human liver S9 fractions, and trace C2 in rat intestinal S9 frac-
tions.	 C2	was	 formed	 from	FFA	 by	N-	dealkylation	 followed	 by	
N- oxygenation or N- hydroxylation to yield either an N- oxide or 
a	hydroxylamine	in	liver	fractions	from	all	species	(Figure	3);	C1	
was	formed	from	FFA	by	hydroxylation	and	glucuronide	conjuga-
tion	in	rat	liver	S9	fractions	only	(Figure	4A,	B).	C6	was	detected	
in the same fractions as C1 in the rat and was formed by oxygen-
ation	and	glucuronide	conjugation	(Figure	4A,	C).	C3	was	formed	
by a combination of N- dealkylation, oxygenation, dehydroge-
nation,	 and	 glucuronide	 conjugation	 (Figure	 5A,	 B).	 Fragment	
ions	for	C3	appeared	in	the	same	fractions	as	C4	and	C5,	which	
were formed by a combination of N- dealkylation, oxygenation, 
and	dehydrogenation	(Figure	5A,	C,	D).	All	metabolites	required	
NADPH-	dependent	transformation	(120	min)	before	conjugation	
(Figures	3–	5).	nFFA	and	 its	 subsequent	N-	oxygenation	product	
(C2)	were	the	only	FFA	metabolites	detected	in	human	liver	mi-
crosomes	(Table	1),	and	nFFA	was	the	only	metabolite	detected	
in	human	 intestinal	microsomes	 (Table	1).	The	FFA	metabolites	
detected in human liver and intestine were also observed in both 
rat and dog. Evidence of hydroxylation, dehydrogenation, and 
glucuronidation was observed in rat and dog but not human test 
systems. Glucuronide conjugation was observed in rat and dog 
but not human liver S9 fractions in the fragmentation patterns 
of	C3	and	C6	(Figure	4,	Figure	5).	No	human-	specific	metabolites	
were detected (Table 1). TA
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3.3  |  FFA reaction phenotyping

FFA	 substrate	 loss	 and	 nFFA	 formation	 were	 characterized	 over	
time in human liver microsomes (1 mg protein/mL) at substrate con-
centrations	of	1−100	µM	(Figure	6).	 FFA	substrate	 loss	was	≤7.7%	
at all concentrations and times tested (percentage substrate re-
maining:	 ≥92.7%).	 In	 contrast	 to	observations	 in	 S9	 liver	 fractions	
in	the	presence	of	NADPH,	there	was	no	detectable	substrate	loss	
(~100%	 substrate	 remaining)	 in	 the	 absence	 of	NADPH	 in	 human	
liver	microsomes	(Figure	6A).	nFFA	formation	also	required	NADPH	
and	 increased	with	 incubation	 time	 and	FFA	 substrate	 concentra-
tion	 (Figure	 6B).	 nFFA	 substrate	 loss	was	 characterized	 over	 time	
in human liver microsomes (1 mg protein/mL) at substrate concen-
trations	of	0.1−10	µM	(Figure	6C).	Substrate	disappearance	ranged	
from	0−32.7%,	with	 no	 substrate	 loss	 detected	 in	 the	 absence	 of	
microsomal	protein	and	substrate	loss	of	1.2%	in	the	absence	of	the	
NADPH-	generating	 system	 (controls	 without	 microsomal	 protein:	
data	not	shown	in	Figure	6).

Disappearance	 of	 FFA	 (%)	 and	 formation	 of	 the	metabolite	
product	 nFFA	 (pmol)	 at	 1	 μM	 were	 observed	 with	 rCYP2D6	
(97%,	 128	 pmol),	 rCYP2C19	 (49%,	 67	 pmol),	 and	 rCYP1A2	
(23%,	16	pmol);	other	rCYP450s	resulted	in	<10%	FFA	loss	and	
<10	pmol	nFFA	formation	(Figure	7A,	B).	At	10	μM,	FFA	loss	and	
nFFA	formation	were	observed	with	rCYP2D6	(59%,	1000	pmol),	
rCYP2C19	 (50%,	 745	 pmol),	 rCYP1A2	 (22%,	 121	 pmol),	 and	
rCYP2B6	 (21%,	 91	 pmol);	 in	 addition,	 nFFA	 formation	 after	

rCYP3A4	was	24	pmol.	Other	rCYP450s	resulted	in	<15%	sub-
strate loss and <10	pmol	nFFA	formation	at	10	μM. Incubating 
FFA	with	 individual	 recombinant	 enzymes	 can	 reveal	 enzymes	
capable	 of	 metabolizing	 FFA,	 but	 results	 do	 not	 necessarily	
represent	 the	 contribution	 of	 each	 enzyme	 in	 a	 physiologi-
cal system. Therefore, CYP450- specific inhibitor studies were 
conducted	 in	 human	 liver	 microsomes	 (Table	 2).	 FFA	 metabo-
lism was partially inhibited by the selective inhibitors quinidine 
(CYP2D6,	 48%),	 phencyclidine	 (CYP2B6,	 42%),	 and	 furafylline	
(CYP1A2,	32%).	Quinidine	 (CYP2D6)	 reduced	 the	 formation	of	
nFFA	at	55%,	37%,	and	51%	inhibition	at	FFA	concentrations	of	
0.1, 1, and 10 µM,	respectively	(Table	2).	While	the	42%	inhibi-
tion by phencyclidine could be due in part to partial inhibition 
of	CYP2D6	by	phencyclidine	(data	not	shown),	the	inhibition	by	
phencyclidine	(42%)	was	nearly	as	much	as	the	strong	CYP2D6	
inhibitor quinidine, indicating at least partial metabolism by 
CYP2B6.	 Inhibition	 of	 FFA	 metabolism	 by	 CYP	 enzymes	 sup-
porting	 less	 than	 10%	 of	 the	 process	 in	 vitro	 was	 considered	
insignificant	for	the	identification	of	enzymes	capable	of	medi-
ating the metabolism of the drug in vivo.

3.4  |  nFFA reaction phenotyping

nFFA	(0.1	μM and 1 μM) was incubated with a panel of rCYP450s 
(CYP1A2,	 CYP2B6,	 CYP2C8,	 CYP2C9,	 CYP2C19,	 CYP2D6,	 and	

F I G U R E  2 Identification	of	Fenfluramine	(FFA)	and	norfenfluramine	(nFFA)	in	120-	min	incubations	of	human	liver	S9	fraction	
(representative	spectra).	(A)	Extracted	ion	chromatogram	of	FFA	in	the	presence	or	absence	of	NADPH-	generating	system	(120	min).	(B)	CID	
MS/MS spectrum of 2 µM	FFA	reference	standard	(m/z	232;	tR =	9.9	min).	(C)	Representative	extracted	ion	chromatogram	of	nFFA	in	the	
presence	or	absence	of	NADPH-	generating	system.	(D)	CID	MS/MS	spectrum	of	2	µM	nFFA	reference	standard	(m/z	204;	tR = 9.12 min). 
CID,	collision-	induced	dissociation;	FFA,	fenfluramine;	MS/MS,	tandem	mass	spectrometry;	m/z,	mass-	to-	charge	ratio;	NADPH,	nicotinamide	
adenine	dinucleotide	phosphate	(hydrogen);	nFFA,	norfenfluramine;	tR, retention time
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CYP3A4).	 rCYP1A2,	 rCYP2B6,	 rCYP2C19,	 and	 rCYP2D6	 each	
metabolized	nFFA	by	10%−20%,	with	smaller	contributions	from	
the	 other	 enzymes	 (Figure	 7C).	 The	 low	 level	 of	 esomeprazole	

inhibition	of	nFFA	 formation	by	 rCYP2C19	 (8%)	 indicated	a	 lim-
ited	contribution	of	the	enzyme	to	FFA	metabolism	to	nFFA	(and	
clearance;	Table	2).	Taken	together,	the	recombinant	enzyme	and	

F I G U R E  3 Identification	of	C2	in	120-	min	incubations	of	Fenfluramine	(FFA)	(10	µM) with rat, dog, or human liver S9 fractions (2 mg 
protein/mL).	(A)	Extracted	ion	chromatogram	of	C2	from	rat,	dog,	or	human	liver	S9	fractions	in	the	presence	or	absence	of	NADPH-	
generating	system.	(B)	CID	MS/MS	spectrum	of	C2	(m/z	220;	tR =	10.8	min).	CID,	collision-	induced	dissociation;	FFA,	fenfluramine;	MS/MS,	
tandem	mass	spectrometry;	m/z,	mass-	to-	charge	ratio;	NADPH,	nicotinamide	adenine	dinucleotide	phosphate	(hydrogen);	tR, retention time. 
In	the	absence	of	NADPH,	no	C2	peak	was	observed	in	any	species.
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specific	chemical	 inhibition	data	point	to	CYP2D6,	CYP2B6,	and	
CYP1A2	as	major	 contributors	 to	FFA	metabolism	 to	nFFA	 (and	
clearance), with a possibility of minor contributions from the 
other	enzymes.

3.5  |  Transporter substrate determination

FFA	and	nFFA	were	not	substrates	of	the	BCRP,	OAT1,	OAT3,	OCT2,	
MATE1,	MATE2-	K,	or	P-	gp	 transporters	 (Table	3).	 In	bi-	directional	

F I G U R E  4 Identification	of	C1	and	C6	in	120-	min	incubations	of	Fenfluramine	(FFA)	(10	µM)	with	rat	liver	S9	fraction	(2	mg	protein/mL).	(A)	
Extracted	ion	chromatogram	of	FFA	metabolites	formed	in	the	presence	or	absence	of	NADPH-	generating	system.	(B)	CID	MS/MS	spectrum	of	FFA	
(m/z	424;	tR =	4.0	min)	in	C1.	(C)	CID	MS/MS	spectrum	of	FFA	(m/z	424;	tR =	12.7	min)	in	C6.	CID,	collision-	induced	dissociation;	FFA,	fenfluramine;	
MS/MS,	tandem	mass	spectrometry;	m/z,	mass-	to-	charge	ratio;	NADPH,	nicotinamide	adenine	dinucleotide	phosphate	(hydrogen);	tR, retention time
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permeability	assays,	net	efflux	ratios	for	BCRP-	expressing	MDCKII	
cells were below the established 2- fold threshold for substrate po-
tential	at	all	concentrations	of	FFA	or	nFFA	(Table	3).	Similarly,	in	a	
transcellular	uptake	assay	in	HEK293	cells	expressing	OAT1,	OAT3,	
OCT2,	MATE1,	or	MATE2K,	and	in	Caco-	2	cells	(for	P-	gp),	uptake	or	
efflux	ratios	for	all	concentrations	of	both	FFA	and	nFFA	were	below	
the	threshold	value	of	2	(Table	3).

4  |  DISCUSSION

Determining	the	contribution	of	CYP450	enzymes	to	the	biotrans-
formation	 and	 elimination	 of	 FFA	 and	 nFFA	 is	 an	 important	 com-
ponent	of	 characterizing	potential	DDIs	 for	 FFA	 in	 the	 context	of	
the	multi-	ASM	regimens	used	to	treat	DS.34 This study is the first 
to	 characterize	 the	 victim	 potential	 of	 FFA	 by	 in	 vitro	metabolite	
identification, CYP450 reaction phenotyping, and drug transporter 
substrate	determination	 according	 to	 recent	FDA	guidance	 for	 in-
dustry.24	Our	results	suggest	that	FFA	was	metabolized	to	nFFA	by	
CYP2D6,	 CYP2B6,	 and	 CYP1A2,	 with	 potential	 contributions	 by	
CYP2C9,	CYP2C19,	and	CYP3A4/5.

In	 a	 companion	 study	 to	 the	 current	 analysis,	 neither	 FFA	nor	
nFFA	 significantly	 inhibited	 or	 induced	 CYP450	 enzymes,	 sug-
gesting minimal perpetrator potential at intended clinical doses 
(0.2−0.7	mg/kg/day,	maximum	26	mg/day)	(Prescribing	information:	

https://www.finte pla.com/). The absolute oral bioavailability of 
FFA	is	reported	to	be	68%−83%,35,36 with extensive metabolism by 
N-	dealkylation	 to	nFFA,7 as confirmed by the current study. Most 
orally	administered,	radiolabeled	doses	of	FFA	are	recovered	in	the	
urine	 as	 FFA,	 nFFA,	 and	 other	metabolites	 (e.g.,	 glucuronide	 con-
jugates of the diol metabolite).12	All	metabolites	recovered	in	urine	
are also present in plasma, with marked species differences noted in 
earlier reports.12,37	For	example,	deamination	was	not	a	major	meta-
bolic route in the rat, whereas both N- dealkylation and deamination 
were important metabolic pathways in the dog, and deamination 
was observed in the mouse.12 Little radioactivity was reported to be 
excreted in feces in these studies. Taken together with the current 
study,	 these	 results	 suggest	 that	 FFA	has	multiple	mechanisms	of	
elimination.	Thus,	FFA	metabolism	is	unlikely	to	be	critically	affected	
by inhibition of a single pathway of metabolism.

In	a	recent	clinical	DDI	study,	FFA	was	co-	administered	with	a	
DS	ASM	regimen	of	stiripentol,	clobazam,	and	valproate	in	healthy	
subjects.38 This combination inhibited all of the potential metab-
olizing	 enzymes	 described	 above	 and	 had	 a	 significant	 effect	 on	
the	pharmacokinetics	of	FFA,	increasing	Cmax,	AUC0- t,	and	AUC0-	∞, 
while the Cmax	and	AUC0- t	of	nFFA	were	reduced.	This	study	sug-
gested	a	dose	adjustment	for	FFA	as	a	victim	drug	but	suggested	
there	was	little	propensity	for	FFA	to	act	as	a	perpetrator,	even	in	
this	combination	of	ASMs	with	overlapping	metabolic	pathways.38 
Stiripentol is approved for the treatment of Dravet syndrome in 

F I G U R E  5 Identification	of	C3,	C4,	and	C5	in	120-	min	incubations	of	Fenfluramine	(FFA)	(10	µM) with rat liver S9 fraction (2 mg protein/
mL).	(A)	Extracted	ion	chromatogram	of	FFA	metabolites	formed	in	the	presence	or	absence	of	NADPH-	generating	system.	(B)	CID	MS/
MS	spectrum	of	C3	(m/z	394;	tR =	11.7	min).	(C)	CID	MS/MS	spectrum	of	C4	(m/z	218;	tR = 12.5 min). (D) CID MS/MS spectrum of C5 
(m/z	218;	tR =	12.6	min).	CID	MS/MS	spectrum	of	norfenfluramine	(nFFA)	(m/z	204;	tR =	9.1	min).	CID,	collision-	induced	dissociation;	FFA,	
fenfluramine;	MS/MS,	tandem	mass	spectrometry;	m/z,	mass-	to-	charge	ratio;	NADPH,	nicotinamide	adenine	dinucleotide	phosphate	
(hydrogen);	nFFA,	norfenfluramine;	tR, retention time
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the	US	and	Europe.	Stiripentol	in	combination	with	clobazam	and/
or valproate inhibits several CYPs (most notably, strong inhibition 
of	CYP2C19	 and	CYP3A4,	with	 additional	 inhibition	 of	 CYP1A2,	
CYP2C9,	 CYP2D6,	 and	 CYP2B6;	 clobazam	 also	 inhibits	 CYP2D6	
and valproate weakly inhibits CYP2C9), suggesting the poten-
tial	 for	 DDIs	 with	 other	 ASMs.39–	41	 FFA	 is	 partially	 metabolized	
by	CYP1A2,	CYP2B6,	 and	CYP2D6,	with	 the	 possibility	 of	 some	
additional	metabolism	by	CYP2C9,	CYP2C19,	and	CYP3A4.	Thus,	
the inhibition of multiple CYPs by the stiripentol regimens could 
result	 in	 inhibition	 of	 FFA	metabolism	 and	 an	 increase	 in	 plasma	
FFA	concentrations.	Given	that	all	6	of	the	FFA-	metabolizing	CYPs	
are	 inhibited	 by	 stiripentol,	 adding	 FFA	 to	 stiripentol-	containing	
 regimens likely represents a worst- case scenario potential for 
DDIs.	A	downward	adjustment	of	FFA	dose	is	required	when	pre-
scribed	 with	 stiripentol	 plus	 clobazam	 (Prescribing	 information:	
https://www.finte pla.com/).

In	metabolic	stability	experiments,	FFA	showed	some	NADPH-	
independent metabolism in human liver and intestinal S9 fractions, 
but	 formation	of	nFFA	and	all	metabolites	 formed	 in	 liver	micro-
somes	 from	 all	 species	 required	 NADPH	 and/or	 UDPGA	 (both	
components of the cofactor mix). There was no evidence of chem-
ical	hydrolysis	or	non-	enzymatic	reactions.	Liver	microsomes	con-
tain CYP450s and uridine diphosphate glucuronosyltransferases 
(UGTs)	 that	 mediate	 phase	 1	 and	 2	 biotransformation	 reactions	
requiring	NADPH	or	UDPGA,	 respectively,	whereas	 S9	 fractions	
contain both microsomal and cytosolic components, including 
NADPH-	independent	mediators	of	phase	1	and	2	biotransforma-
tion reactions.42	Notably,	formation	of	nFFA	and	all	six	metabolites	
identified	in	rat,	dog,	and	human	S9	fractions	required	NADPH,	in-
cluding	glucuronidated	metabolites	C1,	C3,	and	C6	observed	only	
in rat and/or dog. Previous in vivo studies have identified glucuro-
nides	of	FFA	in	plasma	and	urine	of	human	volunteers,	as	well	as	

F I G U R E  6 Fenfluramine	(FFA)	substrate	loss,	norfenfluramine	(nFFA)	formation,	and	nFFA	substrate	loss	in	human	liver	microsomes	
(1	mg/mL	protein).	(A)	NADPH-	dependent	FFA	loss	in	incubations	of	1,	10,	or	100	µM	substrate.	(B)	NAPDH-	dependent	nFFA	formation	
in incubations of 1, 10, or 100 µM	FFA.	(C)	nFFA	loss	in	incubations	of	0.1,	1,	or	10	µM substrate. Points represent the mean of n=2 
replicates	per	condition.	When	substrate	was	incubated	for	30	min	without	the	NADPH-	generating	system,	all	values	were	BLQ	or	near	the	
lower	limits	of	quantitation.	BLQ,	below	limits	of	quantitation;	FFA,	fenfluramine;	NADPH,	nicotinamide	adenine	dinucleotide	phosphate	
(hydrogen);	nFFA,	norfenfluramine

https://www.fintepla.com/
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mouse, dog, and rat.12	The	decline	in	absence	of	NADPH	and	the	
structure of the ketone metabolite would certainly be consistent 
with	metabolism	by	monoamine	oxidase	(MAO).	MAO	was	not	ad-
dressed because in vivo data indicate that most of the clearance of 
FFA	is	driven	by	CYP450	or	renal	excretion.	The	loss	of	substrate	
in the absence of cofactors along with the structure of the ketone 
raises	the	possibility	of	metabolism	by	MAO.	However,	in	addition	
to	the	increase	in	FFA	reported	in	the	single-	dose	DDI	study	with	
stiripentol,	clobazam,	and	valproate,	at	steady	state	in	the	patient	
population,	the	coadministration	of	0.1	mg/kg	FFA	twice	daily	with	
stiripentol	plus	clobazam,	with	or	without	valproate,	is	expected	to	
result	in	a	166%	increase	in	FFA	AUC0- 24 (Prescribing information: 
https://www.finte	pla.com/).	 The	 166%	 increase	 is	 approximately	
2.7-	fold	which	means	stiripentol/clobazam	took	away	69%	(100%	
[1/2.7])	 of	 clearance.	 In	 addition,	 renal	 clearance	 accounts	 for	
3%	to	10%	of	 the	dose	excreted	as	FFA	 (Prescribing	 information:	
https://www.finte	pla.com/).	As	stiripentol/clobazam	do	not	inhibit	
MAO	or	renal	clearance,	approximately	80%	of	the	clearance	is	ac-
counted for in vivo; the maximum possible amount remaining for 
metabolism	by	MAO	would	be	20%	and	unlikely	 to	be	of	 clinical	
significance.	Taken	together,	 these	results	suggest	 that	nFFA	and	

C1−C6	 require	 CYP450s	 for	 formation,	 with	 the	 glucuronidated	
metabolites requiring sequential phase 1 and phase 2 reactions. 
The	 appearance	 of	NADPH-	independent	 substrate	 loss	 in	 rat	 S9	
fractions at the 10- µM but not the 1- µM dose suggests that doses 
used are resulting in CYP450- independent metabolism in rat and 
other species evaluated, as was observed in another study.16

A	 proposed	metabolic	 pathway	 for	 FFA	 is	 shown	 in	 Figure	 8,	
adapted from Brownsill 1991.9 In accordance with prior reports, in 
our	study,	only	FFA,	nFFA,	and	the	N-	oxygenation	product	of	nFFA	
were	found	in	human	liver	S9	fractions.	All	metabolism	of	FFA	ap-
pears	to	 lead	to	nFFA	as	the	first	step.	None	of	the	observed	me-
tabolites could be formed without removal of the N- ethyl group to 
form	nFFA.	Evidence	of	dehydrogenation,	hydroxylation,	and	glucu-
ronidation was observed in rat and dog but not human S9 fractions. 
These findings are consistent with prior reports showing that the 
primary	pathway	of	FFA	metabolism	 is	N-	dealkylation	to	nFFA.9,12 
Similar to our observations, species differences have been noted in 
the	catalytic	activity	of	enzymes	in	the	CYP1A,	CYP2C,	CYP2D,	and	
CYP3A	families.43 These species differences are concordant with in 
vivo studies performed by Marchant and colleagues. Dealkylation 
of	FFA	to	nFFA	was	reported	in	all	species,	but	deamination	of	both	

F I G U R E  7 Fenfluramine	(FFA)	and	norfenfluramine	(nFFA)	substrate	loss	and	nFFA	formation	by	rCYPs.	(A)	FFA	substrate	loss	
(%),	(B)	nFFA	metabolite	formation	(pmol/incubation),	and	(C)	nFFA	substrate	loss	(%)	were	determined	in	recombinant	human	CYP	
enzymes	expressed	in	E. coli.	Enzymes	were	incubated	with	1	or	10	µM	FFA	(A,	B)	and	0.1	or	1	µM	nFFA	(C).	Controls:	membranes	from	
E. coli.	transfected	with	empty-	expression	plasmid	(control	bactosome)	or	with	plasmid	expressing	human	NADPH-	cytochrome	P450	
oxidoreductase	but	no	human	CYP	enzyme	(reductase	control).	rCYP2B6,	rCYP2C8,	rCYP2C9,	rCYP2C19,	and	rCYP3A4	were	co-	incubated	
with cytochrome b5	reductase.	Hashed	line	indicates	20%	threshold.	Values	are	the	mean	of	duplicate	determination.	BLQ,	below	the	limits	
of quantification (0.01 μM,	which	is	equivalent	to	2	pmol	per	incubation);	FFA,	fenfluramine;	NADPH,	nicotinamide	adenine	dinucleotide	
phosphate	(hydrogen);	nFFA,	norfenfluramine;	ND,	not	detected;	rCYP,	recombinant	cytochrome	P450

https://www.fintepla.com/
https://www.fintepla.com/
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nFFA	 and	 FFA	was	 observed	 to	 be	 a	major	metabolic	 pathway	 in	
humans. Deaminated products in urine and plasma resulted in the 
formation of inactive polar metabolites for urinary excretion.12 Lack 
of deaminated metabolites in our in vitro study suggests that the 
deamination observed in vivo takes place after phase 1 and phase 2 
reactions in liver and intestine, probably independently of CYP450s. 
Rat	 and	 dog	 did	 not	metabolize	 FFA	 in	 the	 same	way	 as	 humans.	
FFA	appears	to	be	more	extensively	and	rapidly	metabolized	in	some	
species relative to humans.12,44	Enzymes	from	all	of	these	families,	
especially	CYP2D6,	were	observed	to	contribute	to	the	metabolism	
of	FFA	in	our	studies.	Our	reaction	phenotyping	approach	provides	
data	to	support	and	extend	prior	investigations	of	FFA	metabolism	

by CYP450s, which used indirect methods and isolated investiga-
tions of specific CYP450s. Prior reports supported a general role for 
CYP450s	 in	FFA	metabolism,45	 identified	cases	where	adding	FFA	
to existing regimens resulted in DDIs,46 and supported a role for 
CYP2D6	and	CYP1A2	in	dexfenfluramine	and/or	l-	fenfluramine	me-
tabolism.17,47,48 Reports were contradictory or unclear on CYP2C, 
CYP3A4,	and	to	our	knowledge,	CYP2B6	was	not	specifically	inves-
tigated in prior reports. Thus, using reaction phenotyping and stud-
ies	 recommended	 in	 the	US	Food	and	Drug	Administration’s	most	
recent Guidance for Industry,24 our data extend the prior reports by 
suggesting	a	role	for	CYP2B6	in	FFA	metabolism,	with	potential	con-
tributions	by	CYP2C9,	CYP2C19,	and	CYP3A4/5.	To	our	knowledge,	

CYP450 enzyme

Selective inhibitor condition

Reduction in FFA 
demethylationaInhibitor

Concentration 
(µM)

CYP2D6b Quinidine 0.10, 1, 10 55,	37,	51	(avg	48)

CYP2B6 Phencyclidine 30 42

CYP1A2 Furafylline 10 32

CYP2C9 Tienilic acid 20 14

CYP2C19 Esomeprazole 10 8

CYP3A4/5 Troleandomycin 50 29c

Ketoconazole 0.1, 0.5, 1 None

CYP2A6 Letrozole 10 None

CYP2C8 Gemfibrozil 100 None

CYP2E1 Diethyldithiocarbamate 10 None

Abbreviation:	FFA,	fenfluramine.
aPercent inhibition by a selective inhibitor (average conditions presented in the case of several test 
conditions).
bEach	row	is	a	separate	experiment.	Percentages	do	not	sum	to	100%	due	to	biological	variability	
and experimental error.
cCYP3A4/5	inhibition	by	troleandomycin	may	not	be	conclusive,	as	in	a	subsequent	experiment,	
recombinant	human	CYP3A4	did	not	metabolize	FFA.

TA B L E  2 Reduction	of	FFA	
demethylation	CYP450	enzymes	in	human	
liver microsomes

TA B L E  3 Transcellular	transporter	assays	to	determine	substrate	potential	of	FFA	or	nFFA	for	drug	transporters

Cell Lines Transfected 
With Drug Transporter Probe (concentration, µM)

FFA nFFA

Concentrations 
(µM) Maximum Ratioa

Concentrations 
(µM) Maximum Ratioa

MDCKII-	BCRP Prazosin	(1	µM) 0.1, 1, 10 1.51 0.1, 1, 10 1.42

HEK293-	OAT1 [3H]-	p-	aminohippurate	
(1 μM)

0.1, 1, 10 1.22 0.1, 1, 10 1.13

HEK293-	OAT3 [3H]-	estrone−3-	sulfate	
(50 nM)

0.1, 1, 10 1.15 0.1, 1, 10 1.74

HEK293-	OCT2 [14C]-	metformin	(10	μM) 0.1, 1, 10 1.09 0.1, 1, 10 1.16

HEK293-	MATE1 0.1, 1, 10 1.10 0.1, 1, 10 1.00

HEK293-	MATE2K 0.1, 1, 10 1.40 0.1, 1, 10 1.50

Caco−2—	P-	gp 1, 10, 100 0.943 1, 10, 100 1.02

Abbreviations:	BCRP,	breast	cancer	resistance	protein;	FFA,	fenfluramine;	HEK,	human	embryonic	kidney	cells;	MATE,	multidrug	and	toxin	extrusion;	
MDCKII,	Madin-	Darby	canine	kidney	cells;	nFFA,	norfenfluramine;	OAT,	organic	anion	transporter;	OCT,	organic	cation	transporter.
aRatio of probe net flux or uptake in transporter- expressing cells to empty- vector control cells; for P- gp assays, efflux ratio across Caco- 2 cells 
was measured in the absence and presence of the P- gp inhibitor valspodar (10 µM).	A	threshold	≥2-	fold	suggests	that	an	investigational	drug	is	a	
transporter substrate.
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this study is the most comprehensive, systematic study published to 
date	on	the	victim	potential	of	FFA	and	nFFA	because	of	its	adher-
ence	to	the	Guidance	to	Industry	published	by	FDA	and	EMA.

FFA	was	not	a	 likely	 substrate	of	any	of	 the	drug	 transporters	
investigated	 (BCRP,	 OAT1,	 OAT3,	 OCT2,	 MATE1,	 MATE2,	 P-	gp).	
Overexpression of transporters in the brain and excretory organs 
has	led	to	some	subtherapeutic	ASM	plasma	levels,	especially	in	re-
fractory epilepsies.49	Lamotrigine,	an	ASM	sometimes	prescribed	in	
LGS	and/or	DS,	is	a	P-	gp	and	a	BCRP	substrate,	but	the	ASMs	phe-
nytoin,	 phenobarbital,	 carbamazepine,	 valproate,	 topiramate,	 and	
levetiracetam did not show substrate capacity for P- gp and BCRP.50 
For	FFA	and	nFFA,	net	efflux	or	uptake	ratios	calculated	in	the	cur-
rent study were outside the threshold range for substantial DDI po-
tential (net efflux or uptake ratio <2). This observation, coupled with 
hepatic first- pass metabolism, suggests that the victim potential of 
FFA	is	unlikely	to	arise	from	drug	transporter	interactions.

This study is limited by its in vitro design. In addition, pharma-
cogenetic variants in CYP450s and drug transporters could affect 
metabolism, although data indicate that polymorphisms of individual 
CYP450s	are	unlikely	to	significantly	influence	FFA	pharmacokinet-
ics (Zogenix, data on file). The high concentration of phencyclidine 
used	as	an	inhibitor	of	CYP2B6	may	also	have	the	potential	to	inhibit	
CYP2D6.	Finally,	the	reason	for	the	non-	NADPH-	dependent	loss	of	
substrate (observed most notably in the human liver preparations 
compared with other species) remains to be established, especially 
since	 the	MS	 data	 indicate	 NADPH	 dependency.	 The	 most	 likely	

explanations	 include	 residual	NADPH	and	UDPGA	 in	 the	 fresh	S9	
preparation and the high signal- to- noise ratio afforded by MS com-
pared to the metabolic stability experiments.

It should be noted that some drug metabolism studies incorpo-
rate relative activity factor analyses to account for system variations 
and	relative	enzyme	abundance	when	using	a	recombinant	CYP	ap-
proach.	For	the	FFA	reaction	phenotyping	we	followed	current	FDA	
recommendations	that	two	methods	are	to	be	used:	enzyme	inhibi-
tion	in	HLM/hepatocytes	and	the	recombinant	CYPs.	We	agree	that	
application of the relative activity factor improves extrapolation of in 
vitro results to in vivo. The results of the two methods we report con-
verge on three major CYPs with indication of possible minor contri-
butions	from	additional	enzymes.	The	three	major	enzymes	comprise	
inducible and non- inducible CYPs, as well as polymorphically and 
non- polymorphically expressed CYPs. We consider this information 
sufficient	for	addressing	a	concern	of	potential	susceptibility	of	FFA	to	
DDI due to a single or a limited number of clearance pathways. Were 
the results different, application of the relative activity factor would 
have been considered.

The apparent half- lives of the parent drug loss were significantly 
different between 1 and 10 µM and were variable in the species 
tested,	 suggesting	 potentially	 different	 apparent	 Km	 values	 among	
species. To derive the intrinsic clearance from apparent half- life ob-
tained at a single concentration, it is important to ensure that the con-
centration	 is	well-	below	 the	apparent	Km;	alternatively,	both	1	and	
10 µM should be considered. In human liver S9 incubations, at 10 μM 

F I G U R E  8 Metabolic	pathway	of	fenfluramine.	Adapted	from	Brownsill	19919
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FFA	with	 cofactors,	 the	 percent	 of	 the	 drug	 remaining	was	 24.4%,	
8.8%,	and	9.9%	at	120,	60,	and	30	min,	respectively.	At	1	μM	FFA,	the	
percent	of	the	drug	remaining	was	20.9%,	11.1%,	and	1.9%	at	120,	60,	
and	30	min,	respectively.	In	the	absence	of	the	cofactors	the	percent	
of	the	drug	remaining	was	22.9%	and	21.6%	in	incubations	of	10	and	
1 μM	FFA,	respectively.	These	data	are	fairly	close	for	the	two	drug	
concentrations	examined.	Aside	from	that	observation,	we	proceeded	
on the side of caution and used the data for the lower concentration 
of the drug, 1 μM,	for	the	evaluation	of	the	half-	life	of	FFA.	Our	data	
support	differences	in	FFA	half-	life	values	obtained	in	the	rat	and	dog	
were larger than in the human at two concentrations of the drug.

In the metabolic stability and metabolite identification exper-
iments,	UDPGA	was	 included	as	the	cofactor	for	UGT,	but	pore	
forming agents (e.g., alamethicin) were not included in the incu-
bations.	The	effect	of	alamethicin	on	the	activity	of	UGT	enzymes	
is attributed to alamethicin- mediated formation of pores in the 
microsomal	membrane	and	an	increased	access	of	the	UGT	sub-
strate	to	the	microsomal	lumen	where	the	enzyme	binding	site	is	
exposed.	 The	 addition	 of	 alamethicin	 could	 increase	 enzymatic	
activity	of	the	UGT	enzymes.	In	our	studies,	FFA	was	found	not	
to be a substrate for the uptake transporters recommended in the 
current	 FDA	 guidance;	 therefore,	 providing	 an	 additional	 route	
of	access	of	the	drug	to	the	enzyme	could	overestimate	its	UGT-	
mediated clearance.

In conclusion, the in vitro studies described in the current re-
port	suggest	that	FFA	may	have	victim	potential,	which	can	manifest	
when	the	drug	is	co-	administered	with	other	ASM	regimens	contain-
ing drugs with substantial effects on combinations of CYP450 family 
enzymes.	The	CYP450s	with	victim	potential	are	CYP2D6,	CYP2B6,	
CYP1A2,	and	(to	a	lesser	degree)	CYP2C9,	CYP2C19,	and	CYPA4/5.
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