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Abstract
Many compounds that appear promising in preclinical species, fail in human clinical 
trials	due	to	safety	concerns.	The	FDA	has	strongly	encouraged	the	application	of	
modeling in drug development to improve product safety. This study illustrates how 
DILIsym, a computational representation of liver injury, was able to reproduce spe‐
cies	differences	in	liver	toxicity	due	to	PF‐04895162	(ICA‐105665).	PF‐04895162,	
a drug in development for the treatment of epilepsy, was terminated after transami‐
nase	elevations	were	observed	in	healthy	volunteers	(NCT01691274).	Liver	safety	
concerns had not been raised in preclinical safety studies. DILIsym, which inte‐
grates in vitro data on mechanisms of hepatotoxicity with predicted in vivo liver 
exposure, reproduced clinical hepatotoxicity and the absence of hepatotoxicity 
observed in the rat. Simulated differences were multifactorial. Simulated liver ex‐
posure was greater in humans than rats. The simulated human hepatotoxicity was 
demonstrated to be due to the interaction between mitochondrial toxicity and bile 
acid transporter inhibition; elimination of either mechanism from the simulations 
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1  | INTRODUC TION

The	FDA	has	developed	the	Advancing	Regulatory	Science	Initiative	
(ARSI)	as	a	strategic	plan	for	improving	the	quality	and	efficiency	of	
regulatory science. One aspect of this strategy is to develop com‐
putational methods and in silico modeling to improve product safety 
(https	://www.fda.gov/scien	ce‐resea	rch/advan	cing‐regul	atory‐scien	
ce/secti	on‐1‐moder	nize‐toxic	ology‐enhan	ce‐produ	ct‐safety‐strat	
egic‐plan‐regul	atory‐science).	 DILIsym	 software	 (DILIsym	 Services	
Inc,	Research	Triangle	Park,	NC)	applies	quantitative	systems	toxicol‐
ogy	(QST)	methods	to	model	drug‐induced	liver	injury	in	silico1 and 
has been successfully used to improve the interpretation of clinical 
liver signals.2‐4 Further, DILIsym has reproduced rat vs human species 
differences in toxicity.5‐7 This study represents the first case charac‐
terized by transaminase elevations in humans but not rats that can be 
simulated by the combination of mitochondrial and bile acid toxicity.

PF‐04895162	(ICA‐105665,	discovered	by	Icagen,	Inc,	Durham,	
NC)	 is	 a	 novel	 small	 molecule	 that	 was	 being	 developed	 for	 the	
treatment of epilepsy8	 based	 on	 its	 ability	 to	 open	 Kv7.2/7.3	 and	
Kv7.3/7.5	potassium	channels.9

PF‐04895162	 was	 evaluated	 in	 multiple	 preclinical	 studies.	 In	
a	 7‐day	 rat	 toxicity	 study,	 dose‐dependent	 alanine	 aminotransfer‐
ase	 (ALT)	 elevations,	 potentially	 indicative	 of	 liver	 toxicity,	 were	
observed. However, no histological evidence of liver injury was 
identified,	and	ALT	elevations	were	not	confirmed	in	a	repeat	7‐day	
study. Further, 28 day and 6 month toxicity studies in rats were 
negative for transaminase elevations and liver toxicity, and toxicity 
studies up to 9 months duration in cynomolgus monkeys were also 
negative. Together, the preclinical studies did not identify liver as a 
target organ for safety concerns.10

In clinical studies, there was no substantial evidence of liver in‐
jury	 (ie,	 ALT	 >	 3x	 ULN)	 in	 healthy	 subjects	 given	 single	 doses	 of	
PF‐04895162	up	 to	600	mg	or	multiple	doses	up	 to	200	mg	 twice	
daily	 (BID)	 for	7	days.8,11	 In	another	7‐day	study,	one	ALT	elevation	
was	 noted	 among	 12	 subjects	 given	 250‐mg	 BID	 or	 300‐mg	 BID	
for	7	days	 (Pfizer	data	on	 file).	Surprisingly,	 in	a	14‐day	study	given	

300‐mg	PF‐04895162	BID,	six	of	eight	healthy	subjects	experienced	
ALT	elevations,	as	high	as	5x	the	upper	limit	of	normal	(ULN).	This	last	
study prompted discontinuation of the drug development program.10

PF‐04895162	 has	 been	 examined	 as	 a	 potential	 case	 study	 for	
DILIsym in the evaluation of human but not rat transaminase ele‐
vations. DILIsym predicts hepatotoxicity by coupling in vitro data of 
hepatotoxic mechanisms with simulated predictions of in vivo expo‐
sure. Specifically, the in vitro data measure the interaction between 
PF‐04895162	and	mitochondrial	function	as	well	as	the	compound's	
interaction with bile acid transporters. The in vivo exposure in human 
and	 rat	 subjects	 is	 predicted	 by	 a	 species‐specific	 physiologicallyl	
based	pharmacokinetic	(PBPK)	model.	Simulation	results	were	found	
to reproduce clinical hepatotoxicity, without associated nonclinical 
hepatotoxicity.	 Additionally,	 the	 simulated	 human	 hepatotoxicity	
was	 found	 to	 require	 both	 PF‐04895162‐mediated	 mitochondrial	
dysfunction and bile acid transporter inhibition, as removal of either 
mechanism	abrogated	ALT	elevations.	Finally,	simulations	addressing	
alternate dosing protocols and uncertainty in liver exposure main‐
tained consistency with clinical and preclinical observations. This case 
study supports the potential application of DILIsym to identify latent 
human liver safety liabilities.

2  | MATERIAL S AND METHODS

2.1 | DILIsym overview

DILIsym	is	a	QST‐based	computational	representation	of	drug‐induced	
liver	injury	(DILI)12‐15 that has been extensively used for evaluating the 
hepatotoxicity of drugs.3,4 This software integrates multiple submodels 
(eg, hepatocyte life cycle, mitochondrial dysfunction and toxicity, bile 
acid	disposition,	and	biomarker	release)	into	a	single	simulation.	DILIsym	
also	allows	for	a	PBPK	representation	of	drug	metabolism	and	disposi‐
tion, which have been described previously.6,15‐17 The DILIsym software 
has	been	developed	by	the	DILI‐sim	Initiative,	which	is	a	public‐private	
partnership	among	scientists	in	academia,	industry,	and	the	US	FDA.14 
In	this	study,	simulations	were	performed	 in	the	DILIsym	v8A	version	

abrogated injury. The bile acid contribution occurred despite the fact that the IC50 
for	bile	salt	export	pump	(BSEP)	inhibition	by	PF‐04895162	was	higher	(311	µmol/L)	
than that has been generally thought to contribute to hepatotoxicity. Modeling even 
higher	 PF‐04895162	 liver	 exposures	 than	were	measured	 in	 the	 rat	 safety	 stud‐
ies aggravated mitochondrial toxicity but did not result in rat hepatotoxicity due 
to insufficient accumulation of cytotoxic bile acid species. This investigative study 
highlights the potential for combined in vitro and computational screening methods 
to identify latent hepatotoxic risks and paves the way for similar and prospective 
studies.

K E Y W O R D S

bile	acid	transporters,	DILIsym,	drug‐induced	liver	injury,	mechanistic,	mitochondria,	PBPK,	
PF‐04895162,	QSP,	QST,	species	translation
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of the software using parameter sets for the rat and human SimPops. 
Additional	parameters	specific	to	PF‐04895162	are	described	below.

2.2 | In vitro assays for the representation of 
mechanisms of toxicity

To	mechanistically	 simulate	 PF‐04895162‐mediated	 liver	 injury,	 in	
vitro data were collected to characterize the relationship between 
PF‐04895162	and	mitochondrial	toxicity,	bile	acid	transporters,	and	
oxidative stress. Data collection and derivation of parameter values 
based on the in vitro data have been described previously3‐5,18 and 
are described briefly below, with emphasis on the specifics of this 
project.	PF‐04895162	was	not	observed	to	generate	reactive	oxy‐
gen species, and this mechanism has been omitted for brevity.

2.2.1 | Bile acid transporter input data

In	DILIsym,	the	bile	acid	sub‐model	captures	the	enterohepatic	cir‐
culation	of	bile	acids,	including	CDCA,	CDCA‐amide,	and	LCA.	There	
is an explicit representation of bile acid transporters such as NTCP, 
BSEP,	 MRP3,	 and	 MRP4.	 Half‐maximal	 inhibitory	 concentrations	
(IC50)	were	determined	from	standard	vesicular	transport	assays	for	
human	BSEP,	MRP3,	and	MRP4,	as	well	as	rat	Bsep	and	Mrp3	(Solvo	
Biotechnology,	Hungary)	using	taurocholate,	β‐estradiol‐17‐β‐D‐glu‐
curonide, and dehydroepiandrosterone sulfate as substrates, respec‐
tively. IC50	values	were	determined	in	Chinese	Hamster	Ovary	(CHO)	
cells	 expressing	 human	 NTCP	 or	 rat	 Ntcp	 (Solvo	 Biotechnology,	
Hungary)	using	 taurocholate	 as	 a	 substrate.	Measured	 IC50 values 
were	 used	 directly	 in	 DILIsym.	 In	 cases	 where	 concentration‐de‐
pendent inhibition was measured that did not reach 50%, IC50 values 
were	extrapolated.	 In	 the	absence	of	 inhibition	 constant	 (Ki)	 data,	
which would define the mode of inhibition, the DILIsym standard 
practice is to represent bile acid inhibition as mixed, with an alpha 
value of 5.4 This alpha value provides a balance between competitive 
and noncompetitive inhibition.

2.2.2 | Mitochondrial dysfunction input data

DILIsym	 contains	 a	 mitochondria	 sub‐model,	 which	 represents	
cellular	 bioenergetics,	 including	 ATP	 levels.	 For	 the	 characteri‐
zation	 of	 potential	 human	 mitochondrial	 toxicity,	 PF‐04895162	
(3.7‐300	µmol/L)	was	cultured	with	primary	human	hepatocytes	for	
24	hours	(Supporting	Information	1	‐	Methods).	Compound	effects	
on	basal	oxygen	consumption	rate	(OCR)	and	respiratory	reserve,	as	
induced	by	the	addition	of	FCCP	(3	µmol/L),	were	measured	using	
the	Seahorse	XF	Analyzer	(Seahorse	Biosciences,	Massachusetts)	as	
previously detailed.19,20 In similar fashion, the potential for rat mito‐
chondrial toxicity was evaluated by evaluating basal OCR and respir‐
atory	reserve	following	culture	of	PF‐04895162	(1.23‐300	µmol/L)	
with	 primary	 rat	 hepatocytes	 for	 1	 or	 24	 hours	 (Supporting	
Information	1	‐	Methods).

A	 companion	 software	 to	 DILIsym	 called	 MITOsym®21 was 
used to reproduce the measured Seahorse data, thus identifying 

parameter	 values	 that	 account	 for	 the	 activity	of	PF‐04895162	 in	
vitro. MITOsym parameter values were then translated to in vivo 
DILIsym parameters using a conversion factor.16

2.3 | PBPK modeling

For	both	rat	and	human,	DILIsym	PBPK	sub‐models	were	used	to	
represent	 PF‐04895162	 pharmacokinetics	 consistent	 with	 that	
observed of in vivo plasma concentration profiles. The most par‐
simonious	PBPK	 sub‐model	 possible	was	used	 to	 represent	 the	
individual	species'	pharmacokinetics.	Rat	required	a	slightly	more	
complex	PBPK	sub‐model,	due	to	the	need	to	represent	saturable	
gut	absorption	following	oral	administration.	The	rat	PBPK	sub‐
model included compartments for blood, liver, muscle, gut, and 
other	 tissue.	 In	 the	human	 simulations,	 a	more	 simplified	PBPK	
sub‐model	was	used,	which	 included	two	compartments—blood	
and	 liver—with	 the	 remaining	 tissues	 aggregated	 into	 a	 general	
representation	of	systemic	volume	of	distribution.	For	both	sub‐
models,	 the	 distribution	 of	 PF‐04895162	 throughout	 the	 body	
was	assumed	to	be	perfusion‐limited.

2.4 | Baseline simulated individual

The	baseline	simulated	individual	(in	any	species)	represents	a	single	
(n	=	1)	normal	healthy	individual	with	roughly	average	anthropomet‐
ric and biochemical characteristics. The baseline simulated rat and 
human	were	used	for	optimization	of	the	PBPK	sub‐models.

2.5 | SimPops

SimPops are a collection of simulated individuals including param‐
eter variability that reflects anthropometric and biochemical ranges. 
All	 human	 simulations	were	 run	with	 the	Human_ROS_apop_mito_
BA_v8A_1	 (n	 =	 285)	 SimPops.	 This	 group's	 parameter	 distribution	
reflects	 normal	 healthy	 volunteers	 (NHVs)	 with	 variability	 in	 body	
mass,	mitochondrial	function,	caspase	activation	(apoptosis),	bile	acid	
transporter	 expression,	 and	 susceptibility	 to	 oxidative	 stress	 (ROS)	
(Supporting	information	1,	Table	S1).	Similarly,	all	rat	simulations	were	
run	 with	 the	 Rat_ROS_apop_mito_BA_v8A_11	 (n	 =	 294)	 SimPops,	
whose parameter distribution reflects a population of healthy rats 
with variability in the same physiological areas as the human SimPops 
(Supporting	information	1,	Table	S2).

2.6 | Human SimCohorts

SimCohorts are smaller collections of simulated individuals than 
SimPops.	 The	 Human_ROS_apap_mito_BA_v8A_1_Multi16_A	
(n	=	16)	SimCohort,	which	includes	simulated	individuals	susceptible	
to mitochondrial dysfunction, bile acid accumulation, or oxidative 
stress, as well as relatively resistant individuals, was used for mecha‐
nistic	 investigations.	 In	these	 investigations,	PF‐04895162	was	se‐
rially simulated with all mechanisms engaged, then in the absence 
of	the	mitochondrial	dysfunction	mechanism	(only),	and	then	in	the	
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absence	of	the	bile	acid	toxicity	mechanism	(only).	Loss	of	simulated	
individuals	with	ALT	elevations	in	the	absence	of	a	particular	mecha‐
nism was interpreted as implicating the absent mechanism as con‐
tributing	to	PF‐04895162	clinical	toxicity.

2.7 | Simulation protocols

For	 rat	 PBPK	 optimization,	 the	 following	 protocols	 were	 simulated:	
1 mg/kg IV or 10, 30, or 100 mg/kg/day repeat daily dosing PO for up 
to	28	days.	For	human	PBPK	optimization,	a	300‐mg	single	oral	dose	
was	 simulated.	The	 resulting	 PBPK	 sub‐model	was	 then	 tested	with	
300‐mg	BID	repeat	oral	dosing.	For	toxicity	simulations,	simulated	rats	
were	administered	100	mg/kg/day	PF‐04895162	PO	for	28	days,	while	
simulated	humans	received	300‐mg	BID	PO	for	14	days,	followed	by	a	
14‐day	washout	period.	Mechanistic	investigations	utilized	the	toxicity	
protocols	(in	the	presence	of	all	mechanisms,	or	all	but	one	mechanism).	
Simulated	humans	also	received	200‐mg	BID	PO	for	7	days	to	repro‐
duce an earlier trial that had no reported hepatotoxicity.11

2.8 | Multiple linear regression analysis

In order to better understand which mechanistic parameters were signif‐
icant	factors	in	plasma	ALT	elevations,	multiple	linear	regression	analysis	
was performed using the R Language and Environment for Statistical 
Computing	 (R	Project,	 https	://www.r‐proje	ct.org/).	Because	 the	mag‐
nitude of different parameter values included within the SimPops span 
a	large	range,	each	parameter's	values	were	normalized	by	dividing	that	
parameter's	value	by	its	maximum	parameter	value	within	the	SimPops	
in	order	to	result	in	a	range	for	all	parameter	values	of	0‐1.

3  | RESULTS

3.1 | In vitro experimental data

3.1.1 | Bile acid transporter data

Concentration‐dependent	 interactions	 were	 observed	 between	
PF‐04895162	 and	 both	 human	 and	 rat	 bile	 acid	 transporters	 (eg,	
Figure	1A	and	B).	More	specifically,	PF‐04895162	inhibited	human	
MRP4 bile acid efflux transporter, with an IC50 value of 121 μmol/L 
(Supporting	 Information	2	Figure	S1A).	An	IC50 value could not be 
directly calculated from the measured BSEP or MRP3 bile acid ef‐
flux transporter data due to insufficient inhibition. However, small, 
apparently	 dose‐dependent	 decreases	 were	 noted	 at	 the	 high‐
est	 tested	 concentrations	 of	 PF‐04895162.	 The	 extrapolated	 IC50 
values for BSEP and MRP3 were 311 and 519 μmol/L	 (Supporting	
Information	Figure	S1B	and	C,	respectively).	Similarly,	an	IC50 value 
could not be directly calculated from the measured NTCP data, al‐
though	dose‐dependent	inhibition	was	noted	at	the	highest	tested	
concentrations. The extrapolated NTCP IC50 was 1535 μmol/L 
(Supporting	Information	Figure	S1D).

PF‐04895162	was	 also	 an	 inhibitor	 of	 rat	Mrp3	 and	Bsep	 bile	
acid efflux transporters, with measured IC50 values of 256 and 

229.6 μmol/L,	respectively	(Supporting	Information	Figure	S2A	and	
B).	PF‐04895162	inhibited	rat	bile	acid	uptake	via	Ntcp,	with	an	IC50 
value of 198 μmol/L	(Supporting	Information	Figure	S2C).

3.1.2 | Mitochondrial dysfunction data

Incubation	of	human	hepatocytes	with	PF‐04895162	for	24	hours	
had minimal effect on basal respiration, as measured by OCR. 
However,	 PF‐04895162	 dose‐dependently	 reduced	 hepatocyte	
spare	respiratory	capacity,	as	measured	by	abrogation	of	the	FCCP‐
mediated	 increase	 in	OCR	 (Figure	 1C).	 Similarly,	 incubation	 of	 rat	
hepatocytes	with	PF‐04895162	for	1	or	24	hours	had	minimal	effect	
on	basal	respiration	while	dose‐dependently	reducing	spare	respira‐
tory	capacity	 (Figure	1D).	Based	on	 these	data,	PF‐04895162	was	
presumed	to	act	as	a	mild	electron	transport	chain	 (ETC)	 inhibitor,	
where inhibitory effects were unmasked by the addition of FCCP.

The in vitro data describe the relationship between the nominal 
media	 concentration	 of	 PF‐04895162	 and	 hepatocyte	 respiration.	
To	more	 accurately	 describe	 the	 concentration‐effect	 relationship	
at	the	site	of	action	(ie,	intracellularly),	cell‐associated	PF‐04895162	
was	measured.	PF‐04895162	concentrations	were	higher	in	the	cell‐
associated fraction relative to the measured media concentration 
and	 to	 the	 protocol‐specified	 nominal	media	 concentration	 (Table	
S3).	The	cell‐associated	concentration	was	used	to	identify	param‐
eter values that characterize the observed relationship between 
PF‐04895162	and	mitochondrial	dysfunction	as	described	above.

3.2 | Parameter values for toxicity mechanisms

3.2.1 | PF‐04895162 parameter values for bile acid 
transporter inhibition

DILIsym uses IC50	 values	 directly	 for	 canalicular	 (ie,	 BSEP,	 Bsep),	
basolateral	 efflux	 (ie,	MRP3/4,	Mrp3/4),	 and	 basolateral	 influx	 (ie,	
NTCP,	Ntcp).	Where	 IC50 values could be directly calculated from 
the measured data, those values were used. Where the degree of in‐
hibition was insufficient for direct calculation, but a lesser degree of 
dose‐dependent	inhibition	was	observed,	the	IC50 value was extrap‐
olated	from	the	data	(Figures	S1A‐D	and	S2A‐C,	for	human	and	rat	
parameter	values,	respectively).	In	the	case	of	basolateral	efflux,	the	
lower of the measured IC50 values was applied in order to provide a 
more	conservative	perspective	on	 liver	safety.	As	described	 in	the	
Methods, the mode of inhibition was specified as mixed inhibition 
with an alpha value of 5 representing a balance between competi‐
tive and noncompetitive inhibition per standard DILIsym practice4 
(Table	S4).

3.2.2 | PF‐04895162 parameter values for 
ETC inhibition

The	experimental	respiration	data	showing	dose‐dependent	inhibi‐
tion	of	 the	 FCCP‐mediated	 increase	 in	 human	 and	 rat	 hepatocyte	
respiration	by	PF‐04895162	were	reproduced	in	MITOsym	using	the	

https://www.r-project.org/
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ETC	inhibition	mechanism	1	(Supporting	Information	Figures	S3	and	
S4,	respectively).	The	resultant	DILIsym	parameter	values	are	listed	
in Table S4.

3.3 | Rat and human PBPK sub‐model optimization

The	 rat	 PBPK	 sub‐model	 was	 optimized	 to	 experimental	 data	 on	
plasma	concentrations	of	PF‐04895162	following	a	single	adminis‐
tration of 1 mg/kg IV, or repeat dosing of 10, 30, or 100 mg/kg/day 
PO in repeat dosing out to 28 days. Experimental data were used 
either directly or as constraints on the parameter space during op‐
timization.	The	resultant	set	of	parameter	values	(Table	S5)	yielded	
plasma	PF‐04895162	concentrations	and	dynamics	that	were	con‐
sistent	with	measured	data	(Figure	2A	and	B	and	Figures	S5).

The	 human	 PBPK	 sub‐model	 was	 optimized	 to	 experimental	
data	 on	 plasma	 concentrations	 following	 a	 single	 dose	 of	 300‐mg	
PF‐04895162.	 The	 resultant	 set	 of	 parameter	 values	 (Table	 S6)	
yielded	 plasma	 PF‐04895162	 concentrations	 and	 dynamics	 that	
were consistent with the measured data after both single dose and 
14‐day	repeat	dose	administration	(Figure	2C	and	D).

The	average	PBPK‐predicted	rat	and	human	liver	concentrations	
for	PF‐04895162	 are	 shown	 in	 Figure	2E	 and	F,	 respectively.	 The	
simulated rat liver to blood ratio was compared against in vivo quan‐
titative	whole‐body	autoradiography	 (QWBA)	data	 (Pfizer	data	on	
file)	to	confirm	that	simulated	liver	concentrations	were	consistent	
with measured data. Of course, no corresponding in vivo liver data 
were available for humans. In the absence of these data, liver con‐
centrations were compared with in vitro data on intracellular accu‐
mulation	of	PF‐04895162	in	primary	human	hepatocytes	(Table	S3).

3.4 | Hepatotoxicity simulations

3.4.1 | PF‐04895162 induces ALT elevations in 
human but not in rat SimPops

Simulations	 incorporating	 PBPK	 sub‐models	 and	 the	 two	 putative	
mechanisms of toxicity were conducted in human and rat SimPops, 
using	 species‐specific	 protocols	 as	 specified	 in	 the	 Methods	 sec‐
tion. Consistent with preclinical results, the simulation in rats did not 
show	evidence	of	hepatotoxicity	due	to	PF‐04895162,	as	indicated	

F I G U R E  1  Examples	of	in	vitro	data	collected	to	quantitatively	characterize	the	relationship	between	PF‐04895162	and	mechanisms	of	
toxicity.	(A)	PF‐04895162	interaction	with	human	BSEP	in	vesicular	transport	assays	(SB‐BSEP‐HEK293),	using	0.2	µmol/L	taurocholate	as	
the	probe	substrate.	PF‐04895162	inhibited	BSEP‐mediated	taurocholate	transport	by	38%	at	250	µmol/L	(maximum	tested	concentration).	
(B)	PF‐04895162	interaction	with	rat	Bsep	in	vesicular	transport	assays	(SB‐ratBsep‐HEK293),	using	2	µmol/L	taurocholate	as	the	probe	
substrate. The calculated IC50	value	was	229.6	µmol/L.	(C)	Oxygen	consumption	rate	(OCR)	following	24‐hour	incubation	of	primary	
human	hepatocytes	with	PF‐04895162.	Basal	OCR	was	measured	in	a	Seahorse	XF	Analyzer	for	40	minutes,	followed	by	injection	of	FCCP	
(3	µmol/L)	and	measurement	of	the	increase	in	OCR	as	an	indicator	of	spare	respiratory	capacity.	Two	independent	studies	were	conducted,	
with	similar	results.	(D)	OCR	following	1‐hour	incubation	of	rat	primary	hepatocytes	with	PF‐04895162.	Basal	OCR	and	spare	respiratory	
capacity	were	measured	using	a	Seahorse	XF	Analyzer.	Two	independent	studies	were	conducted,	with	similar	results.	Studies	using	24‐hour	
incubation	with	PF‐04895162	were	also	conducted,	with	similar	results
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by	 the	 eDISH	 plot	 (Figure	 3).	 The	 eDISH	 plot	 is	 a	 typical	way	 by	
which liver safety is evaluated in clinical trials.22 Further mechanis‐
tic	 investigation	into	the	simulated	dynamics	of	bile	acids	and	ATP	
showed	that	 levels	of	 the	hepatotoxic	bile	acid	CDCA‐amide	were	
largely unaffected and only modest decreases were simulated for 
liver	ATP	levels	(Figure	4A	and	B).

In contrast to rat simulation results, human simulations with 
PF‐04895162	 did	 show	 evidence	 of	 hepatotoxicity,	 as	 seen	 in	
the	 eDISH	 plot	 (Figure	 5).	 The	 human	 SimPops	 simulation	 pre‐
dicted	ALT	 >	 1x	ULN	 in	 59/285	 (21%),	 ALT	 >	 5x	ULN	 in	 32/285	
(11%),	and	ALT	>	10x	ULN	in	18/285	(6%)	of	simulated	individuals.	
Bilirubin elevations in excess of 2x ULN were predicted in 9/285 
simulated individuals. By comparison, the observed clinical results 
showed	ALT	>	1x	ULN	 in	6/8	 (75%),	ALT	>	5x	ULN	 in	1/8	 (12%),	
and	ALT	>	10x	ULN	 in	0/8	 (0%)	subjects.	The	clinical	 results	also	
included two subjects with total bilirubin elevations between 1 
and 1.5x ULN.10 Thus, while the species difference is broadly in 
agreement	with	 the	measured	 data,	 simulated	 human	ALT	 eleva‐
tions were less frequent and sometimes more severe than those 
observed clinically in the small Phase 1 multidose trial with eight 
human	subjects	(Table	1).

Simulations	 predicted	 nine	 individuals	 (9/285,	 3%)	with	 severe	
liver	 injury,	 qualifying	 as	Hy's	 Law	 cases	 (ie,	 ALT	 >	 3x	ULN,	 total	

F I G U R E  2  Comparisons	of	PBPK	
sub‐model	simulations	against	measured	
data.	The	rat	PBPK	sub‐model	was	
simultaneously optimized against multiple 
dosing	protocols.	(A)	Simulated	rat	plasma	
PF‐04895162	(ng/mL)	following	single	
oral administration of 3, 30, or 100 mg/kg 
was compared with measured data for the 
same	protocols.	(B)	Simulated	rat	plasma	
PF‐04895162	(ng/mL)	for	study	day	28	
following repeat daily dosing of 3, 30, or 
100 mg/kg was compared with measured 
data	for	the	same	protocols.	(C)	Simulated	
human	plasma	PF‐04895162	(ng/mL)	
following optimization against data for 
a	single	300‐mg	po	dose.	(D)	Simulated	
human	plasma	PF‐04895162	(ng/mL)	from	
day	14,	following	300‐mg	BID	dosing,	as	
compared with data. The human repeat 
dosing simulation result did not require 
further	changes	to	the	human	PBPK	sub‐
model	optimized	to	a	single	300‐mg	dose.	
(E)	Simulated	rat	liver	concentrations	
on day 28 following administration of 
100	mg/kg/day.	(F)	Simulated	human	
liver concentrations on day 14 following 
administration	of	300‐mg	BID	for	14	days
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F I G U R E  3  Simulation	of	PF‐04895162	(100	mg/kg/day	for	
28	days)	in	rat	SimPops	(n	=	294)	does	not	result	in	hepatotoxicity.	
Evaluation	of	drug‐induced	serious	hepatotoxicity	(eDISH)	plot	
for	rat	SimPops	results,	illustrating	peak	ALT	(x‐axis)	vs	peak	total	
bilirubin	(y‐axis)	for	each	individual.	Each	star	represents	peak	ALT	
and total bilirubin for an individual rat. Vertical lines correspond to 
3x	ULN	for	ALT	and	2x	ULN	for	total	bilirubin
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bilirubin	>	2x	ULN).	This	particular	simulation	result	stands	in	stark	
contrast to the clinical data in which the most severe response 
was	 a	Grade	 3	 ALT	 elevation	 (5‐10x	ULN),	 absent	 bilirubin	 eleva‐
tion. Multiple regression analysis of parameter variability included 
within the SimPops suggested that body weight, as a covariate 

for	PF‐04895162	exposure,	 as	well	 as	 decreased	 capacity	 for	 bile	
acid canalicular efflux were the most significant factors in elevated 
plasma	ALT	 levels	 (Table	2).	Consistent	with	this	analysis,	 the	nine	
Hy's	Law	individuals	were	generally	on	the	low	end	of	the	parameter	
spectrum with respect to body mass and canalicular efflux capac‐
ity. Overall, the analysis suggests multifactorial susceptibility in this 
small number of simulated patients.

The	 timing	 of	 the	 peak	 serum	 ALT	 elevation	 in	 the	 DILIsym	
simulation was in good agreement with the observed clinical data 
(Figure	6).	Clinically,	most	patients	saw	peak	ALT	levels	occurring	be‐
tween	days	14	and	19;	one	individual	had	a	peak	ALT	around	day	6.10 
The	human	SimPops	simulation	showed	a	median	time	to	peak	ALT	
value	of	14.2	days,	with	an	overall	range	of	7.7‐16.8	days.	Clinically,	
the	 observed	 median	 time	 to	 peak	 ALT	 value	 was	 16.0	 days	 and	
ranged	between	6.2	and	21.0	days	(Figure	7).

Further mechanistic investigation into the simulated dynamics of 
ATP	and	bile	acids	in	the	human	simulations	showed	more	substan‐
tial	decreases	in	liver	ATP	levels	compared	to	those	observed	in	rat,	
as well as significant increases in the hepatic levels of the hepato‐
toxic	bile	acid	CDCA‐amide	(Figure	8A	and	B).

To investigate which mechanism was primarily responsible for 
the hepatotoxicity observed in the human SimPops simulation, a 
smaller	 subset	 of	 16	 simulated	 patients	 (SimCohort)	was	 run	with	
either	 ETC	or	 bile	 acid	 transporter	 inhibition	 turned	 off	 (Table	 3).	
Interestingly,	when	either	PF‐04895162‐mediated	ETC	inhibition	or	
transporter inhibition was removed as a mechanism of toxicity, none 
of	the	simulated	individuals	had	ALT	elevations.	The	results	suggest	
that	PF‐04895162‐mediated	BSEP	inhibition	could	contribute	to	the	
observed liver signals in the presence of ETC inhibition, even with 
the relatively low potency of an IC50 of 311 μmol/L. Together, the 
simulation results argue for the synergistic activity between BSEP 
and ETC inhibition.

F I G U R E  4   Subclinical simulated indicators of mechanisms of 
toxicity	in	rat	SimPops.	(A)	Liver	CDCA‐amide	across	the	28‐day	
dosing	period	(100	mg/kg/day).	Each	line	represents	an	individual	
rat.	(B)	Liver	average	ATP	across	the	28‐day	dosing	period	(100	mg/
kg/day)
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F I G U R E  5  Simulation	of	PF‐04895162	(300‐mg	BID	for	14	days)	
in	human	SimPops	(n	=	285)	results	in	hepatotoxicity.	Each	star	
represents	peak	ALT	and	total	bilirubin	for	an	individual	human	
subject in the eDISH plot
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TA B L E  1  Comparison	of	PF‐04895162‐induced	ALT	elevations	
in human SimPops relative to clinical data

 ALT > 1x ULN ALT > 5x ULN ALT > 10x ULN

Simulated 59/285	(21%) 32/285	(11%) 18/285	(6%)

Observed 6/8	(75%) 1/8	(12.5%) 0/8	(0%)

TA B L E  2   Results from multiple linear regression analysis of 
maximum	ALT	elevations	in	human	SimPops

Parameter name in 
DILIsyma Parameter description P value

Body_mass Body mass 0.000032

BA_canal_Vmax Bulk bile acid canalicular 
transport Vmax

0.00078

canal_reg_scale Canalicular transporter 
regulation exponent

0.00014

aOnly parameters meeting the statistical threshold of P < .001 are 
listed.	Body	mass	is	related	to	ADME	(exposure).	Bulk	bile	acid	canalicu‐
lar transport Vmax and canalicular transporter regulation exponent are 
related to canalicular bile acid efflux. 
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Even with underlying mechanisms demonstrated in the human 
SimPops, it seemed important to consider the possible contribu‐
tion of exposure. The predicted human liver exposure exceeded 
the	 predicted	 rat	 liver	 exposure	 (Figure	 2E	 and	 F).	 Although	 liver	
exposure	 for	 each	 species	was	 grounded	 in	 species‐specific	 data,	
the	nature	of	the	data	differed	(ie, in	vivo	Quantitative	Whole‐Body	
Autoradiography	or	QWBA	data	for	rats,	in	vitro	cell‐associated	data	
for	human	hepatocytes).	Since	data	were	also	available	for	intracel‐
lular	accumulation	of	PF‐04895162	in	rat	hepatocytes,	an	alternate	
rat	 PBPK	 sub‐model	 was	 developed	 that	 maintained	 consistency	
with measured plasma levels but with higher liver accumulation con‐
sistent	with	the	in	vitro	data	(Figure	S6A	and	B).	Despite	the	higher	
liver	 concentration,	 PF‐04895162	 simulation	 in	 the	 rat	 remained	
relatively	clean,	with	peak	ALT	in	one	rat	exceeding	40	U/L	(Figure	
S7),	due	to	 limited	accumulation	of	cytotoxic	bile	acid	species	de‐
spite	greater	mitochondrial	toxicity	(Figure	S8A	and	B).	Surprisingly,	
results also demonstrated mild bilirubin elevations, but these were 
due	to	the	effect	of	reduced	ATP	on	bilirubin	transporter	function	
and are thus not reflective of liver injury. Thus, even with liver con‐
centrations aligned with in vitro data but vastly in excess of those 
measured in vivo, simulated species differences were maintained.

In addition to the contribution of exposure, simulations were 
conducted to explore the robustness of the predictions to protocol 
variation.	Specifically,	the	human	SimPops	was	tested	with	200‐mg	
BID,	 administered	 over	 7	 days.	 A	 small	 clinical	 trial	 applying	 this	

protocol	 in	 24	NHVs	did	 not	 include	ALT	elevations	 exceeding	3x	
ULN11 The human SimPops results applying this same protocol were 
largely clean in 283/285 individuals, excepting two individuals with 
ALT	elevations	>	3x	ULN	but	no	bilirubin	elevation	(Figure	S9).	The	
simulation	results	confirm	that	simulated	Kv7	replicates	the	appar‐
ent	 dose‐dependency	 in	ALT	 elevations	 observed	 in	 clinical	 trials.	
Ideally, one might have hoped for a completely clean simulation re‐
sult, but the small number of individuals in the clinical trial raises the 
possibility that full population susceptibility was not represented. 
The	 two	 simulated	 individuals	 with	 ALT	 elevations	 had	 low	 body	
weights	(50	and	53	kg),	with	attendant	higher	exposure	which	likely	
contributed	to	their	susceptibility.	Additional	dose	exploration	indi‐
cated	that	simulation	of	170‐mg	BID,	7‐day	exposure,	yielded	no	ALT	
elevations	>	3x	ULN	(results	not	shown).	Together,	the	investigation	
of	(a)	higher	liver	exposure	in	rats,	with	no	predicted	hepatotoxicity	
consistent	with	preclinical	data,	and	(b)	lower	dosing	in	humans,	with	
loss of predicted hepatotoxicity, consistent with clinical data support 
the overall contention that the integration of exposure and mech‐
anisms of toxicity reproduce species differences in hepatotoxicity.

4  | DISCUSSION

The simulations reproduced the species difference in hepatotoxic‐
ity,	including	the	delayed	presentation	in	ALT	elevations.	Mechanistic	
analyses	 demonstrated	 that	 the	 hepatocyte	 injury	 (and	 resulting	

F I G U R E  6  Simulated	time	courses	for	ALT	in	human	SimPops	
treated	with	PF‐04895162	(300‐mg	BID	for	14	days	and	followed	
for	an	additional	14	days).	Each	line	represents	an	individual	subject
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F I G U R E  7  Comparison	of	time	to	peak	ALT	in	human	SimPops	
vs measured clinical data. Simulated individuals are represented 
in red. Clinical measurements for subjects in the Phase I study are 
represented in black. The median value is indicated by a line
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F I G U R E  8   Subclinical simulated indicators of mechanisms of 
toxicity	in	human	SimPops.	(A)	Liver	CDCA‐amide	across	the	14‐
day	dosing	period	(300‐mg	BID),	with	14‐day	follow‐up.	Each	line	
represents	an	individual	subject.	(B)	Liver	average	ATP	across	the	
14‐day	dosing	period	(300‐mg	BID),	with	14‐day	follow‐up
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ALT	 elevations)	 could	 be	 accounted	 for	 by	 the	 synergistic	 action	 of	
PF‐04895162	on	mitochondrial	 function	 and	 bile	 acid	 transporters.	
More	 specifically,	 PF‐04895162	 inhibition	 of	 bile	 acid	 transporters	
drove accumulation of intracellular bile acids, which induced mitochon‐
drial toxicity.23	 Bile	 acid‐mediated	 mitochondrial	 toxicity	 combined	
with	PF‐04895162‐mediated	ETC	inhibition	disrupted	mitochondrial	
function to a greater degree than either mechanism individually. Dual 
contribution of compromised mitochondrial function resulted in cell 
death	 and	 associated	 ALT	 elevations	 in	 simulated	 humans	 but	 not	
rats. The species difference was multifactorial. In part, the species dif‐
ference could be attributed to lower simulated liver accumulation of 
PF‐04895162	in	rats	compared	to	humans.	In	rats,	the	simulated	liver	
accumulation	could	be	guided	in	part	by	in	vivo	data	from	QWBA	stud‐
ies which were not available in human. Simulated liver accumulation 
in	humans	was	informed	by	the	available	human	data	(ie, in vitro ac‐
cumulation	of	PF‐04895162	in	primary	human	hepatocytes,	Table	S3).	
It remains possible that actual human liver accumulation was less than 
the predicted liver concentration, but this possibility and its extent are 
unknown. By contrast, we could consider higher rat liver concentra‐
tions as informed by in vitro data rather than as indicated by the in vivo 
data. Despite greater liver exposure, simulated rats remained insensi‐
tive	to	PF‐04895162‐mediated	hepatotoxicity	due	to	modest	engage‐
ment	of	toxicity	mechanisms	and	perhaps	also	to	the	species‐specific	
accumulation of less toxic bile acid species.24

In	simulations,	delayed	ALT	presentation	reflected	the	time	required	
for	PF‐04895162‐mediated	bile	acid	transporter	inhibition	to	lead	to	
sufficient	bile	acid	accumulation	for	synergistic	toxicity	(Figure	8A	and	
B).	As	has	been	previously	reported,	bile	acid	accumulation	to	cyto‐
toxic levels may proceed over weeks to months, with attendant delays 
in	ALT	elevations.7	In	the	case	of	PF‐04895162,	the	delay	was	short‐
ened by combination with mitochondrial toxicity, a reported risk factor 
for DILI when combined with BSEP inhibition.25 Given these results, it 
is tempting to speculate on the underlying mechanisms for flupirtine 
hepatotoxicity beyond genetic risk factors.26	Flupirtine	 is	also	a	Kv7	
potassium channel opener. It has been characterized as a BSEP in‐
hibitor, with an IC50	value	of	35.5	µmol/L

27,28	like	PF‐04895162,	also	
has	mitochondrial	 inhibitory	 activity	 (~14	µmol/L,	Aleo	unpublished	
results).	While	more	potent	 than	PF‐04895162	as	 a	BSEP	 inhibitor,	
it has weaker mitochondrial inhibitory effects, which may explain the 
extended timing needed to generate hepatotoxicity.29 Interruption of 
systemic bile acid homeostasis is observed as several individual bile 

acids	were	markedly	elevated	in	flupirtine‐induced	hepatotoxicity,	in‐
cluding glycochenodeoxycholic acid, taurochenodeoxycholic acid, and 
taurocholic acid26	similar	to	that	observed	with	PF‐04895162	before	
significant transaminase or total bile acid elevations were observed.10 
In both cases, this was not simply the result of overt cholestasis since 
alkaline	phosphatase	(ALP)	was	normal.	Further	in	vitro	assay	data	and	
full DILIsym modeling would be required to determine if this hypothe‐
sis is quantitatively supported. Lastly, it is noteworthy that the mech‐
anisms	represented	for	PF‐04895162	were	sufficient	to	account	for	
a	roughly	2‐week	delay	in	ALT	elevations	absent	a	simulated	adaptive	
immune	response.	Thus,	PF‐04895162	provides	another	example	of	
delayed	 toxicity	 due	 to	 intrinsic	 toxicity	 (vs	 adaptive	 immune‐medi‐
ated	cytotoxicity).

The mechanistic underpinnings of the simulation results are 
supported	by	a	previously	published	analysis	of	PF‐04895162.10 In 
vitro	data	identified	interactions	of	PF‐04895162	with	human	mito‐
chondrial respiration and bile acid transporters. Furthermore, a new 
biomarker	analysis	of	residual	plasma	PK	samples	showed	evidence	
of disrupted bile acid homeostasis.10 Notably, the in vitro data pre‐
sented herein reflect a separate analysis of human and rat bile acid 
transporter inhibition, as well as mitochondrial dysfunction; the sep‐
arate analysis was required to generate parallel human and rat data 
sets to inform the simulation parameter values.

While the simulations successfully reproduced species differ‐
ences in toxicity and delayed presentation, there were discrepancies 
between simulated and observed outcomes, including frequency and 
magnitude	of	ALT	elevations	(Table	1).	Comparing	frequency	against	
a	small	group	of	treated	patients	(n	=	8)	does	carry	some	uncertainty,	
particularly because earlier clinical trials of lesser dose or duration 
had no or minimal liver safety signals.10 Nevertheless, the discrepancy 
in frequency could reflect the presence of an additional mechanism 
of toxicity. Within DILIsym, other mechanisms of toxicity include 
production of reactive metabolites, oxidative stress, lipotoxicity, 
and	inflammation	(eg,	TNF‐α‐mediated	cell	death).	Preclinical	assays	
were negative for the generation of reactive metabolites or oxidative 
stress	(Pfizer	data	on	file).	Drug‐induced	lipotoxicity	or	inflammation	
was not included in standard screens but was also not expected to 
play	 a	 role	based	on	 the	pharmacodynamic	profile.	Although	 these	
DILI mechanisms cannot be excluded, they are not likely candidates 
particularly in healthy subjects. Perhaps the more likely explanation 
is that the high clinical frequency reflects an additional mechanism 

Simulations Mechanisms on Mechanisms off

ALT 
Elevations > 3x 
ULN

300‐mg	po	BID	for	
14 days in Multi16b

ETCi,	BAi — 8/16

ETCi BAi 0/16

BAi ETCi 0/16

aBecause this SimCohorts includes individuals selected for sensitivity to different mechanisms 
of toxicity, they are useful to screen for sensitivity to different mechanisms but not to evaluate 
frequency of hepatotoxicity 
bMulti16	is	the	Human_ROS_apap_mito_BA_v8A_1_Multi16_A	(n	=	16)	SimCohort	

TA B L E  3   Investigations into 
mechanistic drivers of toxicity in 
SimCohortsa
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of	 drug‐induced	 toxicity	 (eg,	 ER	 stress),	 which	 is	 not	 currently	 in‐
cluded in DILIsym. Simulations also overpredicted the magnitude of 
response. While the overprediction could be attributed to the small 
clinical	study,	it	remains	possible	that	administration	of	PF‐04895162	
at	300‐mg	BID	to	more	 individuals	could	have	resulted	 in	more	se‐
vere	ALT	elevations.	Another	potential	explanation	is	that	the	magni‐
tude	of	simulated	ALT	elevations	is	due	to	the	absence	of	an	adaptive	
mechanism(s).	 For	 example,	 mitochondria	 can	 adapt	 to	 stress	 via	
mitochondrial biogenesis.30 The production of additional mitochon‐
dria might plausibly relieve the direct bioenergetics stress imposed 
by	PF‐04895162,	thereby	reducing	the	severity	of	injury	or	possibly	
even eliminating the synergistic toxicity. Mitochondrial biogenesis 
has recently been added to DILIsym but is not included by default in 
simulations due to the lack of quantitative data available to support 
the selection of mitochondrial biogenesis parameter values. Finally, 
simulations also overpredict the magnitude of response due to the 
absence of simulated clinical monitoring. Simulated treatment con‐
tinues regardless of the signs or symptoms that would be associated 
with liver injury, until hepatocyte loss exceeds 80% when simulations 
are terminated.

Research	on	PF‐04895162,	after	its	discontinuation,	was	con‐
ducted in part to understand the potential for screening assays to 
detect	liver	liabilities.	A	compelling	case	has	been	built	for	the	use	
of bile acid transporter inhibition assays in this application27,28; al‐
though, the IC50	values	for	PF‐04895162	(all	>100	µmol/L)	greatly	
exceeded	a	recent	consensus	threshold	for	concern	(25	µmol/L).24 
A	case	has	also	been	made	for	the	use	of	bile	acid	transporter	data	
in combination with mitochondrial function for the identification 
of compounds with liver liabilities.25 The results reported herein 
support and extend the use of these in vitro data, which illustrate 
how a computational approach can unmask a synergistic effect, 
easily overlooked when factors are considered separately. These 
results also provide a mechanistic explanation for the observed 
species difference in hepatotoxicity, supporting the potential ap‐
plication of this approach to prospectively identify latent liver li‐
abilities before a compound is introduced into the clinic. Further 
case studies are warranted.

In conclusion, this study demonstrates the ability of a compu‐
tational approach to reproduce species differences in hepatotoxic‐
ity,	using	PK	data	and	in	vitro	data	on	mechanisms	of	toxicity,	even	
though the in vitro data suggest an intrinsically weak engagement of 
these mechanisms. Similar case studies are warranted to further test 
the system and could potentially better characterize the strengths 
and	weaknesses	of	rat	liver	toxicity	studies	from	a	QST	mechanism‐
based perspective. Ultimately, they would be useful to determine 
the application of DILIsym to improve the likelihood of identifying 
latent DILI liabilities.
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