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Abstract 

Epilepsy is a neurological disease characterized by excessive and abnormal hyper-synchrony of electrical discharges 
of the brain and a predisposition to generate epileptic seizures resulting in a broad spectrum of neurobiological 
insults, imposing psychological, cognitive, social and also economic burdens to the sufferer. Voltage-gated sodium 
channels (VGSCs) are essential for the generation and propagation of action potentials throughout the central nerv-
ous system. Dysfunction of these channels has been implicated in the pathogenesis of epilepsy. VGSC inhibitors have 
been demonstrated to act as anticonvulsants to suppress the abnormal neuronal firing underlying epileptic seizures, 
and are used for the management and treatment of both genetic-idiopathic and acquired epilepsies. We discuss 
the forms of idiopathic and acquired epilepsies caused by VGSC mutations and the therapeutic efficacy of VGSC 
blockers in idiopathic, acquired and pharmacoresistant forms of epilepsy in this review. We conclude that there 
is a need for better alternative therapies that can be used alone or in combination with VGSC inhibitors in the man-
agement of epilepsies. The current anti-seizure medications (ASMs) especially for pharmacoresistant epilepsies 
and some other types of epilepsy have not yielded expected therapeutic efficacy partly because they do not show 
subtype-selectivity in blocking sodium channels while also bringing side effects. Therefore, there is a need to develop 
novel drug cocktails with enhanced selectivity for specific VGSC isoforms, to achieve better treatment of pharmacore-
sistant epilepsies and other types of epileptic seizures.

Keywords Epilepsy, Voltage-gated sodium channels, Idiopathic epilepsy, Acquired epilepsy, Anti-seizure medications, 
Pharmacoresistant epilepsy

Background
Epilepsy is characterized by recurrent seizures due to 
aberrant excessive discharges of cortical neurons [1]. 
Epilepsy is a chronic brain disease that affects about 
70 million people all over the world [2–5]. Nearly 80% 
of individuals with epilepsy live in low-and middle-
income countries with limited resources and high pov-
erty rate (sub-Saharan Africa, Latin America, southeast 
Asia), where the rate of new cases is more than two-fold 
higher than that in developed countries [6]. Epilepsies 
are divided into two categories [1] genetic epilepsy with 
no known structural, gross neuroanatomic, or neuro-
pathologic abnormalities or predisposing factors but 
being primarily due to underlying genetic mutations [7], 
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and [2] symptomatic acquired epilepsy, which is associ-
ated with gross anatomic and pathologic abnormalities, 
resulting from structural or metabolic perturbations in 
the brain [8]. Seizures can have multifactorial mecha-
nisms, and they often appear so diverse that one would 
suspect that there is no common connotation. How-
ever, it is commonly believed that seizures arise when 
the homeostatic mechanisms are disrupted, causing an 
imbalance between excitation and inhibition. Normally, 
there are checkpoints that keep neurons from exces-
sive action potential (AP) discharging, and also mecha-
nisms that facilitate neuronal firing so that the nervous 
system can function normally. Homeostatic disruption 
of the checkpoints or promotion of the mechanisms 
that enhance excitation can lead to seizures. Currently, 
there is no cure for epilepsy. VGSC inhibitors and other 
anti-seizure medications (ASMs) are only aimed to sup-
press seizures. In addition, some VGSC inhibitors such 
as phenytoin, carbamazepine, and lamotrigine as well as 
other types of ASMs are contraindicated for some forms 
of genetic epilepsy that are caused by mutations in the α 
and β subunits of sodium channels. They do so by block-
ing sodium currents entering the neurons. Examples of 
such epilepsies include Dravet syndrome (also known 
as severe myoclonic epilepsy in infancy, SMEI), general-
ized (genetic) epilepsy with febrile seizures plus (GEFS +) 
and benign familial neonatal infantile seizures (BFNIS). 
Therefore, it is imperative to enhance recognition of the 
disease mechanisms, the molecular structure of sodium 
channel and physiological roles of VGSC subtypes, in 
order to develop new drugs that can modulate sodium 
currents and change the inactivation characteristics.

Physiological and molecular architecture of VGSCs
VGSCs are of great significance to the initiation of APs 
in neurons and other excitable cells [9], and their dys-
function causes epilepsy, inherited diseases of hyperex-
citability and related channelopathies. VGSCs function 
by transiently increasing the membrane permeability 
to sodium ions during membrane depolarization. At 
resting states these membranes are usually closed. The 
depolarization of the membrane induces a conforma-
tional change of the α subunit through movements of the 
voltage-sensing domains, prompting the opening of the 
sodium-selective channel pore. Voltage-gated sodium 
channels open very fast within 1–2 ms, which is required 
for repetitive AP firing in neural circuits and for control 
of excitability in nerve and muscle cells [10]. Within a few 
milliseconds, the channels rapidly shift to a nonconduct-
ing inactivated state, mediated by the triad isoleucine-
phenylalanine-methionine (IFM) motif of the α subunit 
[11]. Conversely, slow channel inactivation ensues as a 
result of long depolarization of nerve and muscle fibers 

mediated by inward trains of currents, with concomitant 
repetitive neuronal firing for a period of seconds due to 
the long-term changes in the resting membrane poten-
tial. Usually, VGSCs are highly dynamic transient chan-
nels that are inactivated and closed within milliseconds. 
However, under certain conditions, deficits or attenua-
tion of fast inactivation can greatly enhance the ampli-
tude of persistent sodium currents, resulting in bursts 
of APs as seen in paroxysmal epileptic seizures, pain and 
even cardiac arrhythmia.

Since the groundbreaking chemical characterization of 
VGSCs by Beneski and Catterall [12], efforts have been 
made to unravel structures and physiological roles of 
sodium channels. The mammalian VGSC is a compli-
cated composed of a large, pore-forming α subunit of 
260  kDa and one or two smaller β (auxiliary) subunits 
of 34–40  kDa. The ion-conducting pore, also known as 
the pore-forming domain, is contained within the α sub-
unit. The α subunit, as the dominant subunit of VGSC, 
is responsible for normal electrophysiological function 
and mediates the fundamental physiologic properties of 
VGSC, including rapid inactivation. The sodium channel 
α subunit family have nine members, encoded by nine 
genes and expressed in different excitable tissues [13]. 
Mutations in these channels can result in genetic epilepsy 
[14] and other channelopathies [15]. The tenth VGSC is 
involved in salt-sensing and is not voltage-gated [16]. The 
10 homologous α subunits of VGSCs found in humans 
are designated Nav1.1–Nav1.9 and NaX, encoded by ten 
different genes (SCN1A-SCN11A, SCN6A and SCN7A 
represent the same gene). Nav1.1, Nav1.2, Nav1.3 and 
Nav1.6 (SCN1A, SCN2A, SCN3A, SCN8A) are expressed 
in the central nervous system (CNS). Nav1.7, Nav1.8 and 
Nav1.9 (SCN9A, SCN10A, SCN11A) are expressed in the 
peripheral nervous system. Nav1.4 (SCN4A) is the pri-
mary sodium channel in skeletal muscle, while Nav1.5 
(SCN5A) is the canonical subtype in the heart [17]. The 
tenth isoform NaX (SCN7A) is voltage-insensitive and is 
considered atypical as it contains key distinguishing fea-
tures in DI/III/IV S4 of voltage-sensor domains (VSDs) 
and DIII-IV linker sequence. Therefore, NaX is classified 
as a different type of Nav [18]. Apart from the primary 
tissue of expression, most of the sodium channels have 
expressions in other tissues.

The α subunit is the core subunit of VGSC, and is com-
posed of three parts: (1) four highly homologous trans-
membrane domains designated as DI-DIV, with each 
domain harboring six nearly identical transmembrane 
segments with sequence homology greater than 50% 
[18]; (2) three intracellular loops (2 long loops, L1 and L2, 
and 1 short loop, L3); and (3) the N- and C-termini (NT 
and CT). The CT of NaV1.7 is reported to be involved 
in orchestrating the process of fast inactivation, which 
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forms two electrostatic bridges with gating charges in 
VSD4 (switch 1) and DIII-DIV linker (switch 2), respec-
tively [19]. Each domain comprises six water-filled 
α-helical transmembrane segments named S1-S6. Trans-
membrane segments S1-S4 of the sodium voltage-gated 
channel α subunits from each of the four domains form 
the voltage-sensing domain, an essential structure that 
function in the modulation of channel opening upon 
depolarization of the membrane. The VSD can move eas-
ily due to the presence of positively charged amino acid 
residues arginine and lysine at S4, which are exceedingly 
sensitive to the change of the membrane potential. For 
that reason, segment S4 is called the voltage sensor of the 
VGSC. The intracellular loop L3 connecting the homolo-
gous domains DIII-DIV constitute the inactivation gate 
that serves as a hinged lid and folds into the intracellular 
mouth of the pore during fast inactivation [20]. Defective 
fast inactivation of this hinged lid or if for any reason the 
hinged lid is left ajar for more than the required millisec-
onds, trains of  Na+ will rush in, causing excessive depo-
larization of the membrane and excessive neuronal firing 
(persistent sodium currents). Both of the CT and NT of 
the subunit also modulate the VGSCs, for example, the 
CT plays a crucial role in inactivation. Many mutations 
causing human diseases related to inactivation are identi-
fied in the CT of the sodium channels [21–25].

The α subunit of the VGSC is coupled to one or two 
β subunits called auxiliary subunits. The β subunits have 
unique functions independent of the α subunit: cell adhe-
sion and intracellular/extracellular signaling [26–30].

Roles of VGSCs in genetic and acquired epilepsies
Based on the site of origin, genetic epilepsy (also known 
as idiopathic epilepsy (ies)) can be either focal or gener-
alized epileptic seizures. Although these seizures lack a 
known cause, they are considered to be genetically deter-
mined. Genetic epilepsies do not show lesional neuro-
pathologic abnormality, and have normal brain imaging 
presentation. They are estimated to represent about 47% 
of all epilepsies [31]. These types of epilepsies are mostly 
precipitated by gene mutations encoding ion channels 
or their ancillary subunits. The genetic defects can be 
either monogenic or polygeneic, with monogenic defects 
accounting for a small proportion (~ 2%). A good exam-
ple of monogenic etiology is the benign familial neona-
tal seizures (BFNS), which are the first discovered CNS 
channelopathy and the best known genetically deter-
mined human epilepsies. Polygenic defects with con-
voluted polygenic traits account for a high percentage 
of idiopathic genetic epilepsies (IGE). Although numer-
ous genetic mutations have been found to cause some 
genetic-idiopathic epilepsies in humans [32–36], some 
forms of idiopathic epilepsies still have unclear causes. 

However, ion channel defects are widely recognized as 
one of the major causes of idiopathic epilepsies. Genetic-
idiopathic epilepsies can be caused by dysfunctions of 
voltage-gated ion channels (VGICs) which are essential 
for AP generation and maintenance of resting mem-
brane potentials, or by ligand-gated ion channels (LGICs) 
which are mainly responsible for synaptic transmission. 
Mutations in VGICs  (Na+,  K+,  Cl−,  Ca2+ channels) and 
LGICs (N-methyl-D-aspartate  receptors, nicotinic ace-
tylcholine receptors [nAChRs], γ-Aminobutyric acid sub-
type  A  [GABAA] receptors) can cause neuronal 
hyperexcitability through several pathogenic mecha-
nisms. The CNS is abundantly enriched with VGICs, 
which are responsible for the generation, propagation, 
regulation of neuroexcitability and are therefore regarded 
as key players in the pathogenesis of epilepsy especially 
when the homeostatic mechanism goes awry. Idiopathic 
epilepsies are predominately due to the genes mutation 
encoding for ion channels. Although ion channel genes 
mutation contributes to only a small fraction (27%) of 
all genetic epilepsies (LGICs 10%, VGICs 17%) [37], they 
have received much attention from studies on genetic 
epilepsies and channelopathies. Understanding the role 
of ion channels in epilepsy can provide insight into the 
disease mechanisms, precision diagnosis and classifica-
tion of epileptic syndromes, and promote drug design 
and development, validation of new drug target as well as 
development of pharmacotherpeutic strategies and inter-
ventions. Most of our understanding of molecular signa-
tures of epilepsy in general came to the fore in 1995 when 
Steinlein and Colleagues reported for the first time that 
a missense mutation in the neuronal nACHR α4 subunit 
corresponds with autosomal-dominant nocturnal fron-
tal lobe epilepsy (ADNFLE) [38]. Apart from nACHRs, 
mutations in a plethora of other genes have also been 
implicated in the epileptogenesis of ADNFLE, including 
DEPDC5  (22q12.3),  CRH  (8q13) and  CABP4  (11q13.2). 
Examples of epilepsy caused by genetic mutations of ion 
channels include epilepsy caused by VGSC mutations. 
The important roles of VGSCs in neurohyperexactibility 
have made them potential candidates for episodic neu-
rological disorders as seen in epileptic seizures. Usually, 
the VGSCs become permeable to sodium when the chan-
nels are open, and sodium ions flow into the intracellular 
space from the extracellular space (activated state). The 
opening of the channel is orchestrated by the DI–DIII 
S4 voltage sensors, which undergo rapid movement in 
response to altered electric field across the cell membrane 
due to depolarization, resulting in a conformational 
change in the protein [39]. After a few milliseconds, 
inactivation occurs, mediated by the IFM triplet located 
in the highly conserved intracellular linker connecting 
domains DIII and DIV. The inactivation gate plays the 
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role of hinged seal and folds into the channel pore during 
fast inactivation [11]. Unfortunately, however, incomplete 
inactivation in some neurons either by mutations or tem-
perature (fast and slow inactivation) have been involved 
in the pathogenesis of epilepsy, through generation of 
persistent current, a current activated at subthreshold 
voltages that enhances epileptic burst firing by decreas-
ing the threshold for AP generation, sustaining repeated 
firing and augmenting depolarizing synaptic currents 
[40]. Mutations in VGSCs (such as in SCN1A, SCN2A, 
SCN3A, and SCN8A) can lead to defects in inactivation 
gating, enhancing persistent sodium currents (INaP) and 
firing of neurons, resulting in epilepsy and ataxia [41].

There are two major types of genetic epilepsy associ-
ated with VGSC dysfunction or mutation, the idiopathic 
generalized epilepsy (IGE) and idiopathic focal epilepsy. 
IGE is believed to be polygenic, and encompasses a con-
tinuum of epileptic seizures like absence seizures, myo-
clonic seizures and generalized tonic–clonic seizures. 
Two well-known examples of IGE with VGSC mutation 
implications are Dravet syndrome (SCN1A) and genetic 
epilepsy with febrile seizure plus GEFS + (SCN1A, 
SCN1B). BFNIS is a classic example of idiopathic focal 
epilepsy caused by VGSC mutations. Other rare mono-
genic idiopathic epilepsy syndromes like BFNS and 
ADNFLE are not caused by mutations of VGSCs and 
will not be discussed further here. Although there are 
fewer global genetic phenotypes or syndromes caused 
by VGSC mutations than by other VGICs, a particular 
VGSC gene can harbor plenty of mutations. For exam-
ple, the  NaV1.1-encoding SCN1A gene, whose missense 
mutation causes DS, has been found with ~ 600 muta-
tions in its sequenced coding sequences, represent-
ing 70% of cases [42]. The importance of VGSCs is not 
only because that they are responsible for the genera-
tion of APs but also that they harbor mutations that are 
responsible for the epileptogenesis of rarer genetic epi-
leptic syndromes and many epileptic encephalopathies 
that are intractable and pharmacoresistant to ASMs. 
Most importantly, most notable ASMs exert their effects 
by modulating or manipulating the VGSCs. Among the 
genetic-idiopathic epilepsies in which VGSCs are impli-
cated, Dravet syndrome (also known as SMEI) is a type 
of highly debilitating, recalcitrant and pharmacoresist-
ant epilepsy resulted from missense mutations in the 
VGSC protein NaV1.1 encoded by the SCN1A gene [43]. 
Other forms of epileptic syndromes caused by mutations 
in VGSCs are generalized (genetic) epilepsy with febrile 
seizure plus + (GEFS), a milder form of epilepsy com-
pared to Dravet syndrome, resulted from the mutations 
of SCN1A and SCN1B (which encodes the β1 subunit of 
nACHR); and BFNIS, which is caused by mutations in 
SCN2A, a gene encoding one of the α-subunits of VGSCs. 

Intractable childhood epilepsy generalized tonic-colonic 
is another type of epileptic seizure caused by VGSC 
mutations, which is similar to SMEI in many aspects, 
including pharmacoresistance, intractability, age onset, 
fever association and learning disability [44, 45].

Unlike genetic idiopathic epilepsies that present no 
structural lesions or other predisposing causes, acquired 
epilepsies are characterized by visible structural lesions 
and neuroanatomic features. Acquired epilepsies start 
from a particular point around the structural lesion 
and therefore have a focal origin of bursting. The elec-
troencephalogram pattern and clinical presentation of 
acquired epilepsies depend on the particular brain region 
where the seizures start and spread and can range from 
mild, moderate to severe. Acquired epilepsies are trig-
gered by neuropathological insults and about 50% of all 
epilepsies are acquired. Examples of common brain inju-
ries or insults that trigger acquired epilepsies are trau-
matic brain injury, hippocampal sclerosis, tumors, stroke 
and status epilepticus. Although VGSC mutations are 
mostly implicated in genetic epilepsies, evidence shows 
that aberrant functions and mutations of VGSCs are 
involved in the pathogenic mechanism of acquired epi-
lepsies. This is because acquired epilepsies are mostly 
triggered through the process of epileptogenesis, a pro-
cess of transformation from a functional balance between 
excitation and inhibition to hyperexcitability of neurons 
[46]. VGSCs have been implicated in acquired epilepsies 
through acquired channelopathies via generation of aber-
rant large persistent sodium current (INaP) as observed in 
genetically normal rodents with acquired epilepsies [47]. 
It is already known that mutations in any of the genes for 
Nav1.1, Nav1.2, Nav1.3 and Nav1.6 that are present in the 
CNS result in diverse forms of genetic epilepsies includ-
ing the severe refractory epilepsy like Dravet syndrome. 
However, what is fascinating now is that mutations of 
these genes causing the elevations of INaP also result in 
acquired epilepsies through epileptic encephalopathy 
syndromes more lethal and severe than Dravet syndrome 
such as Lennox-Gastaut Syndrome (LGS) and sudden 
unexpected death in epilepsy (SUDEP) [48].

Mechanisms of action of ASMs that act 
through VGSCs
A majority of anti-seizure agents are designed to cre-
ate a balance that favor inhibition over excitation and 
therefore stop or prevent seizure activity [49]. Although 
there is no permanent cure for epilepsy, the sympto-
matic remission or relief from seizures by ASMs occurs 
through various mechanisms and interactions with 
different cellular targets [50, 51]. The mechanisms of 
ASMs can be classified into four major types: 1) modula-
tion of VGICs such as calcium, sodium, and potassium 
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channels; 2) potentiation of GABA-mediated inhibition 
through effects on  GABAA receptors, GABA transporter 
1, GABA-synthesizing enzyme glutamic acid decar-
boxylase, or the GABA-metabolizing enzyme GABA 
transaminase; 3) direct modulation of synaptic release 
through effects on components of the release machinery, 
including synaptic vesicle protein 2A; and 4) inhibition 
of synaptic excitation mediated by ionotropic glutamate 
receptors including AMPA receptors. ASMs act through 
VGSCs because the flow of cations across cell mem-
branes is mediated via VGICs. VGSC mediates the rising 
phase of APs, during which the channel allows increased 
influx of sodium ions into the cell. Enormous neuronal 
excitation and excessive electrical discharge result in epi-
leptic seizures. Therefore, VGSCs have been studied as a 
therapeutic target for epilepsy. ASMs acting as sodium 
channel inhibitors stabilize sodium channels by prevent-
ing them to return to the active state and potentiating 
the inactive state, thereby preventing repetitive firing of 
axons and neuronal depolarization. ASMs such as phe-
nytoin, carbamazepine, oxcarbazepine, zonisamide and 
lamotrigine, inhibit abnormal epileptiform activities by 
blocking the fast inactivation state of VGSCs [52]. They 
bind to the inactivated voltage-gated channels after depo-
larization and modify their permeability to sodium ions, 
thereby reducing inward sodium movement. This leads to 
an enhancement in the inactivation (or refractory) period 
of frequently firing neurons. ASMs can manipulate either 
the fast- (phenytoin, carbamazepine, Fosphenytoin, 
oxcarbazepine, primidone, zonisamide, and valproic acid 
[VPA]) or the slow-inactivation (lacosamide and eslicar-
bazepine) gate or state of the VGSCs.

The role of phosphorylation of VGSCs 
in the pathogenesis and treatment of epilepsy
Phosphorylation is one of the most common post-trans-
lation modifications (PTMs) at the proteomic level, and 
together with N-glycosylation, is considered as the most 
abundant PTM [53]. Phosphorylation is also the most 
widely studied PTM in sodium channels. Although the 
molecular mechanisms of aberrant expression, localiza-
tion, as well as function of Nav channels in the develop-
ment of epilepsy is poorly understood, it is considered 
that it may be caused by altered PTMs. Phosphoryla-
tion modulating VGSC gating, and has been thought to 
be the cause of acquired insensitivity of Nav channels 
to anti-seizure medications in epileptic neurons. Nev-
erthless, whether the changes of PTMs of specific Nav 
channels occur sharply during epileptic seizures remain 
unclear. Several sites of phosphorylation have been 
identified by proteomic profiling and mass spectrom-
etry, although there is paucity of data on which protein 
kinase(s) catalyse the phosphorylation. Specifically, 

latest mass spectrometry-based proteomic analyses of 
Nav1.2 purified from rat brain [54] or present in whole 
mouse brain phosphoproteome fractions. Two different 
monoclonal antibodies one specific for Nav1.2, and one 
with pan-VGSC specificity, have been used in parallel 
immunopurification and MS analyses of rat brain VGSC 
phosphorylation. These studies characterized fifteen 
phosphosites on Nav1.2, and three on Nav1.1, making 
Nav1.2 the VGSC with the highest phosphosites [55, 56] 
have identified > 60 in vivo phosphorylation sites on brain 
Nav1.2, much more than those identified on any other 
Nav channels. Nonetheless, cAMP-dependent kinase 
(PKA) and protein kinase C (PKC) have long been known 
to phosphorylate brain VGSC [57–59]. The intracellular 
domains of the VGSC are targets for phosphorylation at 
multiple sites [60, 61]. Apart from PKA and PKC, other 
kinases for brain VGSC  are glycogen synthase kinase 
3 (GSK3) [62, 63], a kinase-anchoring protein 15 [64], 
Fyn tyrosine kinase [65], as well as p38 mitogen-kinase 
activated protein kinase [66]. Many of these phospho-
rylations are related to the pathogenesis of genetic and 
acquired epilepsies. Therefore, identifying the signal 
pathway of dysfunction in epilepsy might supply new tar-
gets for anti-seizure medications [67].

The electrophysiological effects of phosphorylation 
on  VGSC are often dependent on the specific isoform. 
PKA and PKC phosphorylation of Nav1.2 causes defec-
tive channel trafficking to the cell surface, resulting in 
attenuation of Nav1.2 currents [59]. Increased phospho-
rylation  of Nav1.2 in the ID I-II linker region is usually 
related to the decrease of Nav current [57, 68, 69]. As 
evidence shows some effects of topiramate (TPM) on 
AMPA/kainate receptors are affected by the phosphoryl-
ation state of the receptors, TPM may bind to the phos-
phorylation sites of these receptors in the inner loop, 
thereby modulating ionic conductance via the channels 
allosterically. TPM may also prevent PKA and PKC from 
phosphorylating the channels. This suggests the crucial 
role of phosphorylation in the pathogenesis of epilepsy 
and its manipulation to exert anti-seizure effects [70]. 
Phosphorylation signaling pathways such as the p38 
MAPK-JNK signaling are important regulators of cellular 
function and may be a target for drug design and devel-
opment [71, 72].

Therapeutic effectiveness of VGSC inhibitors 
in genetic and acquired epilepsies
ASMs, formerly referred as anti-epileptic drugs or anti-
convulsant, are the main treatment for both genetic and 
acquired epilepsies. To date, most of the mutations estab-
lished to be related to epilepsy locate in genes encoding 
VGSCs. Mutations in the 9 different α isoforms of VGSC 
(NaV1.1-NaV1.9) are reported to cause channelopathies. 
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Specifically, mutations of genes for NaV1.1 (SCN1A), 
NaV1.2 (SCN2A), NaV1.3 (SCN3A), NaV1.6 (SCN8A) 
and NaV1.7 (SCN9A) are related to both genetic and 
acquired epilepsies because of their abundant presence in 
the CNS. Seizures are precipitated by bursts of high-fre-
quency APs, and ASMs might inhibit seizures by imped-
ing the bursts by gradually inhibitng VGSCs. The VGSCs 
can transit through multiple states, and ASMs have vary-
ing affinities to the channel depending on the state [73]. 
All these modulations and manipulations are possible 
because the inactivation of VGSC is typically character-
ized with fast and slow components. The fast component 
occurs within 5–10  ms, while the slow component may 
take hundreds of milliseconds to initiate. Considering the 
central role of VGSCs in regulating neuronal excitabil-
ity, many common ASMs exert their putative actions by 
targeting VGSC function. Therefore, blocking or inhib-
iting VGSCs during excessive hyperexcitation seems to 
be a sensible way to repress or suppress seizures. How-
ever, some epilepsies are believed to arise from specific 
loss of VGSCs in inhibitory neurons, leading an imbal-
anced excitatory-inhibitory (E-I) ratio. In such cases, an 
activator of VGSC could restore the channel function in 
inhibitory neurons. Compounds that stimulate or selec-
tively activate NaV1.1 are new targets to achieve this goal. 
Given the fact that NaV1.1 expressed predominantly in 
inhibitory interneurons, NaV1.1 activation is assumed to 
enhance overall inhibition and prevent seizures poten-
tially [74]. The main mechanism of action of these ASMs 
seems to be use-dependent block, that is, when the mem-
brane potential experiences repeated reach to depolar-
ized levels more frequently, inhibition of sodium currents 
is stronger, exposing novel drug-binding sites and selec-
tively blocking of channels was only allowed when they 
are in the active neurons [75]. Dysfunction of many 
subtypes of VGSCs may lead to the development of epi-
lepsy. Below we discuss and summarize how dysfunction 
of some subtypes of VGSCs leads to the pathogenesis of 
epileptic seizures and how biophysical manipulations 
of these VGSCs could be used as an approach to the 
treatment of genetic, acquired, Dravet syndrome, Len-
nox Gastaut syndrome and other pharmacoresistant 
epilepsies.

Putative roles of Nav1.1 and Nav 1.2 in genetic 
and acquired epilepsies and epilepsy management
It is already known that VGSCs take charge of the initia-
tion of APs in neurons, and inhibitors of sodium channels 
are used for treatment of epilepsy. Sodium channel acti-
vators were not considered to be therapeutically relevant 
due to their toxicity and side effects. However, selective 
activators of the NaV1.1 sodium channel might be poten-
tially therapeutic for diseases, including epilepsy [76]. 

Like Nav1.2, Nav1.3, and Nav1.6, Nav1.1 also has high 
expression level in the CNS. It is well known that in the 
process of modulating GABAergic inhibitory interneu-
ron physiology, Nav1.1 plays a vital role. Many mutations 
in sodium channels can cause inherited epilepsy syn-
dromes of different severities, and among these muta-
tions, the NaV1.1 channel encoded by the SCN1A gene is 
the most common target [77, 78]. SCN1A, which encodes 
the Nav1.1 subtype of the pore-forming α subunit of 
the VGSCs, has been identified with 200 epilepsy muta-
tions [79, 80]. In fact, of all known mutations of epilepsy 
genes,  SCN1A  mutations are the most diversely impli-
cated in both hereditary and acquired seizure pathogen-
esis [8, 81]. Most Dravet syndrome and GEFS + cases 
have mutations in SCN1A, which suggests in the context 
of epilepsies, this channel plays a role. NaV1.1 causes 
epilepsy either by gain or by loss of function of sodium 
channels that either increase or decrease neuronal excit-
ability via a widespread dysfunction of network inhibi-
tion. It is hypothesized that in the context of epilepsy, 
Due to its ability and propensity to attenuate Nav1.1 
sodium current and resulting in reducing the excitability 
of inhibitory neurons, Nav1.1 mutations, regardless of 
being missense or nonsense, gain-of-function or loss-of-
function, and their association with GEFS + or SMEI, all 
stem from it. In fact, reflecting upon individual genetic 
differences, a spectrum of diseases from GEFS + to SMEI, 
all reflect a certain extent of Nav1.1 attenuation, whether 
it be partial or complete. Several lines of evidence sug-
gest that loss-of-function mutations in VSGCs cause epi-
leptic disorders [82, 83]. SMEI (or Dravet’s Syndrome) 
is caused by complete loss-of-function mutations in 
NaV1.1, which is a severe and intractable epilepsy with 
comorbid ataxia and cognitive impairment [84, 85]. Dif-
ferent lines of evidence support the notion that epilepsy 
is a condition characterized by network hyperexcitability. 
Epilepsy mutations are proposed to alter sodium chan-
nel behaviors by increasing the excitability of neurons 
expressing mutant channels. Consistently, studies have 
demonstrated the effects on sodium channel behavior 
[86, 87]. Amongst various types of GABAergic interneu-
rons, NaV1.1 serves as the principal voltage-gated 
Na + channel. Decreased activity of NaV1.1 can reduce 
excitability and decrease the GABAergic tone. Mutations 
in NaV1.1 may be responsible for epilepsy. The poten-
tial of modulating the function of sodium channels has 
been increasingly supported by evidence as a potential 
therapeutic approach. Interneurons, which synthesize 
and release the inhibitory neurotransmitter GABA, are 
inhibitory in nature. They regulate the secure synchro-
nized activity and the excitability of neuronal subpopu-
lations. Categorization of interneurons into subclasses is 
determined by physiological properties, neurochemical 
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markers, and connectivity patterns. For the parvalbu-
min-expressing subclass of inhibitory neurons (fast-
spiking interneurons), the NaV1.1 channel significantlt 
contributes the sodium current, which is crucial for AP 
generation and sustained excitability. Therefore, spe-
cifically increasing the function of NaV1.1 channels can 
potentially enhance the function of fast-spiking GABAe-
rgic interneurons, leading to a consequential impact on 
the excitability in the central nervous system. Therefore, 
activation of NaV1.1 channels using pharmacological 
methods is considered as a viable treatment option for 
SCN1A haploinsufficiency and other diseases associated 
with defective function of fast-spiking GABAergic par-
valbumin interneurons. It has been well established that 
the sodium channel is a crucial target of drugs. Small-
molecule inhibitors targeting sodium channels have been 
deployed in clinical settings to treat various conditions 
linked with abnormal cellular excitability, such as epilepsy 
and pain, comprising the first generation of such inhibi-
tors [88]. As the NaV1.1 channels are responsible for the 
modulation of electrical excitability through inhibitory 
interneurons, the use of non-selective sodium channel 
inhibitors is contraindicated to GEFS + syndromes or 
SMEI, as it might exacerbate the disease by further sup-
pressing the NaV1.1 channels [89–91]. Clobazam, as the 
first-line drug therapy  treating epilepsy associated with 
SCN1A mutations, which increases transmission of post-
synaptic GABAergic signals with allosteric modulation of 
 GABAA receptors; and VPA, which increases GABA con-
centration in the synaptic gap through enhancement of 
GABA production and reduction of GABA degradation. 
Increasing the mRNA level of  SCN1A  using antisense 
nucleotides (ASO) has emerged as a promising approach 
for genetic disorders involving haploinsufficiency [92]. 
Alternative therapeutic options, such as ketogenic diets, 
may prove beneficial for cases of pharmacoresistant 
Dravet syndrome [93, 94]. Nav1.1 blockers as anti-seizure 
medications exert function by stabilizing neuronal mem-
branes through inhibiting the initiation or propagation of 
abnormal synchronous electrical activity within neurons, 
thus attenuating the spread of seizure activity emerging 
from a particular focus or source [95]. Numerous stud-
ies have indicated that sodium channel blockers might 
be the optimum choice for individuals suffering from 
SCN8A encephalopathy [96–99].

Unlike SCN1A, where epilepsy stems almost exclusively 
from loss-of-function variants that impair channel func-
tion, which is caused by deficits in circuit disinhibition and 
inhibitory interneuron excitability [100–102], the SCN2A 
gene which encodes Nav1.2 is associated with seizures 
through both gain-of function and loss-of-function muta-
tions. Nav1.2 is expressed mainly in excitatory pyramidal 
neurons, contrary to Nav1.1. Apart from seizure pathology, 

NaV1.2 loss-of-function mutations are also strongly associ-
ated with intellectual disability and autism spectrum dis-
order. More specifically, Nav1.2 is found in high density 
locating in the proximal region of axon initial segments 
(AIS),in which it is considered pivotal for the backpropa-
gation of APs into the neuronal soma [103–105]. During 
embryonic development, at immature nodes of Ranvier, 
high levels of Nav1.2 exists. As the time of nodes matu-
ration, Nav1.6 gradually supersedes Nav1.2 [106, 107]. 
Mutations in SCN2A are associated with inherited epilep-
sies including BFNIS. Specifically, in cases of BFNIS, the 
identification of missense mutations in SCN2A has been 
reported. [108]. Mutations in Nav1.2 also cause acquired 
form of seizures, such as febrile and afebrile seizures [109, 
110]. Seizures caused by VGSC dysfunctions are intrac-
table. In some cases, even various anti-seizure medica-
tions cannot controlled seizures caused by mutations of 
NaV1.2 [111]. Gain in channel function resulting from 
Nav1.2 mutations is believed to be a possible mechanism 
for epilepsy pathogenesis. Sodium channel inhibitors, 
such as carbamazepine, phenytoin, oxcarbazepine, lamo-
trigine and TPM, are generally expected to be effective in 
treating epilepsy patients who have a mutation in SCN2A 
(Nav1.2). Despite the success of carbamazepine and high 
dose of phenytoin in certain cases of epilepsy resulting 
from SCN2A mutations, a considerable number of patients 
remain pharmaceutically intractable, even when treated 
with other traditional anti-seizure medications. As a result, 
there is an urgent requirement for innovative, more tar-
geted pharmaceutical agents for these patients. Peters, et al.
investigated the effects of ranolazine, a pharmaceutical 
substance commercially utilized as an anti-anginal medica-
tion on NaV1.2 channels. This study found that ranolazine 
suppressed macroscopic currents and extended the recu-
peration time of both rapid and slow inactivation of NaV1.2 
channels. Further consensus studies should be geared 
towards making ranolazine an approved and efficacious 
therapy for epilepsy but presently this is highly unlikely 
because it exacerbates seizure semiology [112]. It’s crucial 
to develop pharmacotherapeutic agents for epilepsy associ-
ated with pathogenic SCN2A mutation, which function pri-
marily by amplifying resurgent and/or persistent currents, 
and may get involved in selective suppression of the aber-
rantly enhanced resurgent and/or persistent currents.

Putative roles of Nav1.6 channel in both genetic 
and acquired epilepsies and its management.
The Nav1.6 channel encoded by the gene SCN8A is asso-
ciated with over 300 cases of epileptic encephalopathy 
and ~ 200 putative spots of mutation have been character-
ized. Despite being one of the most massively expressed 
voltage-gated sodium channels in the CNS, Nav1.6 is the 
least studied of the Nav family. This gene has maximum 
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expression in pyramidal cells of the hippocampal and the 
Purkinje cells and granule cells of the cerebellum [113]. 
This channel is particularly abundant in the distal part 
of AIS and in the nodes of Ranvier of myelinated axons, 
although it is also prevalent throughout the peripheral 
nervous systems and CNS, in both inhibitory and excita-
tory neurons [114]. Normal brain function is heavily reli-
ant on the exquisite initiation and spread of APs, and 
this activity is crucially dependent on Nav1.6. Epilepsy-
causing mutations in Nav1.6 occur through the entire 
structure of the channel and only 10% of these have been 
characterized at the molecular level. The majority of these 
mutations are gain-of-function mutations. Upregulation 
of Nav1.6 in the AIS is shown to result in an upsurge in 
spontaneous and repetitive firing of cortical neurons, 
a plausible explanation for why  SCN8A  mutations in 
patients with epilepsy are mainly gain-of-function and 
impact the AP threshold [115]. Although the function of 
Nav1.6 in inhibitory interneurons is still illusive, mount-
ing evidence has indicated Nav1.6 plays a part in estab-
lishing synaptic inhibition within the thalamic network, 
corroborating the loss-of-function outcomes brought 
on missense mutations in the mature protein [116, 117], 
which result in various network effects in different cir-
cuits of the nervous system. There are three classical 
forms of hereditary epilepsies associated with muta-
tions of SCN8A, early infantile epileptic encephalopathy 
type 13 (EIEE 13), benign familial infantile seizures-5 
and paroxysmal dyskinesia with SUDEP, which is the 
primary cause of epilepsy-related death from mutations 
of SCN8A. One possible explanation for the relation-
ship between SCN8A-related epilepsy and SUDEP is the 
broad expression of NaV1.6 in ventricular myocytes and 
cardiac tissues [118, 119]. Therefore, an accumulation 
of respiratory, neurological and cardiac factors lead to a 
“perfect storm” and thus result in death. Single and null 
mutations may have negative effect on the heart function, 
causing cardiorespiratory depression and, consequently, 
death [120]. EIEE 13 is a phenotypically complex early-
onset epilepsy, with seizure onset before 18  months of 
age [121–123]. Examples of infantile epileptic encepha-
lopathies are Lennox-Gastaut syndrome (LGS), Landau-
Kleffner syndrome, myoclonic-astatic epilepsy, West 
syndrome, Ohtahara syndrome, and Dravet syndrome. 
Temporal lobe epilepsy (TLE) is one of the most common 
forms of adult-acquired epilepsy caused by gain-of-func-
tion mutations of SCN8A. Gain-of-function mutations of 
SCN8A are responsible for causing one of the most fre-
quent types of acquired epilepsy (temporal lobe epilepsy, 
TLE) in adults. TLE can have myriad of etiologies. Sei-
zures arising spontaneously from the temporal lobe are 
the hallmark feature of TLE. TLE is a complex and het-
erogeneous group of disorders with seizure initiation and 

invasion in the temporal lobe; however, variabilities exist 
amongst patients regarding their age of onset, etiologies, 
and response to various treatment approaches [124].

It is well established that VGSCs make the substantial 
contribution in modulating neuronal proexcitatory and 
physiology changes to these channels facilitate neuronal 
hyperexcitability in TLE. In TLE patients, significant 
changes in VGSC mRNAs are observed in the hippocam-
pus [125] and noteworthy recording resulting from 
human TLE subiculum neurons reveal a marked upsurge 
of persistent sodium currents [126]. Animal models of 
TLE have recapitulated corresponding proexcitatory 
modifications to sodium channels. 4,9- anhydro-tetro-
dotoxin (4,9-ah-TTX), a toxin with a more significant 
binding affinity for Nav1.6 compared to other VGSC iso-
forms, can reveal the critical function of Nav1.6 in pro-
moting neuronal hyperexcitability [127]. Previous studies 
have shown that the inhibition of Nav1.6 with 4,9-ah-
TTX can effectively dampen neuronal hyperexcitability 
and reduce upregulated persistent and resurgent sodium 
currents in TLE [128]. Due to the role in driving hyperex-
citability of neurons, Nav1.6 has been an attractive target 
for preventing or decreasing the occurrence of seizures in 
TLE animals. For SCN8A encephalopathy, no guidelines 
for treatment is available. Current treatments are aimed 
to control seizures through poly-drug therapies, while 
uncontrolled seizures increase the risk of SUDEP and 
permanent injury in patients [129, 130]. Pharmacoresist-
ance is typical among a number of SCN8A patients but 
some show prolonged seizure-free periods [131]. Many 
studies show that sodium channel inhibitors might be the 
most effective treatment approach for individuals with 
SCN8A encephalopathy [132]. A common pathogenic 
mechanism across SCN8A mutations is the disruption of 
sodium channel inactivation, and drugs that have greater 
affinity towards the inactivated state of these channels 
may offer advantage in treating patients. Phenytoin is one 
such drug that is believed to have higher affinity for the 
inactivated state [133]. Phenytoin can effectively attenu-
ate proexcitatory alterations in the physiology of mutant 
channel [134] and offer improved seizure freedom in 
patients with SCN8A encephalopathy [135]. Although 
the treatment options with proven efficacy do exist for 
individuals with SCN8A encephalopathy, reports from 
several patients suggest that levetiracetam is ineffective 
at controlling seizures and may even worsen the symp-
toms [136]. TLE patients frequently exhibit pharma-
coresistance and up to 30% of cases fail to attain seizure 
freedom only with ASMs [137, 138]. Recent studies have 
suggested that carbamazepine and valproate, inhibi-
tors of sodium channel, are the most promising ASM 
options for TLE patients [139]. The efficacy of ASMs in 
treating individuals with TLE is limited by the modified 
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pharmacology caused by epileptogenesis. In animal mod-
els of temporal lobe epilepsy, kindled animals show acute 
reduction of the hypoexcitatory effects of carbamazepine 
compared to controls. Additionally, the EC50 is signifi-
cantly increased in cells from kindled animals compared 
to controls [140]. In brain tissues from carbamazepine-
resistant TLE patients, the blocking effect of carbamaz-
epine significantly diminished [141]. Further, the reduced 
effects of carbamazepine on the recovery from inacti-
vation have been observed in animal models with TLE 
[142]. The reduced efficacy is not just seen with carba-
mazepine, but also with phenytoin and lamotrigine [143]. 
However, the effects of valproate exhibit little change in 
cells derived from epileptic patients and kindling animal 
models. [144]. More researches are needed to investigate 
if Nav1.6 is a promising target for future ASMs (Fig. 1).

VGSC‑inhibitors in the treatment of Dravet 
syndrome and other pharmacoresistant epilepsies
Although there is currently no cure for epilepsy, early 
treatment can lead to a substantial remission and make 
a big difference. Pharmacoresistance is a broad term that 
encompasses refractory, intractable or recalcitrant type of 
epilepsy such as Dravet syndrome, Ohtahara syndrome, 
Rasmussen encephalitis, LGS, and infantile spams. Phar-
macoresistant epilepsy, as defined by The International 
League Against Epilepsy, refer to the failure of a patient to 

respond to at least two ASMs which are suitably chosen 
and adminisitered for an adequate period of time, either 
as a monotherapy or as a polytherapy [145–147]. The 
etiology of pharmacoresistant epilepsy can be attributed 
to various factors, comprising genetic and environmen-
tal factors, along with drug- and disease-related factors. 
Although about 30 ASMs have been approved for about 
three decades for the treatment of epilepsy, unfortunately 
some patients do not exhibit a positive response to medi-
cal interventions. Some VGSC blockers like lamotrigine 
and carbamazepine are the most effective and commonly 
used ASMs, they are surprisingly unable to cause remis-
sion in intractable epileptic encephalopathy like Dravet 
syndrome. In fact, they are contraindicated for Dravet 
syndrome because they exacerbate seizures [148, 149].

A pharmacoresistant form of epilepsy that emerges in 
infants, Dravet syndrome, leads to comorbidities of cog-
nitive incapacity, psychomotor retardation, ataxia and 
premature mortality. Dravet syndrome represents the 
prototypical pharmacoresistant epilepsy. Seizures remain 
inadequately managed in a majority of patients, even with 
the use of multiple ASMs or polypharmacy. Aras et  al. 
found that 45% of Dravet syndrome patients receiving 
inadequate treatment modalities persist in encountering 
over 4 tonic–clonic seizures each month [150]. Although 
Dravet syndrome is caused by polygenic mutations as 
mutations of other genes encoding calcium, potassium, 

Fig. 1 Primary structures of the subunits of voltage-gated sodium channel
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and hyperpolarization-activated cyclic nucleotide-gated 
channels are also implicated in its pathogenesis, this dis-
ease is mainly caused by reduced sodium currents and 
impaired excitability of GABAergic interneurons (pri-
marily defects in AP firing in fast-spike parvalbumin 
and somatostatin interneurons) in the hippocampus as 
well as to a lesser degree impairment of other classes of 
GABAergic interneurons. Agents that inhibit sodium 
channels are the drugs of choice for epileptic seizures, 
including lamotrigine, VPA, phenytoin, carbamazepine, 
and clobazam. Unfortunately, in fact, some of these 
standard sodium channel blockers worsen seizures in 
both mice and children with Dravet syndrome [151, 152]. 
Although some of them (such as VPA, TPM, rufinamide, 
cenobamate and eslicarbazepine) are effective for Dravet 
syndrome remission either as a monotherapy or in a pol-
ytherapy [153–155], most of the standard VGSC thera-
pies are contraindicated in Dravet syndrome [156]. LGS 
is another important type of drug-resistant epilepsy. It is 
a rare and severe epileptic encephalopathy of childhood 
onset with heterogeneous etiology, in which 65–75% of 
patients have known causes (genetic, structural, or meta-
bolic) while others have unknown causes [157, 158]. It is 
considered as one of the most severe and devastating type 
of epileptic syndromes in infancy and early childhood 
[159–161]. Even though VPA is not specifically licensed 
for application in LGS, owing to its broad spectrum and 
low potential for exacerbating seizures, it is widely rec-
ommended as an ideal first-line medicine [162, 163]. 
TPM is another broad-spectrum VGSC inhibitor that is 
used in the treatment of LGS. During long-term thera-
peutic studies, TPM demonstrated well tolerance and 
effectiveness in managing the drug-resistant drop attacks 
(sudden falls) and seizures linked with LGS [164, 165]. 
TPM is able to tackle seizure semiologies like tonic sei-
zures, characterized by greatly increased muscle tone and 
abrupt stiffening movement in the limbs and body, which 
is commonly observed in LGS, as well as atonic seizures 
that manifest as sudden loss in muscle strength and tone 
[165–170]. Most of the ASMs available are used in poly-
therapies in the management of LGS, and emerging drugs 
are being re-directed to develop LGS-specific treatments. 
As per recent research, rufinamide is among the latest 
adjunctive drugs [171–174]. Both open-label studies and 
randomized controlled trials have suggested that rufina-
mide could be highly efficacious in mitigating a range of 
seizures, especially tonic-atonic seizures and those lead-
ing to falls observed in patients with LGS. Rufinamide 
appears to have an advantageous tolerability and safety 
profile, together with largely mild side effects as well as a 
good interaction profile with other ASMs. Other VGSC 
inhibitors in the treatment of LGS include ZNS, which 
is indicated as adjunctive safe and effective treatment in 

pediatric LGS patients [175–178]. Lamotrigine (LCM) 
was specifically approved for the management of LGS 
by US and EU after a double-blind, placebo-controlled, 
randomized controlled trial, which certified that LCM is 
efficacious in the treatment of LGS [179, 180]. According 
to recent research, the application of LCM exhibits the 
potential to decrease the huge number of spike-and-wave 
events that are commonly observed in LGS [181, 182], 
and also demonstrates efficacy as an adjunctive therapy 
for treating refractory epilepsy [183]. Although pheny-
toin can exacerbate atypical absences and myoclonic-
seizures in LGS [184], it still plays a pivotal role in the 
management of LGS as it decreases tonic–clonic seizures 
and reduces tonic seizures.

Another pharmacoresistant type of epilepsy that can 
benefit from treatment with VGSC inhibitors is the early 
infantile epileptic encephalopathy (EIEE). EIEE is a child-
hood age-dependent disease of the brain, with patho-
logical hallmarks including loss of neurologic function 
over time, abnormal electroencephalographic findings, 
and seizures. Although EIEE seizures are devastating, 
debilitating, intractable and pharmacoresistant to ASMs, 
some patients respond positively to high-dose VPA [185]. 
VPA also showed good efficacy in a EIEE patient caused 
by PACS2 gene mutation [186]. Unfortunately, however, 
VPA did not show beneficial effect in early diagnosis and 
treatment of an infant with epileptic encephalopathy 
caused by cytoplasmic FMRP interacting protein 2 muta-
tion [187]. VGSC inhibitors are typically considered the 
first-line treatment for confirmed or suspected epileptic 
encephalopathies related to SCN2A. In severe cases with 
compatible electro-clinical features, carbamazepine used 
following a high-dose intravenous phenytoin (in the case 
of a positive response to phenytoin) may be a more suit-
able treatment algorithm for long-term maintenance 
treatment [188]. Carbamazepine as a VGSC inhibitor 
is also effective for  RHOBTB2-related paroxysmal dys-
kinesia resulting from early infantile SCN1A epileptic 
encephalopathy [188] (Table 1).

Monotherapy vs. rational polytherapy 
with VGSC inhibitors in the management 
of pharmacoresistant and other forms of epilepsy
At present, treatment selections for epilepsy primarily 
addresses symptoms. After the first two drug regimens, 
most patients can achieve seizure freedom. Otherwise, 
they are defined as pharmacoresistant. Due to the various 
benefits including minimal side-effects, lack of drug-drug 
interactions, better adherence and lower cost, monother-
apy is considered as the preferable treatment approach 
in epilepsy [189]. Another major impetus to achieve or 
maintain monotherapy is the fact that it decreases addic-
tive neurotoxic and cognitive side effects. Carbamazepine 
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and VPA are two well-known effective monotherapeutic 
ASMs and have been in use for the management of sei-
zures for decades with remarkable success. One of the 
initial ASMs to be promoted for application as mono-
therapy was VPA. In a previously open monotherapy 
investigation, VPA was found to be effective in regulat-
ing all primary generalized seizure types in 83% of 118 
patients evaluated in both adults and children, some of 
whom had failed to respond to the former treatment 
[190]. Carbamazepine has also robustly demonstrated 
effectiveness in monotherapy for seizures. Another 
dibenzazepine family member, eslicarbazepine acetate, 
has been sanctioned by the European Medicines Agency 
(EMA) and United States Food and Drug Administration 
(FDA) for monotherapy in adults with newly diagnosed 
epilepsy [191–194]. Apart from the aforementioned 
VGSC inhibitors, several other inhibitors have also dem-
onstrated their potency and efficacy as monotherapeutic 
agents against epilepsy. Unfortunately, drug-resistant epi-
lepsy occurs in at least 30% of people with epilepsy, who 
remain refractory to traditional pharmacological thera-
pies, necessitating multiple drugs to be used simultane-
ously [195, 196]. In addition, despite the introduction of 
new ASMs over the past two decades with advances in 
the field, management of pharmacoresistant epilepsies is 
still complicated and leaves a lot of unsolved questions. 
Also, a study has demonstrated that 30–40% of patients 
treated with an traditional ASM including carbamaze-
pine and VPA as monotherapy experience adverse effects 
that contribute to therapeutic failure [197]. Over the past 
20  years, monotherapy has been considered as the gold 
standard in epilepsy treatment, partly due to the height-
ened toxicity associated with polytherapy. Nevertheless, 
some people with pharmacoresistant epilepsy, such as 
LGS and Dravet syndrome, have not shown expected 
response to monotherapy. Such patients may require 
polytherapy and should be carefully evaluated taking 
into account the risk/benefit ratio in terms of tolerabil-
ity, potency/efficacy and patient compliance. Rationally 
designed polytherapies can achieve better seizure con-
trol, maximize the efficacy, minimize drug interactions, 
drug load, and side effects, and control multiple seizure 
types that react to various therapeutic drugs [198, 199].

The aims of using polytherapy in pharmacoresistant 
and other types of epilepsy are to maximize efficacy and 
minimize side effects [200]. Another aim of polytherapy 
and its practice as the first-line of treatment for refrac-
tory epilepsy is to achieve robust synergistic impact or 
lower drug toxicity with less doses of two medications 
instead of higher doses of a single drug. [201]. The use-
fulness of combination therapy should be an anti-seizure 

supra-additive effect (synergy effect) and possibly neu-
rotoxic antagonism or neurotoxic infra-additive effect 
[202].

Polytherapy is highly desirable in the treatment of 
pharmacoresistant and other forms of epilepsies. In many 
non-randomized open studies, the efficacy of CBZ and 
VPA in combination has been established in patients 
who exhibited poor response to monotherapy [203, 204]. 
Robust data have shown that the combination of VPA 
and lamotrigine exerts the best synergism in human 
studies. Multiple studies have reported on the synergis-
tic relationship between these anti-seizure medications, 
highlighting the substantial response rate generated 
through the incorporation of lamotrigine as an add-on 
therapy to VPA, in contrast to addition of lamotrigine to 
phenytoin or carbamazepine [205]. Polytherapy of LTG-
TPM and VPA is also useful in adults [206–208]. Com-
binational therapies of trio-ASMs including zonisamide, 
gabapentin, and eslicarbazepine acetate have also shown 
to be effective as additional drugs in treating drug-resist-
ant epilepsy [209–211]. VPA, a VGSC inhibitor, is still 
considered as the primary ASM treating recently diag-
nosed drug-resistant epilepsy like DS and LGS. If VPA 
fails to cause seizure freedom, then another VGSC inhib-
itor lamotrigine can be considered. Duotherapies com-
bining other VGSC inhibitors like rufinamide and TPM 
have shown effectiveness against LGS and drop attacks 
[168, 212–215]. The combinational therapy of TPM and 
CLB has also shown effectiveness. FFA, perampanel, 
LEV and zonisamide may have an efficacy in LGS [216]. 
Polytherapy holds the future ace in the management of 
epilepsy, especially drug-resistant epilepsy, if the thera-
peutic factors and variables are strictly adhered to during 
these combinations. A recent review proposes that novel 
ASMs are preferred candidates for combinational ther-
apy as they possess fewer pharmacokinetic interactions, 
predominantly weak enzyme inhibitors or inducers, and 
exhibit superior tolerability profiles [217]. Based on this, 
ASMs with fewest pharmacological interactions (TPM 
and zonisamide) are the best to be used in polytherapy 
for optimal results and few adverse events. In fact, some 
researchers propose that the occurrence of adverse 
events in polytherapy is not solely linked to the higher 
number of drugs but rather to the type and the dosage of 
the ASMs as well as individual vulnerability [218, 219]. In 
addition, physicians should consider epilepsy syndromes 
and seizure types before selecting the best combination 
of ASMs. It is also crucial to take into account various 
other factors, such as pharmacokinetic and pharmaco-
dynamic aspects of anti-seizure medications, along with 
patient-related elements including concomitant medi-
cations, pharmacogenomics, age, comorbidities, and 
compliance. It is pertinent to state that the well-defined 
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pharmacoresistant epilepsies such as DS, LGS, EIEE and 
Rasmussen encephalitis need combinational therapies 
(such as polytherapy of TPM and VPA) especially where 
monotherapy is unable to lead to remission.

Conclusions
ASMs that inhibit VGSCs represent a fundamental 
aspect of treating epilepsy. Manipulations of VGSCs are 
the primary and most important mechanisms through 
which virtually all ASMs exert their antiepileptic poten-
tials. Experimental data and evidence gathered over the 
past two to three decades suggest that VGSC inhibi-
tors acting by blockade of sodium channels are the 
most effective ASMs in use today. In addition, some 
other ASMs whose main mechanisms of action are not 
directly related to VGSCs, have been shown to interact 
with voltage-gated sodium currents, called multimodal-
ity therapy that could be efficacious in the treatment of 
pharmacoresistant and other types of epilepsies. Pres-
ently available ASMs that function through inhibition of 
VGSCs are often effective in controling seizures in many 
patients. Unsurprisingly, however, seizure freedom is not 
totally achieved as seizures persist in a large number of 
epileptic patients due to drug resistance. Pharmacoresist-
ant epilepsies are a type of highly refractory epilepsies in 
which a substantial proportion (about 30%) of epilepsy 
individuals exhibit treatment resistance to any of the 
three first-line ASMs, despite being administered in an 
optimal and monitored regimen. Despite efforts by epi-
leptologists and other related researchers to unravel the 
molecular and cellular mechanisms underpinning phar-
macoresistant epilepsies, a complete understanding has 
so far remained elusive. For the majority of the patients 
with epilepsy, polytherapy is still the reality. However, 
investigations conducted in animal models have not 
revealed evidently about the mechanisms underlying the 
effectiveness of polytherapy in humans, epileptologists 
may engage in pharmacogenomics that might provide 
other instructions as to which combinations or polyther-
apy could be efficacious potentially via the development 
of personalized therapeutic plans. Some VGSC inhibitors 
are not only ineffective in treating some forms of phar-
macoresistant epilepsies as seen in DS and LGS, but are 
also contraindicated as they worsen seizures. The inef-
fectiveness of VGSC inhibitors in pharmacoresistance 
epilepsy like DS is not too surprising considering the fact 
that the pathogenesis of DS is not purely a consequence 
of epilepsy but is precipitated as a result of genetic muta-
tions encoding mainly VGSCs and other channels like 
potassium and calcium channels modulated by genetic 
and non-genetic factors. In an effort to treat and miti-
gate the burden of these pharmacoresistant epilepsies, 
some combinatorial have all been approved by relevant 

regulatory bodies (FDA & EMA) for the treatment of 
pharmacoresistant epilepsies. Although VGSC inhibitors 
remain the standard therapy and mainstay in epilepsy 
treatments over the years, present VGSC inhibitors have 
discrimination among different VGSC isoforms, because 
of polygenic and heterogenous nature and thus selective 
blockers development might enhance their clinical utility. 
Therefore, there is a need to develop novel drug cocktails 
with higher selectivity for specific VGSC subtypes, which 
may be effective in treating several types of epileptic sei-
zures. Despite recent breakthroughs, with approval of the 
polytherapy treatments for pharmacoresistant epilepsies, 
patients still encounter significant chanllenges due to the 
multifactorial nature and limited understanding of patho-
genesis and mechanisms of these pharmacoresistant epi-
lepsies. Therefore, more studies are needed to advance 
our understanding of the pathogenesis of pharmacore-
sistant epilepsies, which could provide further insight 
into their precise treatment. Also, research efforts should 
gear towards discovery, designing and development of 
optimal combination of VGSC blockers to achieve the 
maximum therapeutic effectiveness with minimum side 
effects. Alternatively, non-pharmacological methods 
such as ketogenic diet therapy and electrical stimulation 
are also showing emerging potentials.
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