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1  |   INTRODUCTION

Even	though	at	present	more	than	40	antiseizure	medi-
cations	 (ASMs)	 are	 available	 to	 treat	 epilepsy,	 either	 as	
monotherapies	 or	 in	 drug	 combinations,	 around	 one	
third	 of	 the	 patients	 with	 epilepsy	 are	 unable	 to	 fully	
control	 seizures	 through	 pharmacotherapy.1,2	 Whereas	
several	hypotheses	have	been	formulated	to	explain	the	
drug-	resistant	 phenotype	 (some	 of	 which	 may	 show	 a	
considerable	degree	of	overlap),	they	have	not	been	gen-
erally	validated	at	the	clinical	level	and/or	translated	into	
therapeutic	interventions.1	It	is	now	commonly	accepted,	

though,	that	a	single	mechanism	is	unlikely	to	wholly	ex-
plain	the	drug	resistance	phenomenon,	which	is	possibly	
multifactorial	and	could	vary	from	patient	to	patient.1-	3

The	 disappointment	 at	 unfulfilled	 expectations	 on	
third-	generation	ASMs	has	led	to	reconsider	the	preclin-
ical	strategies	for	the	identification	of	potential	new	treat-
ments	against	epilepsy,4	which	are	progressively	shifting	
from	models	that	identify	symptomatic	therapies	to	other	
that	may	be	useful	to	screen	for	disease-	modifying	treat-
ments	 and	 medications	 that	 may	 be	 more	 effective	 in	
the	refractory	population.	This	has	clearly	crystallized	in	
modifications	to	the	traditional	Anticonvulsant	Screening	
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Abstract
Despite	 the	 ever-	increasing	 number	 of	 available	 options	 for	 the	 treatment	 of	
epilepsies	 and	 the	 remarkable	 advances	 on	 the	 understanding	 of	 their	 patho-
physiology,	 the	 proportion	 of	 refractory	 patients	 has	 remained	 approximately	
unmodified	during	the	last	100 years.	How	efficient	are	we	translating	positive	
outcomes	 from	basic	 research	 to	clinical	 trials	and/or	 the	clinical	 scenario?	 It	
is	possible	 that	 fresh	 thinking	and	exploration	of	new	paradigms	are	required	
to	arrive	at	 truly	novel	 therapeutic	 solutions,	as	 seemingly	proven	by	recently	
approved	first-	in-	class	antiseizure	medications	and	drug	candidates	undergoing	
late	clinical	trials.	Here,	the	author	discusses	some	approximations	in	line	with	
the	network	pharmacology	philosophy,	which	may	result	 in	highly	innovative	
(and,	 hopefully,	 safer	 and/or	 more	 efficacious)	 medications	 for	 the	 control	 of	
seizures,	as	embodied	with	some	recent	examples	in	the	field,	namely	tailored	
multi-	target	agents	and	low-	affinity	ligands.
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Program	 of	 the	 National	 Institute	 of	 Neurological	
Disorders	and	Stroke,	which	has	 recently	been	 renamed	
to	 Epilepsy	Therapy	 Screening	 Program,5	 expressing	 the	
philosophical	change	and	the	substantial	transformations	
made	 to	 the	 program.	 In	 the	 last	 decades,	 the	 scientific	
community	has	made	significant	efforts	to	move	beyond	
the	classical	models	of	acute	seizures	that	gave	us	most	of	
the	available	ASMs,	toward	animal	models	of	epilepsy	and,	
interestingly,	animal	models	that	express	a	drug-	resistant	
phenotype.	 For	 instance,	 amygdala	 kindling	 and	 post-	
status	epilepticus	models	of	temporal	lobe	epilepsy	allow	
selection	of	 responder	and	non-	responder	animals.4	The	
lamotrigine-	resistant	 amygdala	 kindling	 model	 uses	 re-
peated	administration	of	lamotrigine	during	the	kindling	
process	to	induce	a	resistance	to	lamotrigine	and	to	some	
other	 ASMs,	 such	 as	 carbamazepine.6,7	 Administration	
of	 increasing	doses	of	3-	mercaptopropionic	acid	 to	mice	
has	been	reported	 to	provide	a	drug-	resistant	phenotype	
linked	 to	 P-	glycoprotein	 upregulation.8	 The	 model	 has	
later	been	used	to	screen	for	drug	candidates	that	could	be	
used	to	prevent	the	development	of	resistance.9

2  |   TYPES OF INNOVATION 
WITHIN THE PHARMACEUTICAL 
SECTOR: A POSSIBLE 
CLASSIFICATION

Innovation	can	be	classified	in	very	different	manners	de-
pending	on	the	context	and	the	degree	of	novelty10-	12;	al-
location	to	a	given	class,	as	in	any	classification	exercise,	
could	 sometimes	 include	 a	 subjective	 component.	 Here,	
we	 will	 adopt	 a	 triadic	 categorization	 scheme,	 consider-
ing	 radical,	 semi- radical,	 and	 incremental	 innovation.	 It	
should	 be	 underlined	 that,	 in	 the	 drug	 discovery	 field,	
despite	the	different	degrees	of	novelty	associated	to	each	
type	of	innovation	(Figure 1),	all	of	them	can	provide	sig-
nificant	 advantages	 in	 terms	 of	 efficacy,	 safety,	 or	 con-
venience	(radical	innovations,	naturally,	are	supposed	to	
represent	breakthrough	advances).

Radical	 innovations	 reformulate	 the	 behavior	 and	
the	structure	of	the	market,	often	making	obsolete	ear-
lier	generation	products;	they	may	respond	to	an	unmet	
or	an	unrecognized	need.11	In	the	pharmaceutical	sec-
tor,	 a	 radically	 innovative	 therapeutic	 solution	 would	
address	 an	 orphan	 disease,	 or,	 alternatively,	 provide	 a	
substantial	 improvement	 in	 terms	 of	 efficacy,	 safety,	
cost-	efficiency,	 and/or	 ease	 of	 use	 in	 comparison	 with	
existing	medications	for	a	given	pathology.	We	could	in-
clude	in	this	category	novel	mechanistic	approaches	for	
the	treatment	of	a	certain	disease	(first- in- class drugs).	
It	could	be	hypothesized	that	radical	innovations	within	
the	 pharmaceutical	 sector	 arise from novel chemical 

matter exhibiting a novel (previously unseen) pharma-
cological profile within a given therapeutic category.	For	
instance,	sildenafil	 is	often	regarded	as	a	radical	 inno-
vation,	which	offered	the	first	efficacious	oral	treatment	
for	 erectile	 dysfunction:	 before	 sildenafil,	 this	 condi-
tion	 was	 (under)treated	 invasively	 with	 alprostadil.13	
Treatment	of	erectile	dysfunction	was	the	first	approved	
use	of	sildenafil	(though	not	the	first	use	investigated).	
Its	subsequent	approval	for	the	treatment	of	pulmonary	
arterial	 hypertension14	 can	 be	 regarded	 as	 much	 less	
innovative,	as	already	known	chemical	matter	was	ap-
proved	for	a	new	medical	use	for	which	other	treatment	
alternatives	 were	 available.	 What	 is	 more,	 sildenafil's	
mode	 of	 action	 as	 anti-	hypertensive	 does	 not	 substan-
tially	 differ	 from	 its	 mode	 of	 action	 for	 the	 treatment	
of	erectile	dysfunction	(corresponding	to	on target drug 
repositioning).	Note	that	the	first	indication	approval	of	
sildenafil	 corresponds	 to	 the	 upper	 right	 quadrant	 in	
Figure  1	 (highly	 innovative),	 while	 its	 second	 indica-
tion	approval	in	2005	would	correspond	to	the	lower	left	
quadrant	(less	innovative).	Other	common	examples	of	
breakthrough	 innovations	 are	 monoclonal	 antibodies	
and	selective	inhibitors	of	serotonin	re-	uptake.	In	gen-
eral	terms,	radical	innovations	represent	a	rather	small	
fraction	of	all	innovations10	and	are	even	less	prevalent	
in	the	pharmaceutical	sector.15

Semi-	radical	and	incremental	innovations	occur	much	
more	 frequently.	Possible	examples	of	 the	 former	would	
be	 chemically	 novel	 drugs	 with	 similar	 mechanisms	 to	
already	 known	 medications	 (which,	 for	 instance,	 may	
have	 improved	 pharmacokinetics,	 diminished	 incidence	
of	 drug-	drug	 interactions	 or	 enhanced	 selectivity).	 Also	
note	that	there	may	be	different	degrees	of	“chemical	nov-
elty.”	Some	new	drugs	have	similar	mode	of	action	than	
existing	ones	but	represent	a	completely	new	active	scaf-
fold,	whereas	others	(the	“me	too”	or	“follow-	on”	drugs)	
display	relatively	minor	modifications	on	a	known	active	
scaffold.	Repurposed	drugs	could	also	probably	fit	into	this	

Key points

•	 Systems	 pharmacology	 can	 provide	 more	 effi-
cacious	and	safer	treatments	for	epilepsy.

•	 Tailored	 multi-	target	 drugs	 could	 provide	 im-
proved	seizure	control	for	those	patients	where	
drug	resistance	is	associated	to	reduced	sensi-
tivity	of	the	target.

•	 Partial	agonists	and	low-	affinity	drugs	may	dis-
play	improved	tolerability	in	comparison	with	
full	agonists	and	high-	affinity	ligands.
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category:	 they	 imply	 innovative	 medical	 uses	 of	 known	
chemical	matter.

Prodrugs	might	be	good	examples	of	incremental	in-
novation,	 as	 the	 active	 pharmacological	 entity	 persists	
the	same	to	previously	known	medications,	but	it	is	de-
livered	into	systemic	circulation	and/or	the	action	site	in	
some	novel,	advantageous	manner	through	addition	of	a	
metabolically	 labile	 component.	 Other	 examples	 could	
be	the	conversion	from	add-	on	therapy	to	monotherapy	
and	expanded	approvals.	For	instance,	lacosamide	origi-
nally	received	approval	as	an	add-	on	therapy	for	partial-	
onset	seizures	in	adults	(in	2008),	 it	was	next	approved	
as	monotherapy	 for	adults	 (2014),	and	as	monotherapy	
or	adjunctive	therapy	in	patients	aged	4 years	and	older	
with	 focal	 onset	 seizures	 (2017).	 More	 recently,	 it	 was	
approved	to	treat	generalized	tonic-	clonic	seizures.	Note	
that	 neither	 semi-	radical	 nor	 incremental	 innovations	
replace,	 in	 general,	 previous	 therapeutic	 options,	 but	
instead	 offer	 an	 improved	 therapeutic	 profile	 and	 may	
result	in	market	competition	or	displacement	of	existing	
products.

So,	 are	 antiseizure	 medications	 approved	 in	 the	 last	
10  years	 and	 candidates	 for	 the	 treatment	 of	 epilepsy	
currently	 undergoing	 clinical	 trials	 examples	 of	 radical	
or	 semi-	radical	 innovation?	 A	 bit	 of	 each,	 actually	 (see	
Table 1	for	more	details).	Whereas	third-	generation	ASMs	
have	 to	 some	extent	displaced	drugs	 from	the	preceding	
generation,	these	are	far	from	obsolete.	For	instance,	first-	
generation	 ASM	 ethosuximide	 is	 the	 drug	 of	 choice	 for	

epilepsy	patients	with	non-	motor	(absence)	seizures	as	the	
only	seizure	type,	and	second-	generation	ASM	valproate	
remains	the	most	effective	one	for	idiopathic	generalized	
epilepsy	with	generalized	tonic-	clonic	seizures.16

Among	recently	approved	ASMs,	retigabine	and	peram-
panel	could	be	regarded	as	radical	innovations,	as	they	are	
first-	in-	class	 drugs	 with	 novel	 mechanism(s)	 for	 the	 treat-
ment	 of	 seizures.16-	18	 Unfortunately,	 retigabine	 has	 been	
withdrawn	 due	 to	 bluish	 pigmentation	 in	 the	 nails,	 skin,	
and	retina	associated	to	long-	term	use.	On	the	other	hand,	
perampanel	is	associated	to	psychiatric	and	behavioral	dis-
orders,	as	indicated	in	its	black	box	warning	in	the	United	
States.	Cannabidiol	may	also	fall	into	the	category	of	radi-
cal	innovations,	as	its	mechanism(s)	of	action	as	ASM	has	
not	 been	 fully	 elucidated.	 Also	 2-	deoxyglucose,	 an	 anti-
seizure	medication	 that	 reached	clinical	 trials	and	acts	by	
glycolytic	inhibition:	its	broad	antiseizure	effects	involve	de-
creased	glycolytic	flux	and	reduced	cell	energy	production.19	
Cenobamate,	in	contrast,	can	be	possibly	regarded	as	a	semi-	
radical	innovation:	while	based	on	previously	known	modes	
of	action	(positive	allosteric	modulation	of	GABAergic	 in-
hibition	 plus	 block	 of	 persistent	 sodium	 currents	 and	 en-
hancement	of	the	inactivated	state	of	voltage	gated	sodium	
channels),	 it	 is	a	dual	action	that	combines	 these	comple-
mentary	mechanisms	uniquely.18	Also,	possibly,	everolimus:	
it	has	been	approved	as	immunosuppressant	since	2003,	but	
was	only	recently	repositioned	for	the	treatment	of	refrac-
tory	seizures	associated	with	tuberous	sclerosis	complex20;	
in	 other	 words,	 the	 already	 known	 mechanism	 (mTOR	

F I G U R E   1   In	the	drug	discovery	field,	different	degrees	of	innovation	can	be	envisioned	based	on	the	degree	of	chemical	and/or	
pharmacological	novelty,	with	radical	innovations	typically	belonging	to	first-	in-	class	medications.	It	must	be	underlined	that	beyond	the	
drug	discovery	field,	innovations	in	the	pharmaceutical	sector	can	also	occur	at	the	levels	of	drug	delivery	devices	(for	instance,	an	oral	
delivery	system	for	insulins	would,	with	no	doubt,	revolutionize	the	treatment	of	type-	1	diabetes)	or	at	the	level	of	process	innovation,	which	
are	out	the	scope	of	the	present	article
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T A B L E   1   Degree	of	innovation	represented	by	antiseizure	medications	approved	in	the	last	10 years

Drug
Degree of 
innovation Comment

Eslicarbazepine	
acetate

Incremental	/	
semi-	radical

Eslicarbazepine	acetate	was	first	approved	as	adjunctive	therapy	against	partial-	onset	seizures,	
followed	by	a	monotherapy	indication	after	successful	completion	of	monotherapy	conversion	
trials16,56;	this	is	a	third-	generation	relative	of	carbamazepine	and	oxcarbazepine	that	is	less	
prone	to	drug	interactions	and	better	tolerated.	It	acts	as	a	prodrug	that	is	rapidly	convert	
to	eslicarbazepine	by	the	first	pass	hepatic	effect.	Moreover,	it	is	available	in	a	convenient	
once-	daily	regimen.	As	carbamazepine,	it	acts	by	blocking	voltage-	operated	sodium	channels	
stabilizing	the	inactive	state.	Eslicarbazepine	does	not	alter	fast	inactivation	of	the	voltage-	
gated	sodium	channel	(carbamazepine	and	oxcarbazepine	do)	but	seemingly	reduces	the	
channel	availability	through	enhancement	of	slow	inactivation.57	All	in	all,	this	drug	has	
provided	rather	slight	chemical	and	mechanistic	novelty.

Retigabine Radical Whereas	retigabine	was	a	first-	in-	class
ASM	with	a	novel	mechanism	of	action	as	a	potassium	channel	opener,	its	use	decreased	when	

it	was	associated	to	bluish	pigmentation	in	the	skin,	nails,	and	retina,	which	eventually	led	to	
its	withdrawal	from	the	market	in	2017.57	Interestingly,	XEN1101	is	a	novel	positive	allosteric	
modulator	of	KCNQ2/3	which	is	currently	undergoing	phase	2	clinical	trials.	It	has	improved	
selectivity	and	is	free	of	the	structural	requirements	needed	for	the	formation	of	chromophoric	
phenaziniumtype	dimers	that	have	been	implicated	in	the	pigmentary	abnormalities	observed	
with	long-	term	retigabine	exposure.58	Furthermore,	its	pharmacokinetics	are	compatible	with	
once	daily	dosing.59

Perampanel Radical Perampanel	is	a	selective	and	non-	competitive	antagonist	for	post-	synaptic	α-	amino-	3-	hydroxy-	5-	
methyl-	4-	isoxazole-	propionate	(AMPA)	glutamate	receptor.60	It	is	indicated	for	the	treatment	
of	partial	seizures,	and	as	adjunctive	treatment	for	generalized	tonic-	clonic	seizures.	However,	
psychiatric	and	behavioral	adverse	events	seem	to	be	more	common	with	perampanel	than	
with	other	ASMs,	especially	in	refractory	patients.

Brivaracetam Semi-	radical Brivaracetam	shares	active	scaffold	with	the	first-	in-	class	ASM	levetiracetam;	however,	it	was	
designed	to	display	higher	selectivity	and	about	20	times	higher	affinity	to	Synaptic	Vesicle	
Glycoprotein	2A	(SV2A)	than	its	predecessor.16,31	It	also	possesses	better	permeability	through	
the	blood-	brain	barrier.	It	is	approved	for	the	treatment	of	partial-	onset	seizures.	All	in	all,	it	
may	be	said	that	it	has	limited	chemical	novelty	and	limited	mode	of	action	novelty.

Everolimus Incremental	/	
Semi-	radical

In	2018,	oral	everolimus	was	approved	for	the	adjunctive	treatment	of	adult	and	pediatric	patients	
above	2 years	with	tuberous	sclerosis	complex	(TSC)-	associated	partial-	onset	seizures.20,61	
Since	it	has	also	been	shown	to	improve	other	TSC	manifestations	such	as	subependymal	giant	
cell	astrocytomas	and	renal	angiomyolipomas.	This	represents	an	on-	target	drug	repurposing	
example,	as	the	indication	of	a	known	drug	has	been	expanded	based	on	its	previously	known	
mechanism	(mTOR	inhibition).	While	we	might	say,	thus,	that	the	approval	represents	
no	chemical	or	mechanistic	novelty,	it	is	worth	highlighting	that	everolimus	addresses	the	
underlying	pathophysiology	of	tuberous	sclerosis	complex,	which	is	not	the	general	case	for	
ASMs.

Cannabidiol Radical? Highly	purified	cannabidiol	has	been	approved	for	the	treatment	of	seizure	associated	to	Dravet	
and	Lennox-	Gastaut	syndromes,	and	its	being	evaluated	as	treatment	for	other	difficult-	to-	
treat	epileptic	syndromes	such	as	tuberous	sclerosis	complex	and	infantile	spasms.17	Its	exact	
mechanism	of	action	is	not	still	known,	though	a	complex	pharmacology	is	suspected.62	
Cannabidivarin,	the	propyl	analog	of	cannabidiol,	is	another	candidate	in	the	pipeline.17

Fenfluramine Semi-	radical Fenfluramine	was	introduced	in	Europe	in	the	1960s	as	an	appetite	suppressant	but	was	later	
withdrawn	due	to	reports	of	heart	valve	disease	and	continued	findings	of	pulmonary	
hypertension.	Recently,	though,	it	has	been	approved	as	treatment	of	Dravet	syndrome.18	It	
acts	primarily	as	a	serotonin-	releasing	agent.	In	addition,	it	has	been	shown	to	non-	selectively	
bind	to	sigma-	1	receptor.63	While	we	cannot	speak	of	chemical	novelty	(since	this	is	an	
example	of	drug	rescue),	these	mechanisms	are	indeed	a	novelty	within	the	field	of	epilepsy.

Cenobamate Semi-	radical	/	
Radical

Cenobamate	is	a	novel	multi-	target	drug	whose	mode	of	action	combines	potentiation	of	
GABAergic	transmission	plus	voltage-	gated	sodium	channels	blockade.18	This	combined	
mechanism	adds	to	its	chemical	novelty.	It	has	been	approved	for	the	treatment	of	partial-	
onset	seizures	in	adults.
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inhibition)	of	a	known	chemical	substance	has	been	inno-
vatively	repurposed	for	the	treatment	of	a	very	specific	type	
of	seizure.

3  |   THE ADVENT OF TAILORED 
MULTI- TARGET AGENTS FOR 
THE TREATMENT OF COMPLEX 
DISORDERS

Before	 the	 emergence	 of	 target-	driven	 “rational”	 drug	
discovery	in	the	late	20th	Century,	new	lead	compounds	
with	therapeutic	potential	emerged	ether	from	serendipi-
tous	 observations,	 traditional	 medicine,	 or	 phenotypic	
screening	 in	 cellular	 or	 animal	 models	 of	 disease21.	 The	
target-	focused	 drug	 discovery	 paradigm	 proposes	 that	
safer	 medications	 may	 be	 developed	 if	 exquisitely	 selec-
tive,	 “clean”	 drugs	 (devoid	 of	 off-	target	 events)	 are	 pur-
sued.	In	practice,	this	implies	the	early	selection	of	drug	
candidates	based	on	in	vitro	screening	to	assess	their	bind-
ing	to	predefined	molecular	targets;	the	resulting	hits	are	
only	 then	 confronted	 with	 phenotypic	 screening	 in	 cel-
lular	 and	 animal	 models.	 The	 target-	focused	 philosophy	
is	 also	 the	 basis	 of	 classic	 computer-	aided	 drug	 design	
approximations.

However,	 it	 has	 been	 increasingly	 realized	 that	 com-
plex	disorders	represent	robust	states	that	are	unlikely	to	
be	reverted	with	single-	target	therapeutics	but	rather	with	
polytherapy	 or	 through	 multi-	target	 agents	 (as	 Kitano	
has	 neatly	 expressed,	 “complexity has to be controlled by 
complexity”).22,23	This	strategy	has	been	actively	applied	in	
some	branches	of	neurology	(in	particular,	in	the	field	of	
neurodegenerative	 conditions24).	 In	 the	 field	 of	 epilepsy	
Bianchi	et	al	have	indicated	that	“the complexity of neural 
processes underlying seizure activity may be more amena-
ble to multiple small perturbations than a single dominant 
mechanism”25	 (note	 the	 notion	 of	 small	 perturbations,	
which	will	be	further	addressed	in	the	next	section	of	this	
article).

As	 a	 matter	 of	 fact,	 some	 authors	 have	 underlined	
that	old	drugs	for	CNS	conditions	which	were	discovered	
through	 phenotypic	 models	 are	 in	 general	 unintended	
multi-	target	 drugs	 with	 complex	 pharmacology.21,25	This	
network pharmacology	paradigm26	has	manifested	 in	 the	
renewed	interest	in	phenotypic	screening27,28	and,	partic-
ularly,	 in	 the	 quest	 for	 tailored	 multi-	target	 therapeutic	
agents	 that	 somehow	 encompass	 both	 the	 reductionist,	
target-	oriented	approximations,	and	the	systems	pharma-
cology	perspective.29	In	the	field	of	epilepsy,	multi-		target	
drugs	might	not	only	be	intrinsically	more	efficacious	but	
also	more	likely	to	provide	symptomatic	control	in	those	
patients	that	present	a	less	sensitive	variant	of	a	given	drug	
target.	In	other	words,	if	the	target	combination	addressed	

by	the	multi-	target	agent	(or,	occasionally,	by	a	drug	com-
bination)	is	adequately	chosen,	this	multiple	intervention	
is	expected	to	provide	better	pharmacological	response	in	
those	refractory	patients	whose	resistance	is	explained	by	
the	target	hypothesis.	The	underlying	premise	is	intuitive:	
it	 is	unlikely	for	an	individual	to	simultaneously	express	
two	less	sensitive	intrinsic	or	acquired	variants	of	the	pur-
sued	molecular	targets.30

Levetiracetam	could	be	an	interesting	example	of	 the	
potential	 of	 low-	affinity	 multi-	target	 drugs,	 in	 line	 with	
the	 above-	mentioned	 premise	 by	 Bianchi	 and	 cowork-
ers.	This	drug	not	only	displays	a	rather	high	Ki	of	about	
1.6 µmol/L	against	SV2A31	but	also	inhibits	neuronal	high	
voltage-	gated	 calcium	 at	 clinically	 relevant	 concentra-
tions,	an	effect	that	seems	to	arise	from	selective	binding	
to	 N-	type	 calcium	 channel.32-	34	 Notably,	 levetiracetam	
elicits	a	protective	effect	in	the	6 Hz	model,	and	in	drug-	
resistant	 amygdala	 kindled	 rats,4,35	 two	 animal	 models	
that	have	been	included	as	primary	and	secondary	screen-
ing	tools	in	the	Epilepsy	Therapy	Screening	Program.	Also	
remarkably,	 this	 drug	 has	 consistently	 proven	 to	 reduce	
focal	 onset	 seizure	 frequency	 when	 used	 as	 adjunctive	
treatment	for	adults	and	children	with	drug-	resistant	focal	
epilepsy.36	The	molecularly	 similar	analog	brivaracetam,	
in	contrast,	displays	considerably	more	affinity	and	selec-
tivity	for	SV2A	and	a	broader	spectrum	in	preclinical	mod-
els	of	seizure.31	In	a	way,	the	comparison	of	efficacy	and	
tolerability	of	both	medications	could	provide	important	
clues	on	the	benefits	of	the	system-	focused	vs	the	target-	
focused	 approximations.	 Preliminary	 evidence	 in	 that	
respect	arising	 from	small-	scale	 studies	or	 indirect	com-
parisons	seems	to	be	conflictive	and	still	inconclusive.37-	40

Another	exponent	of	multi-	target	drug	is	the	recently	
approved	 cenobamate	 (see	 Table  1),	 and	 padsevonil,	 a	
dual-	acting	drug	candidate	specifically	designed	to	inter-
act	 with	 pre-		 and	 post-	synaptic	 targets:	 respectively,	 the	
three	isoforms	of	synaptic	vesicle	protein	2	(SV2A,	SV2B	
and	 SV2C1)	 and	 the	 benzodiazepine	 recognition	 site	 on	
the	 GABAA	 receptor,	 where	 it	 acts	 as	 a	 partial,	 low-	to-	
moderate-	affinity	agonist.17

Proof-	of-	concept	 of	 the	 validity	 of	 the	 network	 phar-
macology	perspective	has	recently	been	provided	through	
the	use	of	adequately	chosen	ASM	combinations.41

The	reach	of	precision	medicine	has	lately	been	ampli-
fied	by	 the	opportunity	 to	assess	a	person's	genome	and	
transcriptome	using	DNA	microarrays	and	next-	generation	
sequencing.	 For	 instance,	 a	 recent	 transcriptomic	 analy-
sis	 on	 cortical	 tissue	 samples	 from	 86	 patients	 with	 me-
sial	 temporal	 lobe	 epilepsy	 with	 hippocampal	 sclerosis	
served	to	identify	epilepsy-	relevant	gene	networks	impli-
cating	 neuronal	 and	 glial	 mechanisms,	 mesial	 temporal	
lobe	epilepsy	+hippocampal	sclerosis-	associated	splicing	
changes	 in	 ion	channel	and	non-	ion	channel	genes,	and	
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different	 genetic	 loci	 that	 affect	 the	 expression	 of	 genes	
and/or	 transcripts	 that	 have	 been	 involved	 in	 epilepsy.42	
Dysregulated	genes	included	not	only	genes	usually	asso-
ciated	with	epilepsy,	such	as	those	codifying	for	subunits	
of	voltage-	operated	sodium	channels,	but	also	genes	im-
plicated	in	immune	response	and	vascular	development,	
which	may	involve	opportunities	for	innovative	therapeu-
tic	 interventions.	Noteworthy,	 the	network	of	genes	and	
gene	 products	 impacting	 on	 a	 disease	 state	 and/or	 drug	
sensitivity	is	not	static	but	may	change	over	time	with	the	
progression	of	the	disease,	that	is,	it	has	a	highly	dynamic	
nature.	 For	 instance,	Winden	 et	 al	 performed	 a	 systems	
level,	 functional	genomic	analysis	 in	the	intrahippocam-
pal	kainite	model	of	temporal	lobe	epilepsy	and	observed	
that	Sv2a,	the	main	molecular	target	of	levetiracetam	and	
brivaracetam,	has	a	much	higher	connectivity	in	the	epi-
leptic	network	than	in	the	non-	epileptic	modules,	suggest-
ing	that	it	gains	a	more	relevant	role	in	synaptic	function	
in	epilepsy	than	under	normal	conditions.43	A	corollary	of	
the	preceding	discussion	is	that	a	(single	point)	transcrip-
tomic	analysis	inadequately	reflects	a	transient,	dynamic	
state;	therefore,	a	therapeutic	intervention	informed	by	it	
will	not	necessarily	work	permanently,	but	might	require	
adjustments	 upon	 the	 clinical	 evolution	 of	 the	 patient.	
In	the	case	of	epilepsy,	the	possibility	of	sampling	tissue	
at	multiple	 times	 is	complicated	by	the	 intrinsic	risks	of	
brain	biopsies.	Intuitively,	multi-	target	agents	or	polyther-
apy	could	provide	more	robust	control	of	seizures,	as	the	
patient	will	be	protected	 from	the	 loss	of	sensitivity	 to	a	
given	drug	at	the	drug	target	level.

4  |   WHEN LESS IS MORE: THE 
POTENTIAL OF LOW- AFFINITY 
LIGANDS AND PARTIAL AGONISTS

Under	 the	 dominant	 paradigm	 in	 the	 pharmaceutical	
industry,	 drug	 discovery	 campaigns	 initiate	 with	 a	 hit	
identification	stage,	where	novel	active	scaffolds	with	the	
desired	activity	(typically	with	a	potency	of	100 nmol/L-
	5  µmol/L	 at	 the	 drug	 target44)	 are	 sought.	 A	 chemistry	
program	is	then	initiated	to	improve	the	potency	and	se-
lectivity	of	these	hit	molecules.	In	general,	after	the	hit-	to-	
lead	stage,	the	potency	of	the	lead	compound(s)	lies	in	the	
low	nM,	or	even	sub-	nM,	range.	This	may	be	synthesized	
under	the	moto	“the most potent, the better.”

However,	 from	 a	 network	 pharmacology	 perspective,	
hitting	hard	on	key	nodes	(eg,	hubs)	in	biochemical	net-
works	might	not	be	the	best	strategy	from	a	safety/toler-
ability	 perspective,	 especially	 if	 sensitive	 organs	 like	 the	
brain	are	being	targeted.	Partial	weaking	of	a	small	num-
ber	of	carefully	selected	targets	could	be	a	more	adequate	
approximation	 to	 safely	 restore	 physiological	 systems	 to	

well-	functioning45-	47].	 In	the	field	of	drug	discovery,	 this	
may	be	accomplished	using	low-	affinity	ligands	and	partial	
agonists	(the	latter	produce	submaximal	tissue	responses	
at	any	degree	of	receptor	occupancy).	The	safety	aspect	of	
medications	is	not	trivial	in	relation	to	refractory	epilepsy,	
as	 the	 current	 consensus	 definition	 of	 the	 International	
League	Against	Epilepsy	specifies	that	refractory	epilepsy	
should	 be	 diagnosed	 when	 adequate	 trials	 of	 two	 well- 
tolerated	 and	 appropriately	 chosen	 ASM	 schedules	 have	
failed	 to	 achieve	 sustained	 seizure	 freedom.48	 Note	 that	
the	definition	does	not	comprise	therapeutic	interventions	
that	could	be	efficacious	but	have	been	disregarded	due	to	
poor	tolerability.	Therefore,	the	development	of	new	drugs	
to	address	the	challenge	of	refractory	epilepsy	should	not	
only	 focus	 on	 more	 efficacious	 medications	 but	 also	 in	
safer	ones.

There	 are	 already	 some	 examples	 of	 successful	 low-	
affinity,	 multi-	target	 ligands	 in	 the	 field	 of	 neurology.	
Memantine,	for	instance,	is	a	low-	affinity	drug	prescribed	
for	 the	treatment	of	moderate-	to-	severe	Alzheimer's	dis-
ease	 and	 other	 types	 of	 dementia.49,50	 Unlike	 the	 high-	
affinity	 inhibitor	 of	 N-	methyl-	D-	aspartate	 receptors	
(NMDARs)	dizocilpine	 (which	did	not	 reach	 the	market	
due	 to	 severe	 adverse	 events	 that	 included	 Olney's	 le-
sions),	 memantine	 displays	 low-	affinity	 binding	 (in	 the	
submicromolar	 range	 )	 to	 NMDARs,	 almost	 no	 selectiv-
ity	 across	 NMDARs	 subtypes	 and	 antagonism	 on	 other	
receptors,	 including	 serotonin,	 nicotinic,	 and	 dopamine	
receptors.

There	 are	 also	 relevant	 examples	 of	 the	 use	 of	 low-	
affinity	 ligands	 in	 the	 field	 of	 epilepsy.	 Imepitoin	 is	 a	
broad-	spectrum	 ASM	 initially	 investigated	 for	 the	 treat-
ment	 of	 human	 epilepsy,	 but	 later	 approved	 for	 the	
treatment	 of	 canine	 epilepsy	 owing	 to	 pharmacokinetic	
issues	 in	humans.51,52	This	drug	was	 identified	though	a	
pharmacophore-	based	 approximation	 and	 acts	 as	 a	 low-	
affinity	partial	agonist	of	the	benzodiazepine	binding	site	
of	 the	GABAA	receptor,	 eliciting	up	 to	about	20%	of	 the	
maximal	potentiation	obtained	with	diazepam,	a	full	ag-
onist	of	such	site	(the	Ki	of	imepitoin	lies	in	the	low	µM	
range,	in	comparison	with	Ki = 6.8 nmol/L	for	diazepam	
or	Ki = 1.7 nmol/L	for	clonazepam).	The	low-	affinity	and	
partial	agonist	nature	of	imepitoin	correlates	with	much	
better	 tolerability,	 reduced	 tolerance,	and	absence	of	 the	
abuse	 liability	 characteristic	 of	 other	 full	 and	 potent	 ag-
onists,	 such	 as	 benzodiazepines	 or	 barbiturates.	 The	 al-
ready	mentioned	padsenovil	is	another	example	of	partial	
agonist	 with	 rather	 low	 affinity	 for	 the	 benzodiazepine	
site.

Although	 out	 of	 the	 scope	 of	 this	 article,	 inverse	 ag-
onists	 (ligands	 which	 preferentially	 bind	 and	 stabilize	
receptors	 in	 the	 inactive	 state,	 resulting	 in	 a	 reduction	
in	 spontaneous	 receptor	 activity	 in	 those	 receptors	 with	
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constitutive	 activity)	 have	 raised	 considerable	 interest	
within	 the	 community	 of	 epileptologists.	 For	 example,	
pitolisant,	 a	 histamine	 H3	 receptor	 inverse	 agonist,	 has	
been	subjected	into	clinical	Phase	3	for	 the	treatment	of	
epilepsy.53,54	Recently,	it	was	reported	that	cannabidiol	it-
self,	at	high	concentrations,	acts	as	an	inverse	agonist	of	
5-	HT1A	receptors.55

5  |   CONCLUSIONS

Whereas	around	20	third-	generation	ASMs	have	been	ap-
proved	in	the	last	decades,	they	have	not	contributed	to	a	
significant	reduction	in	the	number	of	refractory	patients.	
Unfortunately,	some	of	these	treatments	have	found	rather	
limited	application	(or	have	even	been	withdrawn,	as	in	the	
case	of	retigabine)	due	to	unfavorable	safety	profiles,	despite	
exhibiting	innovative	modes	of	action	(other	examples	that	
have	found	limited	application	might	be	tiagabine	and	vi-
gabatrin).16	Although	drug-	resistant	epilepsy	is	commonly	
perceived	as	a	“lack	of	efficacy”	problem,	it	should	also	be	
considered	in	terms	of	the	safety	of	the	novel	therapeutic	
options	that	make	it	to	the	market.	The	current	definition	
of	 refractory	epilepsy	only	regards	as	 refractory	 those	pa-
tients	who	fail	to	achieve	seizure	remission	after	trial	of	two	
adequately	and	well- tolerated	drug	regimens.	Nevertheless,	
potentially	 efficacious	 treatments	 for	 epilepsy	 might	 be	
avoided	prospectively	or	interrupted	due	to	safety	issues	/	
lack	of	tolerability.	Therefore,	the	quest	for	novel	medica-
tions	should	emphasize	not	only	the	efficacy	but	also	the	
safety	profile	of	the	intended	drug	candidates.

Here,	we	have	provided	a	brief,	subjective	comment	on	
the	 innovation	degree	of	recently	approved	ASMs	and	it	
was	discussed	the	benefits	that	a	paradigm	shift	toward	a	
system	pharmacology	perspective	could	 represent	 in	 the	
field.	 Fortunately,	 many	 of	 the	 recently	 approved	 medi-
cations	and	some	of	the	drug	candidates	undergoing	ad-
vanced	development	stages	are	clear	examples	of	radical	
innovations	 (first-	in-	class	 medications	 embodying	 both	
chemical	 and	 pharmacological	 novelty).	 Some	 of	 these	
medications	are	in	good	agreement	with	a	network	phar-
macology	 perspective	 (representing	 tailored	 multi-	target	
drugs	 and/or	 partial	 /	 low-	affinity	 agonists).	 This	 adds	
to	 the	 complementary	 investigation	 of	 other	 modern	
paradigms	 out	 of	 the	 scope	 of	 this	 article	 such	 as	 drugs	
with	subtype	selectivity	toward	ASM	molecular	targets	or	
drugs	addressing	the	underlying	etiology	of	epilepsy	(eg,	
neuroinflammation).

Hopefully,	these	novel	approximations	in	the	field	will	
achieve	 the	 long-	pursued	 goal	 of	 significantly	 reducing	
the	frequency	of	refractory	patients	with	epilepsy.

ACKNOWLEDGMENT
The	author	thanks	CONICET,	ANCPyT	(PICT	2019-	1075),	
and	Incentivos	UNLP	(X878).

CONFLICT OF INTEREST
The	author	has	no	conflict	of	interest	to	declare.

ETHICAL STATEMENT
I	confirm	that	I	have	read	the	Journal's	position	on	issues	
involved	in	ethical	publication	and	affirm	that	this	report	
is	consistent	with	those	guidelines.

ORCID
Alan Talevi  	https://orcid.org/0000-0003-3178-826X	

REFERENCES
	 1.	 Löscher	W,	Potschka	H,	Sisodiya	SM,	Vezzani	A.	Drug	resistance	

in	epilepsy:	Clinical	impact,	potential	mechanisms,	and	new	in-
novative	treatment	options.	Pharmacol	Rev.	2020;72:606–	38.

	 2.	 Lerche	H.	Drug-	resistant	epilepsy	-		time	to	target	mechanisms.	
Nat	Rev	Neurol.	2020;16:595–	6.

	 3.	 Schmidt	D,	Löscher	W.	New	developments	in	antiepileptic	drug	
resistance:	an	integrative	view.	Epilepsy	Curr.	2009;9:47–	52.

	 4.	 Löscher	W.	Critical	review	of	current	animal	models	of	seizures	
and	epilepsy	used	in	the	discovery	and	development	of	new	an-
tiepileptic	drugs.	Seizure.	2011;20:359–	68.

	 5.	 Wilcox	KS,	West	PJ,	Metcalf	CS.	The	current	approach	of	 the	
Epilepsy	Therapy	Screening	Program	contract	site	for	identify-
ing	improved	therapies	for	the	treatment	of	pharmacoresistant	
seizures	in	epilepsy.	Neuropharmacology.	2020;166:107811.

	 6.	 Srivastava	 AK,	 White	 HS.	 Carbamazepine,	 but	 not	 valproate,	
displays	pharmacoresistance	in	lamotrigine-	resistant	amygdala	
kindled	rats.	Epilepsy	Res.	2013;104:26–	34.

	 7.	 Srivastava	AK,	Alex	AB,	Wilcox	KS,	White	HS.	Rapid	loss	of	ef-
ficacy	to	the	antiseizure	drugs	lamotrigine	and	carbamazepine:	
a	 novel	 experimental	 model	 of	 pharmacoresistant	 epilepsy.	
Epilepsia.	2013;54:1186–	94.

	 8.	 Enrique	 A,	 Goicoechea	 S,	 Castaño	 R,	 Taborda	 F,	 Rocha	 L,	
Orozco	S,	et	al.	New	model	of	pharmacoresistant	 seizures	 in-
duced	 by	 3-	mercaptopropionic	 acid	 in	 mice.	 Epilepsy	 Res.	
2017;129:8–	16.

	 9.	 Enrique	AV,	Di	Ianni	ME,	Goicoechea	S,	Lazarowski	A,	Valle-	
Dorado	 MG,	 Costa	 JJL,	 et	 al.	 New	 anticonvulsant	 candidates	
prevent	P-	glycoprotein	(P-	gp)	overexpression	in	a	pharmacore-
sistant	seizure	model	in	mice.	Epilepsy	Behav.	2021;121:106451.

	10.	 García	R,	Calantone	R.	A	critical	look	at	technological	innova-
tion	 typology	and	 innovativeness	 terminology:	a	 literature	 re-
view.	The	J	Prod	Innov	Manage.	2002;19:110–	32.

	11.	 Godman	B,	Prata	WM,	Gomes	Silvestre	R,	Martin	A,	Zampirolli	
Días	C,	Días	EM,	et	al.	A	critical	look	at	innovation	profile	and	
its	 relationship	 with	 pharmaceutical	 industry.	 Int	 J	 Sci	 Res	
Manage.	2017;5:5934–	48.

	12.	 Sidin	PS,	Sham	JJ.	Innovation	in	realizing	quality	of	production	
in	Malaysia.	Asian	Soc	Sci.	2015;11:57–	67.

	13.	 Burnett	AL.	The	impact	of	sildenafil	on	molecular	science	and	
sexual	health.	Eur	Urol.	2004;46:9–	14.

https://orcid.org/0000-0003-3178-826X
https://orcid.org/0000-0003-3178-826X


8  |      ALAN

	14.	 Ghofrani	HA,	Osterloh	IH,	Grimminger	F.	Sildenafil:	from	an-
gina	to	erectile	dysfunction	to	pulmonary	hypertension	and	be-
yond.	Nat	Rev	Drug	Discov.	2006;5:689–	702.

	15.	 Editorial.	New	drugs,	new	 indications	 in	2015:	 little	progress,	
and	threats	to	access	to	quality	healthcare	for	all.	Rev	Prescrire.	
2015;2016(36):133–	7.

	16.	 Abou-	Khalil	 BW.	 Update	 on	 Antiepileptic	 Drugs	 2019.	
Continuum	(Minneap	Minn).	2019;25(2):508–	36.

	17.	 Bialer	 M,	 Johannessen	 SI,	 Koepp	 MJ,	 Levy	 RH,	 Perucca	 E,	
Tomson	T,	et	al.	Progress	report	on	new	antiepileptic	drugs:	A	
summary	of	 the	Fourteenth	Eilat	Conference	on	new	antiepi-
leptic	 drugs	 and	 devices	 (EILAT	 XIV).	 II.	 Drugs	 in	 more	 ad-
vanced	clinical	development.	Epilepsia.	2018;59:1842-	66.

	18.	 Bialer	 M,	 Johannessen	 SI,	 Koepp	 MJ,	 Levy	 RH,	 Perucca	
E,	 Perucca	 P,	 et	 al.	 Progress	 report	 on	 new	 antiepileptic	
drugs:	 A	 summary	 of	 the	 Fifteenth	 Eilat	 Conference	 on	 New	
Antiepileptic	Drugs	and	Devices	(EILAT	XV).	II.	Drugs	in	more	
advanced	clinical	development.	Epilepsia.	2020;61:2365-	85.

	19.	 Rho	 JM,	 Shao	 LR,	 Stafstrom	 CE.	 2-	Deoxyglucose	 and	 beta-	
hydroxybutyrate:	 Metabolic	 agents	 for	 seizure	 control.	 Front	
Cell	Neurosci.	2019;13:172.

	20.	 Overwater	 IE,	 Rietman	 AB,	 van	 Eeghen	 AM,	 de	 Wit	 MCY.	
Everolimus	 for	 the	 treatment	of	 refractory	seizures	associated	
with	 tuberous	 sclerosis	 complex	 (TSC):	 current	 perspectives.	
Ther	Clin	Risk	Manag.	2019;15:951–	5.

	21.	 Margineanu	DG.	Neuropharmacology	beyond	reductionism	-		A	
likely	prospect.	Biosystems.	2016;141:1–	9.

	22.	 Kitano	 H.	 A	 robustness-	based	 approach	 to	 systems-	oriented	
drug	design.	Nat	Rev	Drug	Discov.	2007;6:202–	10.

	23.	 Margineanu	DG.	Systems	biology	impact	on	antiepileptic	drug	
discovery.	Epilepsy	Res.	2012;98:104–	15.

	24.	 Talevi	A.	Computational	approaches	for	innovative	antiepilep-
tic	drug	discovery.	Expert	Opin	Drug	Discov.	2016;11:1001–	16.

	25.	 Bianchi	MT,	Pathmanathan	J,	Cash	SS.	From	ion	channels	 to	
complex	 networks:	 magic	 bullet	 versus	 magic	 shotgun	 ap-
proaches	to	anticonvulsant	pharmacotherapy.	Med	Hypotheses.	
2009;72:297–	305.

	26.	 Hopkins	 AL.	 Network	 pharmacology:	 the	 next	 paradigm	 in	
drug	discovery.	Nat	Chem	Biol.	2008;4:682–	90.

	27.	 Wagner	 BK.	 The	 resurgence	 of	 phenotypic	 screening	 in	
drug	 discovery	 and	 development.	 Expert	 Opin	 Drug	 Discov.	
2016;11:121–	5.

	28.	 Zheng	 W,	 Thorne	 N,	 McKew	 JC.	 Phenotypic	 screens	 as	 a	 re-
newed	 approach	 for	 drug	 discovery.	 Drug	 Discov	 Today.	
2013;18:1067–	73.

	29.	 Tailored	TA.	Tailored	multi-	target	agents.	Applications	and	de-
sign	considerations.	Curr	Pharm	Des.	2016;22(21):3164–	70.

	30.	 Talevi	 A,	 Bruno-	Blanch	 LE.	 On	 the	 development	 of	 new	 an-
tiepileptic	 drugs	 for	 the	 treatment	 of	 pharmacoresistant	 epi-
lepsy:	 Different	 approaches	 to	 different	 hypothesis.	 In:	 Rocha	
L,	Cavalheiro	E,	editors.	Pharmacoresistance	in	Epilepsy.	New	
York:	Springer;	2013.	p.	207–	24.

	31.	 Klitgaard	H,	Matagne	A,	Nicolas	JM,	Gillard	M,	Lamberty	Y,	De	
Ryck	M,	et	al.	Brivaracetam:	Rationale	 for	discovery	and	pre-
clinical	profile	of	a	selective	SV2A	ligand	for	epilepsy	treatment.	
Epilepsia.	2016;57:538–	48.

	32.	 Niespodziany	 I,	 Klitgaard	 H,	 Margineanu	 DG.	 Levetiracetam	
inhibits	the	high-	voltage-	activated	Ca(2+)	current	in	pyramidal	
neurons	of	rat	hippocampal	slices.	Neurosci	Lett.	2001;306:5–	8.

	33.	 Vogl	C,	Mochida	S,	Wolff	C,	Whalley	BJ,	Stephens	GJ.	The	syn-
aptic	vesicle	glycoprotein	2A	ligand	levetiracetam	inhibits	pre-
synaptic	Ca2	+	channels	through	an	intracellular	pathway.	Mol	
Pharmacol.	2012;82:199–	208.

	34.	 Lukyanetz	 EA,	 Shkryl	 VM,	 Kostyuk	 PG.	 Selective	 block-
ade	 of	 N-	type	 calcium	 channels	 by	 levetiracetam.	 Epilepsia.	
2002;43:9–	18.

	35.	 Löscher	 W.	 Animal	 models	 of	 drug-	refractory	 epilepsy.	 In:	
Pitkänen	A,	Schwartzkroin	PAMSL,	editors.	Models	of	Seizures	
and	Epilepsy.	Amsterdam:	Elsevier;	2006.	p.	551–	67.

	36.	 Mbizvo	 GK,	 Dixon	 P,	 Hutton	 JL,	 Marson	 AG.	 Levetiracetam	
add-	on	for	drug-	resistant	focal	epilepsy:	an	updated	Cochrane	
Review.	Cochrane	Database	Syst	Rev.	2012;2012:CD001901.

	37.	 Yates	SL,	Fakhoury	T,	Liang	W,	Eckhardt	K,	Borghs	S,	D'Souza	
J.	 An	 open-	label,	 prospective,	 exploratory	 study	 of	 patients	
with	 epilepsy	 switching	 from	 levetiracetam	 to	 brivaracetam.	
Epilepsy	Behav.	2015;52:165–	8.

	38.	 Hirsch	M,	Hintz	M,	Specht	A,	Schulze-	Bonhage	A.	Tolerability,	
efficacy	 and	 retention	 rate	 of	 Brivaracetam	 in	 patients	 previ-
ously	 treated	with	Levetiracetam:	A	monocenter	retrospective	
outcome	analysis.	Seizure.	2018;61:98–	103.

	39.	 Zhang	L,	Li	S,	Li	H,	Zou	X.	Levetiracetam	vs.	brivaracetam	for	
adults	with	refractory	focal	seizures:	A	meta-	analysis	and	indi-
rect	comparison.	Seizure.	2016;39:28–	33.

	40.	 Zhu	LN,	Chen	D,	Xu	D,	Tan	G,	Wang	HJ,	Liu	L.	Newer	antie-
pileptic	 drugs	 compared	 to	 levetiracetam	 as	 adjunctive	 treat-
ments	for	uncontrolled	focal	epilepsy:	An	indirect	comparison.	
Seizure.	2017;51:121–	32.

	41.	 Schidlitzki	A,	Bascuñana	P,	Srivastava	PK,	Welzel	L,	Twele	F,	
Töllner	 K,	 et	 al.	 Proof-	of-	concept	 that	 network	 pharmacology	
is	 effective	 to	 modify	 development	 of	 acquired	 temporal	 lobe	
epilepsy.	Neurobiol	Dis.	2020;134:104664.

	42.	 Guelfi	S,	Botia	JA,	Thom	M,	Ramasamy	A,	Perona	M,	Stanyer	
L,	 et	 al.	 Transcriptomic	 and	 genetic	 analyses	 reveal	 poten-
tial	 causal	 drivers	 for	 intractable	 partial	 epilepsy.	 Brain.	
2019;142:1616–	30.

	43.	 Winden	 KD,	 Karsten	 SL,	 Bragin	 A,	 Kudo	 LC,	 Gehman	 L,	
Ruidera	J,	et	al.	A	systems	level,	functional	genomics	analysis	
of	chronic	epilepsy.	PLoS	One.	2011;6:e20763.

	44.	 Hughes	 JP,	 Rees	 S,	 Kalindjian	 SB,	 Philpott	 KL.	 Principles	 of	
early	drug	discovery.	Br	J	Pharmacol.	2011;162:1239–	49.

	45.	 Agoston	V,	Csermely	P,	Pongor	S.	Multiple	weak	hits	confuse	
complex	systems:	a	transcriptional	regulatory	network	as	an	ex-
ample.	Phys	Rev	E	Stat	Nonlin	Soft	Matter	Phys.	2005;71:51909.

	46.	 Csermely	 P,	 Korcsmáros	 T,	 Kiss	 HJ,	 London	 G,	 Nussinov	 R.	
Structure	and	dynamics	of	molecular	networks:	a	novel	para-
digm	 of	 drug	 discovery:	 a	 comprehensive	 review.	 Pharmacol	
Ther.	2013;138:333–	408.

	47.	 Wang	J,	Guo	Z,	Fu	X,	Wu	Z,	Huang	C,	Zheng	C,	et	al.	Weak-	
binding	 molecules	 are	 not	 drugs?—	toward	 a	 systematic	 strat-
egy	for	finding	effective	weak-	binding	drugs.	Brief	Bioinform.	
2017;18:321–	32.

	48.	 Kwan	P,	Arzimanoglou	A,	Berg	AT,	Brodie	MJ,	Allen	Hauser	W,	
Mathern	G,	et	al.	Definition	of	drug	resistant	epilepsy:	consen-
sus	proposal	by	the	ad	hoc	Task	Force	of	the	ILAE	Commission	
on	Therapeutic	Strategies.	Epilepsia.	2010;51:1069–	77.

	49.	 Zheng	 H,	 Fridkin	 M,	 Youdim	 M.	 From	 single	 target	 to	
multitarget/network	 therapeutics	 in	 Alzheimer's	 therapy.	
Pharmaceuticals	(Basel).	2014;7:113–	35.



      |  9ALAN

	50.	 Lipton	SA.	Paradigm	shift	in	neuroprotection	by	NMDA	recep-
tor	 blockade:	 memantine	 and	 beyond.	 Nat	 Rev	 Drug	 Discov.	
2006;5:160–	70.

	51.	 Rundfeldt	C,	Löscher	W.	The	pharmacology	of	 imepitoin:	 the	
first	partial	benzodiazepine	receptor	agonist	developed	for	the	
treatment	of	epilepsy.	CNS	Drugs.	2014;28:29–	43.

	52.	 Löscher	W,	Hoffmann	K,	Twele	F,	Potschka	H,	Töllner	K.	The	
novel	antiepileptic	drug	imepitoin	compares	favourably	to	other	
GABA-	mimetic	drugs	in	a	seizure	threshold	model	in	mice	and	
dogs.	Pharmacol	Res.	2013;77:39–	46.

	53.	 Song	M,	Yan	R,	Zhang	Y,	Guo	D,	Zhou	N,	Deng	X.	Design,	syn-
thesis,	 and	 anticonvulsant	 effects	 evaluation	 of	 nonimidazole	
histamine	H3	receptor	antagonists/inverse	agonists	containing	
triazole	moiety.	J	Enzyme	Inhib	Med	Chem.	2020;35:1310–	21.

	54.	 Schwartz	JC.	The	histamine	H3	receptor:	from	discovery	to	clin-
ical	trials	with	pitolisant.	Br	J	Pharmacol.	2011;163:713–	21.

	55.	 Martínez-	Aguirre	 C,	 Carmona-	Cruz	 F,	Velasco	 AL,	Velasco	 F,	
Aguado-	Carrillo	G,	Cuéllar-	Herrera	M,	et	al.	Cannabidiol	Acts	at	
5-	HT1A	Receptors	in	the	Human	Brain:	Relevance	for	Treating	
Temporal	Lobe	Epilepsy.	Front	Behav	Neurosci.	2020;14:611278.

	56.	 Galiana	 GL,	 Gauthier	 AC,	 Mattson	 RH.	 Eslicarbazepine	
Acetate:	A	New	Improvement	on	a	Classic	Drug	Family	for	the	
Treatment	of	Partial-	Onset	Seizures.	Drugs	R	D.	2017;17:329–	39.

	57.	 Hebeisen	 S,	 Pires	 N,	 Loureiro	 AI,	 Bonifácio	 MJ,	 Palma	 N,	
Whyment	 A,	 et	 al.	 Eslicarbazepine	 and	 the	 enhancement	 of	
slow	 inactivation	 of	 voltage-	gated	 sodium	 channels:	 a	 com-
parison	 with	 carbamazepine,	 oxcarbazepine	 and	 lacosamide.	
Neuropharmacology.	2015;89:122–	35.

	58.	 Bialer	 M,	 Johannessen	 SI,	 Koepp	 MJ,	 Levy	 RH,	 Perucca	 E,	
Perucca	P,	et	al.	Progress	report	on	new	antiepileptic	drugs:	A	
summary	of	the	Fifteenth	Eilat	Conference	on	New	Antiepileptic	
Drugs	and	Devices	(EILAT	XV).	I.	Drugs	in	preclinical	and	early	
clinical	development.	Epilepsia.	2020;61:2340-	64.

	59.	 XEN1101.	 https://healt	hcare.utah.edu/clini	caltr	ials/trial.
php?id=FP000	17816	Last	assessed	in	May	2021

	60.	 Faulkner	MA.	Spotlight	on	perampanel	in	the	management	of	
seizures:	design,	development	and	an	update	on	place	in	ther-
apy.	Drug	Des	Devel	Ther.	2017;11:2921–	30.

	61.	 Lechuga	 L,	 Franz	 DN.	 Everolimus	 as	 adjunctive	 therapy	 for	
tuberous	 sclerosis	 complex-	associated	 partial-	onset	 seizures.	
Expert	Rev	Neurother.	2019;19:913–	25.

	62.	 Gray	RA,	Whalley	BJ.	The	proposed	mechanisms	of	action	of	
CBD	in	epilepsy.	Epileptic	Disord.	2020;22:10–	5.

	63.	 Martin	P,	de	Witte	PAM,	Maurice	T,	Gammaitoni	A,	Farfel	G,	
Galer	B.	Fenfluramine	acts	as	a	positive	modulator	of	sigma-	1	
receptors.	Epilepsy	Behav.	2020;105:106989.

How to cite this article:	Talevi	A.	Antiseizure	
medication	discovery:	Recent	and	future	paradigm	
shifts.	Epilepsia	Open.	2022;00:1–	9.	doi:10.1002/
epi4.12581

https://healthcare.utah.edu/clinicaltrials/trial.php?id=FP00017816
https://healthcare.utah.edu/clinicaltrials/trial.php?id=FP00017816
https://doi.org/10.1002/epi4.12581
https://doi.org/10.1002/epi4.12581

