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Abstract
Objective: The	formation	of	24S-	hydroxycholesterol	 is	a	brain-	specific	mecha-
nism	of	cholesterol	catabolism	catalyzed	by	cholesterol	24-	hydroxylase	(CYP46A1,	
also	known	as	CH24H).	CH24H	has	been	implicated	in	various	biological	mecha-
nisms,	 whereas	 pharmacological	 lowering	 of	 24S-	hydroxycholesterol	 has	 not	
been	fully	studied.	Soticlestat	is	a	novel	small-	molecule	inhibitor	of	CH24H.	Its	
therapeutic	potential	was	previously	identified	in	a	mouse	model	with	an	epilep-
tic	phenotype.	In	the	present	study,	the	anticonvulsive	property	of	soticlestat	was	
characterized	in	rodent	models	of	epilepsy	that	have	long	been	used	to	identify	
antiseizure	medications.
Methods: The	anticonvulsive	property	of	 soticlestat	was	 investigated	 in	maxi-
mal	electroshock	 seizures	 (MES),	pentylenetetrazol	 (PTZ)	acute	 seizures,	6-	Hz	
psychomotor	 seizures,	 audiogenic	 seizures,	 amygdala	 kindling,	 PTZ	 kindling,	
and	 corneal	 kindling	 models.	 Soticlestat	 was	 characterized	 in	 a	 PTZ	 kindling	
model	under	steady-	state	pharmacokinetics	to	relate	its	anticonvulsive	effects	to	
pharmacodynamics.
Results: Among	models	of	acutely	evoked	seizures,	whereas	anticonvulsive	ef-
fects	of	soticlestat	were	identified	in	Frings	mice,	a	genetic	model	of	audiogenic	
seizures,	it	was	found	ineffective	in	MES,	acute	PTZ	seizures,	and	6-	Hz	seizures.	
The	 protective	 effects	 of	 soticlestat	 against	 audiogenic	 seizures	 increased	 with	
repetitive	dosing.	Soticlestat	was	also	tested	in	models	of	progressive	seizure	se-
verity.	Soticlestat	treatment	delayed	kindling	acquisition,	whereas	fully	kindled	
animals	were	not	protected.	Importantly,	soticlestat	suppressed	the	progression	
of	 seizure	 severity	 in	 correlation	 with	 24S-	hydroxycholesterol	 lowering	 in	 the	
brain,	suggesting	that	24S-	hydroxycholesterol	can	be	aggressively	reduced	to	pro-
duce	more	potent	effects	on	seizure	development	in	kindling	acquisition.
Significance: The	data	collectively	suggest	that	soticlestat	can	ameliorate	seizure	
symptoms	through	a	mechanism	distinct	from	conventional	antiseizure	medica-
tions.	 With	 its	 novel	 mechanism	 of	 action,	 soticlestat	 could	 constitute	 a	 novel	
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1 	 | 	 INTRODUCTION

As	 a	 fundamental	 component	 of	 biological	 membrane	
physiology,	 cholesterol	 metabolism	 occurs	 in	 various	
biochemical	pathways,1–	3	including	the	formation	of	24S-	
hydroxycholesterol,	a	brain-	specific	mechanism	of	choles-
terol	catabolism.4,5	The	catabolic	product,	a	brain-	specific	
side-	chain	oxysterol,	passes	through	the	blood–	brain	bar-
rier	and	is	further	metabolized	into	bile	acids	in	the	liver.	
Also	 known	 as	 cerebrosterol,6	 24S-	hydroxycholesterol	
has	 been	 extensively	 studied	 as	 a	 circulation	 biomarker	
reflecting	metabolic	activity	in	the	brain,	mostly	in	neuro-
logical	disorders.7–	9	However,	our	understanding	of	what	
pathophysiological	 implications	 can	 arise	 from	 an	 in-
crease	or	decrease	of	24S-	hydroxycholesterol	in	the	brain	
remains	incomplete.

Substantial	progress	has	been	made	into	the	biological	
functions	 of	 24S-	hydroxycholesterol.	 A	 variety	 of	 recep-
tors	and	ion	channels	can	be	either	positively	or	negatively	
modulated	by	24S-	hydroxycholesterol.	These	include	the	
liver	X	receptor,10	the	estrogen	receptor,11	the	RAR-	related	
orphan	receptor,12	the	N-	methyl-	D-	aspartate	(NMDA)	re-
ceptor,13	the	BK	channel,14	and	the	smoothened	G-	protein-	
coupled	receptor.15	Furthermore,	24S-	hydroxycholesterol	
has	been	implicated	in	various	cellular	mechanisms	such	
as	 proinflammatory	 signaling,16	 necroptosis,17	 oxidative	
stress,18	and	TrkB	signaling.19

Given	this	array	of	diverse	functions,	pharmacological	
alteration	of	24S-	hydroxycholesterol	levels	may	exert	dif-
ferent	effects	in	various	disease	conditions.	CYP46A1	(also	
known	as	cholesterol	24-	hydroxylase	[CH24H])	is	the	en-
zyme	responsible	 for	conversion	of	cholesterol	 into	24S-	
hydroxycholesterol.20	Pioneering	work	demonstrated	that	
the	reverse	transcriptase	inhibitor	efavirenz	can	enhance	
the	enzyme	activity	of	CH24H,	leading	to	a	series	of	inves-
tigations	in	preclinical	models	of	Alzheimer	disease.21–	23	
In	contrast,	the	extended	therapeutic	potential	of	CH24H	
inhibition	 had	 not	 been	 extensively	 characterized	 until	
the	recent	discovery	of	soticlestat,	a	small	molecule	inhib-
itor	of	the	enzyme.24	Currently	in	Phase	3	clinical	studies	
for	Dravet	syndrome	and	Lennox–	Gastaut	syndrome,	sot-
iclestat	has	already	clinically	demonstrated	pharmacody-
namic	 effects	 on	 levels	 of	 24S-	hydroxycholesterol	 in	 the	
plasma	in	an	exposure-	dependent	manner.25,26

Our	 previous	 study	 demonstrated	 that	 soticlestat	 has	
the	potential	to	limit	excessive	neural	excitation	in	an	ep-
ileptic	 transgenic	mouse	model.24	The	 transgenic	mouse	
model	carries	human	amyloid	precursor	protein	and	pre-
senilin	 1	 (APP/PS1-	Tg)	 and	 is	 known	 for	 excitatory/in-
hibitory	 imbalance	 and	 premature	 death	 reminiscent	 of	
sudden	 unexpected	 death	 in	 epilepsy	 (SUDEP).27	 APP/
PS1-	Tg	mice	yielded	a	remarkable	survival	benefit	when	
crossbred	 with	 CH24H-	knockout	 animals.28	 Soticlestat	
lowered	brain	24S-	hydroxycholesterol	 in	 the	model,	 and	
substantially	reduced	premature	deaths.24

The	survival	benefits	of	soticlestat	treatment	suggested	
that	 CH24H	 inhibition	 could	 be	 a	 novel	 therapeutic	 ap-
proach	for	epilepsy.	This	hypothesis	is	also	supported	by	
the	 antiseizure	 activity	 and	 SUDEP	 prevention	 by	 so-
ticlestat	 in	 mouse	 models	 of	 Dravet	 syndrome	 (DS)	 in	
which	 animals	 harbor	 a	 mutation	 in	 the	 Scn1a	 gene.29	
Although	DS	models	are	gaining	 increasing	attention	as	
a	drug	screening	platform,30	they	have	not	yet	been	stan-
dardized	enough	for	a	reliable	comparison	to	the	historic	
data.	 In	 this	 sense,	 “the	 gold	 standard”	 models	 such	 as	
maximum	 electroshock	 seizures	 (MES),31	 subcutaneous	
pentylenetetrazol	 (scPTZ)	 seizures,32	 6-	Hz	 psychomotor	
seizures,33	 audiogenic	 seizures,34	 kindled	 seizures,	 and	
kindling	acquisition35,36	still	remain	important	resources.	
By	comparison	with	the	large	body	of	historic	data,	these	

class	 of	 antiseizure	 medications	 for	 treatment	 of	 intractable	 epilepsy	 disorders	
such	as	developmental	and	epileptic	encephalopathy.
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Key Points
•	 Soticlestat	 is	 a	 novel	 inhibitor	 of	 CH24H,	 a	

brain-	specific	 enzyme	 responsible	 for	 conver-
sion	of	cholesterol	into	24S-	hydroxycholesterol

•	 Soticlestat	was	found	effective	in	seizure	models	
with	secondary	generalization	but	ineffective	in	
acutely	 induced	 seizures	 in	 neurologically	 in-
tact	animals

•	 To	 obtain	 a	 detectable	 level	 of	 anticonvulsive	
efficacy,	brain	24S-	hydroxycholesterol	needs	to	
decrease	by	50%–	60%

•	 CH24H	inhibitor	could	constitute	a	novel	class	
of	antiseizure	medication,	with	efficacy	proper-
ties	different	from	conventional	drugs
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models	will	be	especially	valuable	as	a	platform	for	char-
acterizing	a	new	molecular	entity	such	as	soticlestat.

This	 study	 describes	 the	 anticonvulsive	 property	 of	
soticlestat	in	the	aforementioned	models.	Soticlestat	was	
found	 ineffective	 in	 the	 MES,	 scPTZ,	 and	 6-	Hz	 (32	 and	
44 mA)	models	of	seizure	 induction;	however,	 it	was	ef-
fective	 in	 audiogenic	 seizures	 and	 kindling	 acquisition.	
To	 provide	 translational	 insights,	 we	 also	 investigated	
how	 24S-	hydroxycholesterol	 lowering	 relates	 to	 the	 an-
tiseizure	 effects	 of	 soticlestat.	 The	 more	 aggressive	 the	
24S-	hydroxycholesterol	 lowering,	 the	 more	 potent	 was	
the	suppression	of	kindling	acquisition.	Overall,	the	data	
suggest	that	CH24H	inhibition	constitutes	a	novel	class	of	
antiseizure	medications	(ASMs).

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Administration of soticlestat

Soticlestat	 was	 synthesized	 in	 the	 Neuroscience	 Drug	
Discovery	 Unit	 at	 Takeda	 Pharmaceutical	 Company	
Limited.	 For	 oral	 administration,	 soticlestat	 was	 sus-
pended	in	.5%	(wt/vol)	methyl	cellulose	solution	(Methyl	
Cellulose	50cp,	Wako	Pure	Chemical	Industries),	and	the	
prepared	drug	suspension	was	administered	once	daily	to	
mice	 and	 rats	 at	 the	 volume	 of	 10	 and	 5  ml/kg,	 respec-
tively.	 For	 subcutaneous	 infusion,	 soticlestat	 was	 dis-
solved	 in	 dimethylsulfoxide	 (DMSO)	 at	 100  mg/ml	 and	
then	mixed	with	an	equal	volume	of	polyethylene	glycol	
400	(PEG	400).	The	soticlestat	solution	in	DMSO/PEG	400	
(1:1)	 that	we	obtained	was	 then	diluted	 to	 the	 indicated	
doses.	 Osmotic	 pumps	 (Model	 2004,	 Durect)	 were	 filled	
with	the	prepared	drug	solution	and	stored	overnight	 in	
saline	at	37°C.	The	pumps	were	then	implanted	subcuta-
neously	on	 the	backs	of	 the	mice	under	anesthesia	with	
pentobarbital	(50 mg/kg).

2.2	 |	 Animals

Adult	 male	 (8–	10  weeks)	 Sprague	 Dawley	 rats	 weigh-
ing	100–	150 g	and	adult	male	CF-	1	mice	(25–	30 g)	were	
obtained	 from	 Charles	 River.	 Male	 and	 female	 Frings	
mice	(18–	30 g)	were	obtained	from	a	colony	housed	and	
maintained	 at	 the	 University	 of	 Utah	 (Department	 of	
Comparative	Medicine).	Animals	were	cared	for	in	a	mat-
ter	consistent	with	the	recommendations	detailed	 in	the	
National	Research	Council	publication,	 “Guide	 for	Care	
and	Use	of	Laboratory	Animals.”

Five-	week-	old	 male	 mice	 from	 the	 Institute	 of	
Cancer	 Research	 were	 used	 in	 the	 PTZ	 kindling	 (20–	
40  g,	 CLEA	 Japan).	 The	 animals	 were	 housed	 at	 a	

temperature	 of	 22  ±  1°C	 with	 a	 12-	h	 light–	dark	 cycle	
(lights	on	7:00	to	19:00),	and	allowed	free	access	to	food	
and	 water.	 The	 animal	 experiments	 were	 approved	 by	
the	 Experimental	 Animal	 Care	 and	 Use	 Committee	 of	
Takeda	Pharmaceutical	Company	Limited	and	conducted	
in	 accordance	 with	 the	 guidelines.	The	 animal	 care	 and	
use	 program	 is	 accredited	 by	 the	 American	 Association	
for	Accreditation	of	Laboratory	Animal	Care	(AAALAC)	
International	 Council	 on	 Accreditation.	 The	 AAALAC	
sets	 standards	 that	 call	 for	 the	 humane	 care	 and	 use	 of	
laboratory	animals	by	enhancing	animal	well-	being,	 im-
proving	the	quality	of	research,	and	advancing	scientific	
knowledge	relevant	to	humans	and	animals.

2.3	 |	 Measurement of soticlestat 
pharmacokinetics/pharmacodynamics

Soticlestat	 concentrations	 in	 plasma	 and	 brain	 were	 de-
termined	 by	 liquid	 chromatography–	tandem	 mass	 spec-
trometry	 following	 the	 previously	 described	 method.24	
Brain	 levels	 of	 24S-	hydroxycholesterol	 were	 determined	
by	high-	performance	liquid	chromatography.24	To	collect	
brain	samples,	cerebellum	was	removed,	in	which	CH24H	
expression	is	considerably	lower	than	other	areas.37

2.4	 |	 Animal behavioral experiments

The	 methods	 of	 MES,	 scPTZ,	 6-	Hz	 psychomotor,	 Frings	
audiogenic	 seizure,	 amygdala	 kindling,	 PTZ	 kindling,	
corneal	 kindling,	 and	 the	 rotarod	 test	 are	 described	 in	
Appendix	S1.

2.5	 |	 Statistical analysis

The	 number	 of	 animals	 protected	 from	 seizures	 or	 fully	
kindled	were	not	selected	for	statistical	analysis	due	to	the	
parametric	 nature	 of	 indices.	 In	 the	 audiogenic	 seizure	
model,	 median	 effective	 dose	 (ED50)	 values	 were	 calcu-
lated	using	Probit	analysis.	Times	to	start	and	stop	either	
wild	run	or	tonic-	extension	seizures	(TE)	in	Frings	mice,	
and	the	duration	(stop	time	−	start	time)	were	evaluated	
by	two-	way	analysis	of	variance	followed	by	a	Bonferroni	a	
posteriori	test.	A	p-	value	<	.05	was	considered	significant.

In	the	amygdala	kindling	model,	comparisons	for	para-
metric	datasets	were	made	using	a	Student	 t-	test,	with	a	
p-	value	 <	 .05	 considered	 significant,	 whereas	 no	 paired	
analyses	were	performed	on	each	time	point.	For	compar-
isons	of	the	number	of	stimulations	to	reach	the	first	gen-
eralized	seizure	or	fully	kindled	status,	if	the	criterion	was	
not	met	during	 the	analysis	period,	a	value	equal	 to	 the	
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maximum	 number	 of	 stimulations	 (plus	 one)	 occurring	
during	the	analysis	period	was	used.

In	 the	 PTZ	 kindling	 model,	 no	 paired	 analyses	 were	
performed	 on	 each	 time	 point.	 Instead,	 cumulative	 sei-
zure	scores	were	defined	as	an	overall	seizure	burden.	The	
statistical	significance	between	two	experimental	groups	
was	evaluated	by	Student	t-	test,	with	p-	value	<	.05	consid-
ered	significant.	To	evaluate	dose	dependency,	one-	tailed	
Williams	test	was	used,	and	p-	values	<	.025	were	consid-
ered	significant.

3 	 | 	 RESULTS

To	 evaluate	 the	 potential	 anticonvulsive	 properties	 of	
soticlestat,	 MES,	 scPTZ,	 6-	Hz	 psychomotor,	 and	 Frings	
audiogenic	 seizure	 models	 were	 employed.	 We	 previ-
ously	showed	that	soticlestat	took	a	minimum	of	3 days	
of	 repetitive	administration	before	 its	pharmacodynam-
ics	reached	a	maximum	because	of	the	slow	turnover	of	
24S-	hydroxycholesterol	 levels	 in	 the	 brain.24	 Soticlestat	
was	thus	administered	for	3 days	prior	to	seizure	induc-
tion	 for	 optimal	 pharmacodynamics.	 The	 proportion	 of	
animals	 protected	 from	 elicited	 seizures	 in	 each	 model	
is	summarized	in	Table	1.	The	selected	doses	of	soticles-
tat	 achieved	 brain	 24S-	hydroxycholesterol	 lowering	 by	
approximately	 50%	 in	 both	 mice	 and	 rats	 in	 agreement	
with	the	treatment	condition	found	effective	in	the	pre-
vious	 study.24	 In	 this	 initial	 screening,	 notable	 anticon-
vulsive	 effects	 of	 soticlestat	 were	 observed	 only	 in	 the	
audiogenic	 seizure	 model.	 Seizure-	caused	 deaths	 were	
observed	in	the	mouse	MES	model.	Six	of	eight mice	died	
in	the	vehicle-	treated	group	following	seizure	induction,	

whereas	no	deaths	were	observed	 in	 the	soticlestat	arm	
(data	 not	 shown).	 Mice	 underwent	 rotarod	 testing,	 and	
no	signs	of	motor	impairment	were	noted	(Table	1).	Rats	
were	 observed	 only	 for	 general	 signs	 of	 behavioral	 im-
pairment,	 and	 no	 abnormalities	 were	 observed.	 These	
observations	 agree	 with	 our	 previous	 studies,	 in	 which	
soticlestat	 was	 administered	 with	 a	 regimen	 that	 yields	
nearly	full	enzyme	inhibition.24

To	 further	 characterize	 the	 protective	 effects	 of	 soti-
clestat	 found	 in	 the	 Frings	 model,	 a	 dose-	ranging	 study	
was	 conducted.	 To	 better	 understand	 soticlestat's	 mech-
anism	 of	 action,	 Frings	 mice	 underwent	 four	 different	
treatment	paradigms	 (Figure	1A).	The	protected	propor-
tion	of	animals	is	shown	in	Figure	1A	and	in	Table	S1.	The	
clearest	dose	dependency	was	observed	in	the	group	that	
received	seizure	induction	1 h	after	the	last	administration	
of	the	3-	day	treatment.	In	this	cohort	of	animals,	seizure	
protection	was	25%,	50%,	and	75%	for	3,	10,	and	30 mg/kg,	
respectively.	The	ED50	of	 soticlestat	 in	 the	Frings	model	
was	estimated	at	10.7 mg/kg	(the	95%	confidence	interval	
included	the	entire	dosing	range).

Figure	 1B,C	 shows	 the	 time	 duration	 spent	 in	 wild	
running	following	the	onset	of	auditory	stimulation	and	
TE,	respectively.	In	general,	the	duration	of	wild	running	
did	 not	 show	 obvious	 effects	 associated	 with	 soticles-
tat	 doses	 (Figure	 1B).	 In	 contrast,	 the	 change	 in	TE	 du-
ration	 represented	 the	 effects	 on	 seizure	 protection	 well	
(Figure	1A,C).	Overall,	repetitive	treatments	with	soticles-
tat	yielded	a	greater	extent	of	protection	 than	 the	single	
dosing	 paradigm	 (Figure	 1C).	 The	 30-	mg/kg	 group	 con-
sistently	experienced	the	shortest	duration	of	TE,	whereas	
discrepancies	were	found	in	the	3-		and	10-	mg/kg	groups	
among	different	treatment	conditions.

Test
Soticlestat, mg/
kg POQD

Protected/
tested, n

Rotarod failures/
tested, n

MES Vehicle 0/8 0/8

30 0/8 0/8

MES,	rat Vehicle 1/8 na

100 0/8 na

scPTZ Vehicle 0/8 na

30 0/8 na

6 Hz,	32 mA Vehicle 0/8 0/8

30 0/8 0/8

6 Hz,	44 mA Vehicle 0/8 0/8

30 0/8 0/8

AGS Vehicle 0/8 na

30 7/8 na

Note:: Animals	were	treated	with	soticlestat	at	the	indicated	dose	for	3 days	prior	to	the	seizure	testing.
Abbreviations:	AGS,	audiogenic	seizures;	MES,	maximum	electroshock	seizures;	na,	not	applicable;	
POQD,	orally	once	daily;	scPTZ,	subcutaneous	pentylenetetrazol.

T A B L E  1 	 Screening	study	of	
soticlestat	in	the	MES	model	(mouse	and	
rat),	the	mouse	scPTZ	model,	the	mouse	
6-	Hz	model	of	psychomotor	seizures	(32-	
mA	and	44-	mA	stimulation	intensities),	
and	AGS	using	Frings	mice
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Unlike	neurologically	 intact	animals	used	 in	 the	MES,	
scPTZ,	and	6-	Hz	models,	Frings	mice	have	an	underlying	
pathology	 accountable	 for	 the	 innate	 susceptibility	 to	 sei-
zures.38,39	 It	 was	 thus	 assumed	 that	 soticlestat	 may	 mod-
ify	 neurological	 conditions	 behind	 seizure	 susceptibility.	
To	 test	 the	 hypothesis,	 a	 seizure	 model	 with	 progressive	
phenotypes	 was	 employed.	 Kindling	 is	 an	 irreversible	 ac-
quisition	of	 seizure	 susceptibility,	mimicking	a	process	of	
epileptogenesis	in	humans.40	Soticlestat	was	given	to	rats	in	
parallel	with	amygdala	stimulations	to	assess	its	effects	on	
the	process	of	kindling	development.	The	duration	of	after-
discharge	 (AD)	 was	 electrographically	 measured	 at	 every	
kindling	stimulation	as	a	quantitative	marker	of	focal	sei-
zures.35,41	 In	a	pilot	dose-	finding	study,	signals	of	efficacy	
were	found	at	30	and	100 mg/kg	(orally	once	daily	[POQD],	
Table	 S2).	 To	 confirm	 the	 effects,	 the	 dose	 of	 100  mg/kg	
was	 further	 tested.	 The	 kindling	 acquisition	 curve	 of	 the	

soticlestat	group	was	separated	downward	from	that	of	the	
vehicle-	treated	control	animals	(Figure	2A).

The	separation	of	 the	 two	curves	was	retained	 in	 the	
first	 half	 of	 the	 testing	 period,	 but	 gradually	 became	
smaller	toward	the	endpoint,	indicating	a	delay	of	seizure	
progression	 but	 not	 a	 complete	 prevention.	The	 average	
seizure	score	of	the	vehicle-	treated	control	group	and	the	
soticlestat	group	was	4.3	and	3.9	at	 the	study	end	point,	
respectively.	 Meanwhile,	 soticlestat	 seemingly	 had	 little	
impact	on	 the	duration	of	AD	(Figure	2B).	AD	duration	
progressed	 during	 the	 course	 of	 kindling	 stimulation	 in	
both	the	vehicle-	treated	control	and	the	soticlestat	group	
with	a	similar	 increasing	trend.	Table	2	describes	the	ef-
fects	of	soticlestat	on	the	acquisition	of	amygdala	kindling	
in	detail.	Soticlestat	had	no	significant	effects	on	the	num-
ber	of	stimulations	given	until	the	first	representation	of	
seizures.	 At	 the	 endpoint,	 nine	 of	 12	 vehicle-	controlled	

F I G U R E  1  Dose-		and	time-	
dependent	effects	of	soticlestat	on	
audiogenic	seizures	(AGS)	in	Frings	mice.	
(A)	Experimental	design	and	the	overall	
seizure	protection	by	soticlestat.	Each	
of	the	black	arrows	in	the	pentagonal	
diagrams	on	the	left-	hand	side	indicates	
soticlestat	administration,	which	was	
given	at	3,	10,	and	30 mg/kg	(orally	once	
daily	[POQD])	singly	or	three	times	before	
seizure	induction.	The	numbers	in	the	
diagrams	indicate	hours	prior	to	auditory	
seizure	induction.	The	pie	charts	on	the	
right-	hand	side	indicate	the	proportion	of	
mice	protected	from	AGS	in	each	different	
dosing	condition.	The	data	are	given	in	
Table	S1.	(B)	Effects	of	soticlestat	on	the	
time	spent	in	wild-	running	behaviors.	(C)	
Effects	of	soticlestat	on	the	time	spent	in	
tonic-	extension	seizures	(TE).	Data	are	
mean ± SEM	(n = 8–	13).	*,	**,	***p < .05,	
.01,	.001,	respectively,	compared	to	
the	vehicle	control	group	in	the	same	
treatment	paradigm	(two-	way	analysis	of	
variance	followed	by	Bonferroni	posttest)



6 |   NISHI et al.

rats	reached	the	fully	kindled	state	versus	five	of	11	in	the	
soticlestat	group.	Statistically	significant	differences	were	
revealed	between	the	vehicle	 treatment	and	the	soticles-
tat	 treatment	 in	 the	 following	 indices:	 number	 of	 stim-
ulations	 to	 the	 first	generalized	seizure,	 total	number	of	

generalized	 seizures,	 and	 number	 of	 stimulations	 to	 the	
fully	kindled	status	(p < .05,	Student	t-	test).

To	 relate	 the	 soticlestat	 effects	 to	 its	 pharmacokinet-
ics	(PK)	and	pharmacodynamics	(PD)	in	detail,	a	mouse	
model	 of	 PTZ	 kindling	 development	 was	 employed.42	
Soticlestat	decreased	brain	24S-	hydroxycholesterol	 levels	
in	 a	 dose-	dependent	 manner	 in	 line	 with	 systemic	 and	
brain	 exposure	 levels	 (Figure	 3A–	C).	 It	 should	 be	 noted	
that	 the	 observed	 systemic	 exposure	 levels	 were	 much	
lower	than	those	achievable	in	humans.25

At	the	dose	of	30 mg/kg	(POQD),	soticlestat	retarded	
kindling	 acquisition,	 albeit	 with	 incomplete	 suppres-
sion	 (Figure	 3D).	 A	 similar	 trend	 was	 already	 observed	
in	 the	 rat	 kindling	 model	 (Figure	 2A).	 To	 quantify	 the	
treatment	effects	on	kindling	acquisition,	 scores	of	each	
individual	mouse	were	added	as	an	 index	of	 total	 sever-
ity	burden.	At	the	dose	yielding	a	55%	lowering	in	brain	
24S-	hydroxycholesterol	levels,	soticlestat	reduced	the	total	
seizure	severity	by	42%	(Figure	3E).

To	investigate	the	relationship	between	soticlestat	PD	
effects	and	anticonvulsive	efficacy	in	more	detail,	the	drug	
effect	was	further	characterized	under	a	steady-	state	PK/
PD	condition,	in	which	mice	were	continuously	exposed	
to	 soticlestat	 through	 a	 subcutaneous	 osmotic	 pump	
during	 the	 course	 of	 kindling.	 Subcutaneous	 infusion	
(SC	inf)	was	found	to	be	a	more	effective	administration	
route	to	achieve	greater	PD	effects	of	soticlestat	than	oral	
gavage.24	Figure	4A	shows	 the	course	of	kindling	devel-
opment	in	each	of	the	treatment	arms	over	the	four	PTZ	
stimulations	in	11 days.	A	marked	suppression	of	seizure	
progression	was	observed	in	the	3-		and	10-	mg/kg	groups	
(SC	 inf)	 throughout	 the	 testing	 period.	 The	 distribution	
of	seizure	severity	monitored	over	the	entire	study	period	
is	 summarized	 in	 Figure	 4B.	 The	 exact	 numbers	 of	 sei-
zure	events	at	each	severity	score	are	shown	in	Table	S3.	

F I G U R E  2  Time	course	of	soticlestat	effects	on	seizure	
progression	in	the	rat	amygdala	kindling	model.	Treatment	was	
started	on	the	first	day	of	kindling	stimulation	and	maintained	once	
daily	over	the	study	period.	Statistical	analyses	were	performed	
on	various	indices	and	shown	in	Table	2.	(A)	Change	of	Racine	
seizure	severity	scores	over	the	course	of	kindling	stimulation	in	
parallel	with	soticlestat	administration	(100 mg/kg	orally	once	
daily	[POQD]).	(B)	Change	of	afterdischarge	duration	during	the	
development	of	kindling.	Data	are	plotted	as	mean ± SEM	(n = 12)

Vehicle
Soticlestat,  
100 mg/kg POQD

Statistical 
significance

Stimulations	to	the	first	seizure,	n 2.7 ± 1.0 2.8 ± 1.0 ns

Stimulations	to	the	first	
generalized	seizure,	n

8.9 ± 3.8 13.2 ± 3.6 p < .05

Total	generalized	seizures,	n 8.2 ± 4.2 4.4 ± 3.5 p < .05

Consecutive	generalized	
seizures, n

7.0 ± 4.9 3.8 ± 3.6 ns

Mean	afterdischarge	duration,	s 72.8 ± 22.8 65.2 ± 25.5 ns

Fully	kindled	rats,	na 9/12 5/11 na

Stimulations	to	fully	kindled	
status,	na

12.9 ± 3.3 16.4 ± 2.2 p < .05

Note: Treatment	was	started	on	the	first	day	of	kindling	stimulation	and	maintained	once	daily	over	the	
study	period.
Abbreviations:	na,	not	applicable;	ns,	not	significant;	POQD,	orally	once	daily.
aFive	Stage	4–	5	seizures	over	8 days.	Statistical	significance	was	assessed	with	a	t-	test.

T A B L E  2 	 Afterdischarge	and	
behavioral	seizure	observations	during	
the	rat	amygdala	kindling	study,	following	
administration	of	vehicle	or	soticlestat
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A	 clear	 and	 dose-	dependent	 trend	 was	 observed	 toward	
fewer	generalized	full	motor	seizures	(Score	4).	No	Score	4	
seizures	were	observed	in	the	3-		and	10-	mg/kg	groups	(SC	
inf).	 To	 quantify	 the	 treatment	 effects	 of	 soticlestat,	 ac-
cumulation	of	seizure	scores	was	calculated	(Figure	4C).	
Statistically	significant	effects	were	seen	at	the	dose	of	1,	3,	
and	10 mg/kg	(SC	inf,	p < .025,	one-	tailed	Williams	test).	
The	cumulative	seizure	score	at	the	highest	dose	(10 mg/
kg	SC	inf)	was	75%	lower	than	that	of	the	vehicle-	treated	
control	group,	indicating	promising	antiseizure	effects.

Figure	4D	shows	the	effects	of	soticlestat	on	the	brain	level	
of	24S-	hydroxycholesterol	at	 the	study	endpoint.	Soticlestat	
significantly	 reduced	 24S-	hydroxycholesterol	 levels	 in	 the	
brain	 at	 all	 doses	 in	 the	 experiment	 (p  <  .025,	 one-	tailed	
Williams'	test).	The	reduction	of	brain	24S-	hydroxycholesterol	
at	the	dose	of	10 mg/kg	reached	92%,	implying	that	the	enzyme	
activity	of	CH24H	was	inhibited	almost	completely.	Statistical	
significance	was	revealed	in	the	association	between	the	cu-
mulative	 seizure	 scores	 and	 the	 24S-	hydroxycholesterol-	
lowering	effects	(Figure	4E;	r = .682).	The	data	suggested	that	
the	effects	of	soticlestat	on	kindling	acquisition	were	associ-
ated	with	CH24H	enzyme	inhibition.

We	 also	 confirmed	 that	 the	 24S-	hydroxycholesterol	
lowering	was	strongly	correlated	with	brain	 levels	of	so-
ticlestat	(Figure	4F;	r = −.963).	The	plasma	levels	of	soti-
clestat	at	10 mg/kg	were	28.6 ± 15.6 ng/ml,	indicating	that	
a	 more	 effective	 exposure	 was	 sustained	 than	 the	 same	
dose	with	bolus	administration	(Figure	3A).

These	 observations	 prompted	 us	 to	 test	 whether	 the	 ro-
bust	 CH24H	 inhibition	 through	 SC	 inf	 can	 protect	 mice	
against	acutely	evoked	PTZ	convulsions	more	effectively	than	
the	 condition	 in	 bolus	 administration	 (Table	 1).	 Following	
2 weeks	of	soticlestat	infusion,	mice	underwent	PTZ	seizure	
testing	 (80 mg/kg	 ip).	Following	 the	PTZ	 testing,	brain	 lev-
els	of	24S-	hydroxycholesterol	were	measured.	The	reduction	
rate	in	the	1-	mg/kg	SC	inf	and	10-	mg/kg	SC	inf	groups	were	
approximately	50%	and	90%	from	the	control	group,	respec-
tively	(Table	S4).	The	numbers	of	mice	protected	per	test	were	
one	 of	 nine	 (vehicle),	 zero	 of	 eight	 (1  mg/kg	 SC	 inf),	 and	
two	of	nine	(10 mg/kg	SC	inf;	Table	S4).	The	proportion	in	
absence	 of	 seizures	 was	 apparently	 independent	 from	 24S-	
hydroxycholesterol	lowering.	Finally,	the	potential	effects	of	
soticlestat	 on	 kindled	 seizures	 were	 examined	 in	 corneally	
kindled	mice.	Fully	kindled	mice	were	treated	with	soticlestat	

F I G U R E  3  Soticlestat	pharmacokinetics/pharmacodynamics	and	treatment	effects	on	seizure	progression	in	the	mouse	
pentylenetetrazol	(PTZ)	kindling	model.	(A)	Plasma	and	(B)	brain	soticlestat	exposure	levels	during	the	24	h	following	a	single	
administration	of	soticlestat	to	kindled	mice	(10	and	30 mg/kg	orally	once	daily	[POQD]).	(C)	Effects	of	repetitive	soticlestat	treatments	
on	the	brain	level	of	24S-	hydroxycholesterol	(24HC;	10	and	30 mg/kg	POQD	for	3 days).	(D)	Effects	of	soticlestat	(30 mg/kg	POQD)	on	
the	progression	of	seizure	severity	over	the	course	of	PTZ	stimulation.	Treatment	was	started	on	the	first	day	of	kindling	stimulation	and	
maintained	once	daily	over	the	study	period.	(E)	Cumulation	of	Racine	scores.	*p < .05	compared	with	the	vehicle-	treated	control	group	
(Student	t-	test).	Data	are	mean ± SEM
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(30  mg/kg,	 POQD)	 for	 5	 consecutive	 days,	 while	 kindling	
stimulus	was	maintained	each	day.	Notable	differences	were	
not	 found	 in	 the	proportion	protected	between	 the	vehicle-	
treated	control	group	and	the	 treatment	group	at	any	point	
during	 the	study	(Table	S5),	 suggesting	 that	soticlestat	does	
not	suppress	already	established	kindled	seizures.

4 	 | 	 DISCUSSION

In	the	present	study,	soticlestat	was	characterized	in	well-	
established	animal	models	of	seizure.	The	data	shown	in	
this	study	suggest	that	inhibition	of	CH24H,	an	enzyme	lit-
tle	studied	in	the	context	of	epilepsy,	exerts	anticonvulsive	

F I G U R E  4  Steady-	state	soticlestat	pharmacokinetics	(PK)/pharmacodynamics	(PD)	and	treatment	effects	on	seizure	progression	in	
the	mouse	pentylenetetrazol	(PTZ)	kindling	model.	To	investigate	a	steady-	state	PK/PD	relationship,	soticlestat	treatment	was	maintained	
through	subcutaneous	infusion	over	the	study	period	(SC	inf).	(A)	Effects	of	soticlestat	on	the	progression	of	seizure	severity	over	the	
four	PTZ	stimulations	(.03,	.3,	1,	3	and	10 mg/kg/day	SC	inf).	The	vehicle	treatment	is	indicated	as	0 mg/kg	soticlestat.	(B)	Distribution	of	
the	Racine	scores	obtained	over	the	total	experiment	period.	(C)	Cumulative	seizure	scores	obtained	over	the	total	experimental	period.	
#p < .025	compared	to	the	vehicle-	controlled	group	(one-	tailed	Williams	test).	(D)	Brain	24S-	hydroxycholesterol	(24HC)-	lowering	effects	
evaluated	at	the	study	endpoint.	#p < .025	compared	to	the	vehicle-	controlled	group	(one-	tailed	Williams	test).	(E)	Correlation	between	
brain	24HC-	lowering	and	antiseizure	effects	of	soticlestat.	The	dashed	lines	define	the	95%	confidence	band	in	linear	regression.	(F)	
Correlation	between	brain	24HC	lowering	and	brain	soticlestat	levels	determined	at	the	study	endpoint.	The	dashed	lines	define	the	95%	
confidence	band	in	nonlinear	regression
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benefits	 in	 a	 manner	 distinct	 from	 that	 of	 conventional	
seizure	medications.	In	our	panel	of	acute	seizure	models,	
soticlestat	was	found	ineffective	in	MES,	6-	Hz,	and	scPTZ	
models	 (Table	 1).	 However,	 soticlestat's	 anticonvulsive	
efficacy	was	detected	 in	 the	audiogenic	seizure	and	kin-
dling	acquisition	models	(Figures	1–	4).	Interestingly,	soti-
clestat	had	little	impact	on	the	wild-	running	behavior	of	
Frings	mice	 triggered	by	 sound	stimulation	 (Figure	1B).	
In	 contrast,	 it	 clearly	 suppressed	 development	 of	 TE	 in	
that	model	(Figure	1C).	The	lack	of	effects	on	early	stage	
seizures	 was	 also	 observed	 in	 the	 model	 of	 kindling	 de-
velopment.	Soticlestat	retarded	kindling	acquisition	with-
out	 altering	 AD	 duration	 (Figure	 2).	 This	 suggests	 that	
the	kindling	delay	by	soticlestat	was	independent	of	focal	
seizure	activity	in	the	amygdala	and	may	be	attributed	to	
modification	of	seizure	progression.

These	observations	have	led	to	the	hypothesis	that	so-
ticlestat	has	therapeutic	potential	to	modify	the	process	
of	secondary	generalization,	which	is	a	common	under-
lying	 mechanism	 in	 audiogenic	 seizures	 and	 kindling	
acquisition.	In	contrast,	the	seizure	models	that	did	not	
respond	to	soticlestat	treatment,	MES,	scPTZ,	and	6-	Hz,	
do	not	have	a	component	of	secondary	generalization.	In	
support	of	this	hypothesis,	fully	kindled	mice	no	longer	
responded	 to	 soticlestat	 (Table	 S5).	 The	 neuroanatomi-
cal	architecture	of	seizure	origin	and	propagation	might	
provide	insight	into	the	mechanism	by	which	soticlestat	
shows	 its	 anticonvulsive	 effects.	 Striatum	 has	 a	 higher	
expression	 of	 CH24H	 protein	 relative	 to	 other	 brain	
areas,24,37	 and	 its	 circuitry	 is	 known	 to	 be	 involved	 in	
secondary	generalization	of	seizures.43	The	regional	dis-
tribution	 of	 CH24H	 expression	 is	 of	 interest	 for	 future	
studies	to	clarify	pathologic	brain	regions	that	give	rise	to	
secondary	generalization.

To	 date,	 24S-	hydroxycholesterol	 has	 been	 implicated	
in	diverse	biological	 functions.10–	18,44	 It	 is	 likely	 that	 the	
pharmacological	 mechanism	 of	 CH24H	 inhibition	 in-
volves	 multiple	 molecular	 pathways.	 For	 example,	 one	
of	 the	 multiple	 mechanisms	 relevant	 to	 kindling	 epi-
leptogenesis	 is	 TrkB	 signalling,45	 in	 which	 CH24H	 has	
been	 implicated.19	 Another	 interesting	 example	 is	 pos-
itive	 allosteric	 modulation	 of	 NMDA	 receptors	 by	 24S-	
hydroxycholesterol.13	Further	investigation	is	required	to	
understand	the	exact	role	24S-	hydroxycholesterol	plays	in	
seizure	progression.

This	study	was	also	intended	to	shed	light	on	transla-
tional	aspects	of	CH24H	inhibitor	as	a	potential	epilepsy	
medication	 in	 line	with	our	previous	 findings.24	 In	 the	
PTZ-	kindling	 model,	 we	 demonstrated	 that	 soticlestat	
effects	on	seizure	progression	were	associated	with	brain	
24S-	hydroxycholesterol	 lowering	 (Figure	 4C–	E).	 24S-	
Hydroxycholesterol	 lowering	 is	 considered	 a	 specific	
PD	 biomarker	 of	 CH24H	 inhibition,	 which	 is	 closely	

associated	with	soticlestat	brain	exposure	(Figure	4F).	It	
has	already	been	established	as	a	clinical	PD	marker	of	
CH24H	 inhibition,	 as	 the	 plasma	 level	 directly	 reflects	
that	 in	 the	brain.25,46	At	 the	maximum	level	of	CH24H	
inhibition,	soticlestat	yielded	a	75%	decrease	 in	seizure	
severity	(Figure	4C,D),	whereas	no	impairment	in	motor	
coordination	was	observed.24	To	obtain	a	detectable	level	
of	anticonvulsive	efficacy,	we	propose	it	 is	necessary	to	
reduce	 brain	 24S-	hydroxycholesterol	 by	 approximately	
60%.	 This	 condition	 yielded	 40%	 reduction	 in	 seizure	
severity	 in	 the	 PTZ-	kindling	 model	 (Figure	 4C,D).	 It	
should	be	noted	that	this	is	a	clinically	achievable	level	
of	 CH24H	 inhibition	 based	 on	 clinical	 data.25,26	 The	
data	 shown	 in	 this	 study	serve	as	a	bridge	 linking	effi-
cacy	data	in	animal	models	to	the	dose	setting	in	clini-
cal	trials.	Despite	the	growing	list	of	ASMs,	a	substantial	
population	 of	 patients	 do	 not	 always	 achieve	 satisfac-
tory	seizure	control,	highlighting	the	need	for	discovery	
work	on	treatments	with	novel	mechanisms	of	action.47	
This	 unmet	 need	 is	 even	 more	 disparate	 in	 treatment-	
resistant	epilepsies	such	as	developmental	and	epileptic	
encephalopathy	(DEE).48	To	our	best	knowledge,	CH24H	
inhibition	has	never	been	 investigated	as	a	 therapeutic	
option	for	epilepsy.	With	its	novel	mechanism	of	action,	
soticlestat	could	constitute	a	new	and	novel	class	of	ASM	
for	the	treatment	of	DEE.

In	summary,	the	present	study	characterizes	the	anti-
convulsive	property	of	soticlestat	in	conventional	seizure	
models.	The	data	collectively	suggest	that	it	is	potentially	a	
novel	class	of	epilepsy	drug.	We	propose	that	the	therapeu-
tic	mechanism	of	soticlestat	is	a	modification	of	second-
ary	generalization	of	seizures	through	reduction	of	brain	
24S-	hydroxycholesterol.	Now	that	oxysterol	is	implicated	
in	a	number	of	biological	functions,	further	studies	both	
in	preclinical	and	clinical	settings	will	shed	more	light	on	
this	brain-	specific	mechanism	of	cholesterol	metabolism.
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