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Ethnopharmacological relevance: Epilepsy (EP) is a chronic neurological disease, and the clinical treatment of EP is
dominated by modern drugs, but one-third of the patients have drug-resistant reactions, which seriously affects
the quality of patients’ survival. Traditional Chinese medicine (TCM), however, as a promising resource, plays a
unique advantage in improving the clinical symptoms of EP and alleviating the adverse effects of modern drug
therapy. A large number of studies in recent years have reported that TCM plays an important role in EP
treatment by regulating voltage-gated ion channels (VGICs).

Aim of study: This study aims to examine the mechanisms by which VGICs influence EP, providing further
elucidate the potential targets of TCM in treating EP by regulating VGICs, including traditional herbal formulas
and active compounds. The objective is to offer fresh insights and strategies for the research and management of
EP.

Methods: Literature information was obtained from the scientific databases PubMed, Web of Science, EMBASE,

s,

Cochrane library, and CNKI, built until June 2024, with search terms including “epilepsy”, “voltage-gated ion
channels «, “Chinese medicine” or “herbal medicine”, “medicinal plants”, “natural plants “and “herbal medicine”.
Results: The results suggest that TCM can affect VGICs by influencing the opening of these channels, thereby
regulating the currents and concentrations of sodium (Na™), potassium (K*), and calcium (Ca®"). Additionally,
TCM modulates the expression of VGIC-related proteins, which in turn affects the release of neurotransmitters,
including inflammatory mediators, oxidative stress markers, and glutamate. This process ultimately decreases
neuronal excitability and helps inhibit the onset of EP.

Conclusions: By modulating key VGICs such as VGSCs, VGKCs, and VGCCs, TCM plays an important role in the
treatment of EP, providing a novel therapeutic strategy based on traditional practices and modern science.

1. Introduction

Epilepsy (EP) is one of the most common chronic neurological dis-
orders caused by excessive or hypersynchronized neuronal activity
(Myers, 2022). Globally, the incidence of EP accounts for about 70
million people (Pong et al., 2023; Sands and Gelinas, 2024), while in
Asia the number of EP accounts for about 23 million people (Trinka
et al.,, 2019).2021 Epidemiologic studies have shown that there are
about 10 million people with epilepsy in China, and the prevalence of

epilepsy tends to increase with increasing years (Ding et al., 2021).
Furthermore, patients with EP are most commonly comorbid with so-
matic and psychiatric conditions such as migraine, arrhythmia, anxiety,
depression, and cognitive impairment (Ali, 2018; Yu et al., 2023), which
severely affect quality of life. Currently, there are more than 30 clini-
cally available antiepileptic drugs (AEDs) for treating EP, but up to
one-third of the patients still face drug resistance and side effects
persistently (Cai et al., 2024; Mesraoua et al., 2023). The rest of the
patients had side effects such as abnormalities in the digestive system,
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central nervous system, hematopoietic system, urinary system and liver
function (Su et al.,, 2023), presenting substantial obstacles to the
comprehensive management and therapeutic interventions for EP. In
light of this, new therapeutic strategies are urgently required, aimed at
designing potent, safe, and longer-acting AEDs.

The recent years’ research about EP has focused on revealing the
drug resistance mechanism through regulation of voltage-gated ion
channels (VGICs), neurotransmitter receptors, and glutamate receptors
in order to improve the drug resistance in EP (Sills and Rogawski, 2020).
With the development of molecular biology and single-channel current
recording technique, the study of VGICs in the pathogenesis of EP is
getting more and more attention by neuroscientists. VGICs are a large
family of proteins, mainly including voltage-gated sodium channels
(VGSCs), voltage-gated potassium channels (VGKCs), voltage-gated
calcium channels (VGCCs), and Voltage-gated chloride channel
(VGCICs) (Moreau et al., 2015; Shen et al., 2021). These channels can
sense changes in the transmembrane potential of cell membranes and
participate in various physiological processes, such as neurotransmitter
transmission and muscle contraction, as well as secretion of hormones
(Huang et al., 2024). When VGIC functions abnormally or is not properly
regulated, it may cause the occurrence of diseases, such as EP, neuralgia,
and arrhythmia, and in its extreme form, it may even cause sudden death
(De Lera Ruiz and Kraus, 2015). Genetic research studies about EP have
demonstrated gene mutations as the pathological basis for abnormal
nerve cell discharges, which play important roles in the occurrence,
development, and formation of drug-resistant EP (Prontera et al., 2018).
Any kind of mutation in VGICs can prove to be a vulnerability for any
proper function of channel proteins, causing an imbalance in the
excitation-inhibition dynamics of the Central Nervous System, leading
to unusual, synchronous nerve cell discharges and finally causing EP
attacks (Symonds et al., 2017). Furthermore, it is worthwhile to note
that various gene mutations may exert different functional effects on
VGICs, mainly the phenotypes of loss-of-function (LoF) and
gain-of-function (GoF), which lead to different clinical phenotypes and
errors in the choice of a drug (Brunklaus et al., 2020).

Traditional Chinese medicine (TCM) is a promising resource with
great chemical diversity and multi-target imperatives, appropriate for
the regulation of different mechanisms linked to EP. In addition, TCM
has a long history and rich experience in the treatment of EP. Traditional
Chinese medicine pairing and compounding are the main means of
treating the disease in TCM, which can treat the disease from the root
and at the same time regulate the function of the body’s internal organs
and enhance the body’s ability to resist the disease, with unique thera-
peutic efficacy and small adverse effects, effectively alleviating the
extent of EP seizures, reducing the number of seizures, and mitigating
the adverse effects of western drug treatment (Wang et al., 2016). The
study showed that the combination of traditional Chinese medicine and
western medicine significantly improved the clinical symptoms of EP
compared with the western medicine anti-EP group alone (Yu et al.,
2022). At present, the treatment principles often used in clinical practice
include opening the orifices to awaken the mind, restraining wind and
stopping spasm, clearing the liver and diarrhea, dispelling evil spirits
and tonifying the deficiency, strengthening the spleen and resolving
phlegm, activating blood circulation and removing blood stasis, nour-
ishing the heart and tranquilizing the mind, and nourishing the liver and
kidneys (Tian et al., 2016; Xia et al., 2019). Emerging preclinical evi-
dence suggests that Traditional Chinese Medicine (TCM) may attenuate
neuronal hyperexcitability through modulation of voltage-gated ion
channel activity, ultimately inhibiting EP attacks through effects on
VGICs opening, Na*, K¥, Ca®" currents and the concentration by regu-
lating proteins expression linked to VGICs (Xiao et al., 2022; Zhao et al.,
2022). Therefore, VGICs may be an important target for the therapeutic
efficacy of TCM, and they will be summarized in respect to their role in
the pathogenesis of EP and how TCM regulates VGICs to treat EP.

2. Pathogenesis of EP

The pathogenesis of EP is still not fully understood. It is said to be
associated with these factors: neurotransmitters, VGICs, oxidative stress,
a blood-brain barrier, glial cells, synaptic connection, genetic factors,
and immune responses-all leading to an imbalance between the excita-
tion and inhibition of neurons in the brain, which heightens neuronal
excitability and abnormal synchronized discharges (Jacobs et al., 2009).

Neuroinflammation, mostly mediated by glial cells, is of great
importance in the development of EP (Barker-Haliski et al., 2017). Glial
cells express a variety of VGICs, and the activity of these channels might
modulate microglia activation and its related physiological functions.
For instance, the inflammatory cells, once activated, might have very
important increased expression levels of the Kv1.3 channel for micro-
glial proliferation, migration, and cytokine release (Irani and Vincent,
2016). Many studies have established that neuroinflammatory stimuli,
such as lipopolysaccharides, via various membrane receptors, are able to
activate the NF-kB pathway, which is induced by an M1-like activation
state, promoting the upregulation of Kv1.3 and excessive production of
pro-inflammatory factors that trigger seizures in EP models (Kotosowska
et al., 2016).

Another important hypothesis of neuronal dysfunction in EP is
excitotoxicity mediated by glutamic acid (Glu) (Mishima et al., 2021).
Activation of Glu receptors increases the permeability of VGCCs, leading
to enhanced intracellular Ca?" concentration. Simultaneously,
dysfunction of Ca?*-ATPase removes the extrusion of Ca®" from the cell
and results in intracellular calcium overload, followed by over-
production of Glu, causing continuous excitotoxicity in neurons (Powell
et al., 2014). Furthermore, high levels of Ca?* can reduce the sensitivity
of the inhibitory neurotransmitter y-aminobutyric acid (GABA) re-
ceptors, which in turn, through the activation of phospholipases and
proteases, result in a delay in neuronal degeneration and necrosis, dis-
turbing the balance between excitation and inhibition in the neural
network (Meldrum and Rogawski, 2007).

The development of EP can lead to the loss of various brain cells,
such as astrocytes and microglia, depolymerization of microtubules,
dysfunction of the blood-brain barrier, and the induction of oxidative
stress-based on (Spinelli et al., 2024). The opening of the transient re-
ceptor potential M2 channel (TRPM2), which is widely distributed in the
central nervous system and highly expressed in neurons, astrocytes, and
microglia, may be regulated by an increase in intracellular levels of Ca®*
and ADP-ribose and plays a role in neuronal death caused by oxidative
stress (Wang et al., 2021). Hy0, and other peroxides activate poly
ADP-ribose polymerase, which activates the TRPM2 ion channel, pro-
moting the influx of Ca?* and further disturbing intracellular Ca** ho-
meostasis, aggravating EP (Cinar and Naziroglu, 2023).

Accumulating evidence over recent decades has demonstrated that
VGICs may contribute to epileptogenesis through modulation of neu-
roinflammatory pathways, oxidative stress, and glutamate neurotox-
icity, thus impacting the normal physiological functions of VGICs.
Conversely, the occurrence of EP can exacerbate inflammation and
oxidative stress, creating a vicious cycle (Debanne et al., 2024; Perucca
and Taglialatela, 2025; Zheng and Chen, 2024) (Fig. 1). Therefore,
maintaining the normal physiological functions of VGICs, regulating the
currents and concentrations of Na®, K*, and Ca?'dfedlhddalating the
expression SOVRRY retad §86Ms may represent a breakthrough in the
treatment of EP.

3. VGICs and EP
3.1. Mechanism of VGSCs regulating EP
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Fig. 1. Interaction of glutamate neuroexcitotoxicity, inflammation and oxidative stress leading to the main pathogenesis of EP. a. depicts the mechanism by which
large accumulation of glutamate, impaired y-aminobutyric acid production, and large accumulation of Ca?" cause neuroexcitotoxicity leading to epilepsy; b. depicts
the mechanism by which inflammatory stimuli can induce an activation state similar to that of M1 by affecting the NF-xB, PI3K/Akt, and other pathways, leading to
the overproduction of proinflammatory factors, which then leads to epileptic seizures; c. depicts the mechanism by which oxidative stress leads to changes in Ca®"
influx, the mechanism by which EP is further exacerbated by changes in intracellular Ca** homeostasis.

syndromes (Chen et al., 2024). Voltage-gated Na' channels(Nav) con-
sists of a large, pore-forming « subunit, comprising over 2000 residues,
and two auxiliary p subunits. The a subunit acts as the functional unit
and main component, whereas the ff subunits serve a regulatory function
(Bouza and Isom, 2018). There are nine subtypes of human sodium
channel a subunits (Navl.l to Navl.9), with only Navl.l, Navl.2,
Navl.3, and Navl.6 predominantly expressed in the central nervous
system (Catterall et al., 2005; Watanabe et al., 2000). The corresponding
genes encoding these subtypes are SCN1A, SCN2A, SCN3A, and SCNSA
(Claes et al., 2001; Larsen et al., 2015; Wolff et al., 2017; Zaman et al.,
2018). Generally, VGSCs are considered crucial regulators of membrane
potential fluctuations, existing in three main states: closed, open, and
inactivated (Meisler et al., 2021). Studies have demonstrated that VGSCs
open during excitatory processes, permitting a rapid influx of Na™ into
the cell. This influx may cause VGSCs to enter an inactivated state
(prolonged opening). At this juncture, a residual persistent sodium
current (INaP) remains when depolarization ceases, prompting neurons
to stay excited and generate abnormal discharges, ultimately leading to
EP episodes (Ednie and Bennett, 2012). Furthermore, numerous exper-
imental studies have show that mutations in genes encoding VGSC
proteins are the most common cause of hereditary EP, and approxi-
mately one-third of AEDs target the regulation of VGSCs (Bartolini et al.,
2020).

3.1.1. SCN1A

SCN1A encodes the sodium ion channel al subunit Nav1.1, which is
variably expressed in cerebellar Purkinje fibers, inhibitory GABAergic
neurons in the hippocampus, intermediate neurons in the hypothala-
mus, and the cerebral cortex (Misonou, 2018). It primarily enables

inhibitory GABAergic neurons to generate sodium currents. Moreover,
mutations in SCN1A can occur at the C-terminus, transmembrane seg-
ments, intracellular segments, and N-terminus of Nav1.1 (Menezes et al.,
2020). Research has shown that mutations in the SCN1A gene are the
most frequent mutation targets in genetic EP syndromes, with an inci-
dence of approximately 1 in 12,200 (Escayg and Goldin, 2010). These
variants can lead to conditions such as Dravet syndrome (DS), genetic
epilepsy with febrile seizures plus (GEFS™), febrile seizures (FS),
developmental and epileptic encephalopathies (DEE), and familial
hemiplegic migraine (FHM) (Scheffer and Nabbout, 2019). SCN1A is
highly expressed during critical periods of human brain development,
specifically between 7 and 9 months postnatally. This expression cor-
relates with the age-dependent characteristics of EP associated with
SCN1A mutations, as affected children often exhibit symptoms by 6
months of age (Liu et al., 2018).

Most mutations in the SCN1A gene are de novo, predominantly
missense mutations (Sadleir et al., 2017). Studies have demonstrated
that most SCN1A mutations result in LoF variants. These range from
mild, self-limiting FS and GEFS" to relatively milder forms such as
childhood absence EP and myoclonic-atonic EP, and up to the most se-
vere form, severe infantile myoclonic EP like DS (Chilcott et al., 2022).
Conversely, GoF mutations, mainly resulting from missense mutations,
are linked with type 3 FHM and severe DEE, albeit less frequently.
Notably, hereditary mutations typically manifest with milder pheno-
types, whereas de novo mutations are associated with more severe
manifestations. Approximately 80 % of DS patients have SCN1A muta-
tions, with 90 % of these being de novo mutations (Brunklaus and Lal,
2020).
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3.1.2. SCN2A

SCNA2 is found on human chromosome 2, 2q24.3, encoding a pro-
tein that consists of 2005 amino acids, which join to form the o subunit
of VGSCs Navl.2. It is located primarily in the axons of excitatory
neurons and highly expressed in all parts of the brain, in particular the
cortex, hippocampus, striatum, and midbrain (Sanders et al., 2018).
Thus, Nav1.2 is restricted mainly to the first three months of life after the
expression of which it is completely substituted by Nav1.6. A gene that
seems to play a very important role in normal central nervous system
functioning is SCN2A, which is strongly associated with neuro-
development (Meisler et al., 2021). It has recently been described that
mutations in SCN2A cause a broad range of clinical phenotypes of EP,
including infantile epilepsy with migrating focal seizures (EIMFS), and
benign familial neonatalinfantile seizures (BFNIE) (Sugawara et al.,
2001). The more severe phenotypes may develop into epileptic en-
cephalopathy (EE) and include DS, developmental and DEE and un-
classified EE (Epifanio et al., 2021). There are also reports that identify
episodic ataxia, autism spectrum disorder, and intellectual ability as
important phenotypes caused by variations in this gene (Heron et al.,
2002). To date, the treatment of SCN2A gene mutation includes
multi-drug therapy of AEDs, but the effect differs because the mutation
positions are different (Yang et al., 2021).

Research has established that SCN2A mutations can disturb the
function of the encoded VGSCs, resulting in GoF and LoF or both in one
mutation, with missense mutations being the most common. Patients
with GoF-type EP generally present at an earlier age, often within three
months, while those with LoF mutations typically experience a later
onset (Kim et al., 2020; Zeng et al., 2022). Mutations associated with
BFNIE are GoF mutations that result in increased neuronal excitability
(Lauxmann et al., 2018). DEE related to SCN2A mutations can be cate-
gorized into early-onset (before 3 months) and late-onset (after 3
months). Early-onset DEE mutations typically enhance Nav1.2 function,
and patients often respond well to sodium channel blockers (SCBs). In
contrast, late-onset DEE is usually caused by LoF mutations, and patients
may not respond to SCBs, sometimes experiencing worsening conditions
(Reynolds et al., 2020). LoF mutations in SCN2A can also lead to autism
spectrum disorder (ASD) or intellectual disability (ID), frequently
accompanied by epileptic seizures. Notably, SCBs can effectively treat
patients with GoF-type EP, while patients with LoF-type EP may show
poor or no response, and sometimes their seizures may worsen (Hedrich
et al., 2019). Additionally, unlike SCN1A mutations, SCN2A
mutation-related EP is less often associated with heat sensitivity
phenomena.

3.1.3. SCN3A

The SCN3A gene, which encodes the Nav1.3 channel, is located on
the same chromosome as SCN1A and SCN2A. It is expressed in the cell
bodies and dendrites of neurons, and mutations in this gene can lead to
increased excitability of pyramidal neurons (Meisler et al., 2010).
SCN3A is highly expressed during embryonic development but main-
tains low levels postnatally. Reports indicate that the Nav1.3 channel
encoded by SCN3A has a lower firing threshold or a higher firing fre-
quency, making it susceptible to epileptic seizures (Vanoye et al., 2014).
In 2020, Zaman T et al. discovered that cortical malformations are a
characteristic feature of SCN3A-related neurodevelopmental disorders.
These malformations, including diffuse or focal polymicrogyria, cortical
dysplasia, and agenesis of the corpus callosum, are observed in over 75
% of affected children. Therefore, it is recommended to describe the
disease spectrum caused by SCN3A mutations as SCN3A-related neu-
rodevelopmental disorders, which include developmental and DEE with
or without cortical malformations, mild focal EP with cortical malfor-
mations, and isolated cortical malformations without EP (Zaman et al.,
2020).

Currently, limited reports on SCN3A mutations causing EP make it
difficult to infer the relationship between mutation types and pheno-
types. However, most severe phenotypes tend to be associated with GoF
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mutations, such as early-onset epileptic encephalopathy (EOEE), while
milder phenotypes are often linked to LoF mutations, such as focal EP
with normal intellectual development (Zaman et al., 2018). Case studies
have shown that SCN3A variants are associated with familial focal ep-
ilepsy with variable foci (FFEVF) and DEE (Miyatake et al., 2018).
Functional studies indicate that variants causing these two conditions
lead to increased persistent sodium current (INaP) or impaired inacti-
vation of VGSCs, categorizing them as GoF mutations (Holland et al.,
2008). Additionally, SCN3A gene mutations are associated with intel-
lectual disability, with most affected children exhibiting severe cogni-
tive impairment.

3.1.4. SCNSA

The SCN8A gene, located on chromosome 12q13.13, encodes the
VGSC Nav1.6. This channel is primarily distributed in the axon initial
segments and nodes of Ranvier of both excitatory and inhibitory neu-
rons, with high expression levels observed in cerebellar granule cells and
hippocampal pyramidal and granule cells (Feng et al., 2019). The
Nav1.6 channel protein is embedded within the cell membrane and has
the typical structure of four domains, each with a voltage sensor and an
ion channel pore. The Navl.6 functions in this respect to portray the
change in membrane potential to alter the states of VGSCs (Talwar and
Hammer, 2021). Of the SCN8A mutations reported to date, the majority
of these were located within the transmembrane segments, inactivation
gates, and C-terminus of Navl.6. These mutations have increased or
decreased the expression of Nav1.6 in neurons and have electrophysi-
ological consequences that include early channel opening, impaired
inactivation of the channel, and increased recovery currents. Changes in
neuronal excitability might now promote the occurrence of EP (Meisler
et al., 2016). Studies have shown that SCN8A mutations account for 3 %
of patients with EOEE, which includes conditions such as infantile spasm
(IS), ohtahara syndrome (OS), DS, early myoclonic encephalopathy, and
unspecified non-specific epileptic encephalopathy (Conecker et al.,
2024).

Research indicates that most SCN8A mutations are de novo and often
lead to GoF effects (Meisler et al., 2021). The clinical phenotypes asso-
ciated with these mutations vary widely, ranging from BFNIE and mild
cognitive impairments to severe DEE (Barker et al., 2016; Bunton--
Stasyshyn et al., 2019). In 2012, Veeramah et al. first documented the
link between SCN8A mutations and epileptic encephalopathy
(Veeramah et al., 2012). SCN8A-related epileptic seizures typically
manifest early, around 4 months of age, and are accompanied by varying
degrees of cognitive, language, and intellectual impairments (Kim et al.,
2019). Previous studies have reported that 10 % of patients may expe-
rience sudden unexpected death in EP, but recent data suggest that the
mortality rate associated with SCN8A mutations may be lower than that
observed in DS, accounting for less than 50 % of causes of infant
mortalitys.

In summary, mutations in VGSC genes can lalter channel perme-
ability and conductivity, enhancing cellular excitability and precipi-
tating epileptic seizures. SCBs that target the voltage/frequency-
dependent properties of VGSCs can suppress abnormal neuronal dis-
charges by blocking the rapid inactivation state of VGSCs, thus reducing
or eliminating abnormal discharges and controlling the onset of
epileptic seizures (Wirrell et al., 2017).

3.2. The regulation mechanism of VGKCs in EP

VGKCs are the most diverse ion channels, encoded by over 100
genes. They play a crucial role in regulating neuronal excitability,
maintaining resting membrane potential, and mediating cell membrane
repolarization processes (Kole and Stuart, 2012). Mutations in VGKC
genes are closely associated with EP. When these mutations cause
membrane protein dysfunction, normal potassium current activity
across the cell membrane is disrupted. This disruption leads to abnormal
depolarization and repolarization processes, which increase neuronal



excitability and trigger EP (Richards et al., 2004). Thus, the patho-
physiological mechanism for the occurrence of EP was the abnormal
increase or decrease in potassium current. In fact, it has been shown that
LoF mutations, mainly acting through decreased channel opening abil-
ity, increased activation voltage, or decreased protein expression, are
found in many children with VGKC-related EP. GoF mutations can be
observed with the main feature of abnormally increased potassium
current (BoRelmann et al., 2022). Common EP mutation genes include
KCNQ2, KCNA2, and KCNT1 (Fan et al., 2018).

3.2.1. KCNQ2

The KCNQ2 gene was located at chromosome 20q13.3 and coded for
the Kv7.2 channel, which was highly expressed both in the central and
peripheral neurons. It was highly expressed in the axon initial segment
and played a very crucial role in the stabilization of neurons and regu-
lation of neuronal excitability (Casas-Alba et al., 2023). Mutations of the
KCNQ2 gene result in a malfunction or dysfunction of VGKCs, changing
the electrophysiological characteristics of neurons and, hence, provok-
ing EP (Hahn and Neubauer, 2009). Children with mutations of the
KCNQ2 gene showed early onset of EP; in most cases, this started during
the neonatal period or infancy with very diverse clinical manifestations.
Notably, the KCNQ2 protein forms heteromeric channels with the Kv7.3
subunit encoded by the KCNQ3 gene, mediating the M-current (Wang
et al., 1998). The latter is activated at membrane potentials close to the
action threshold, enabling cellular hyperpolarization and dampening
repetitive neuronal firing (Steinlein et al., 1999). Mutations in the
KCNQ2 gene may reduce the amplitude of the M-current by 20 %-30 %,
thereby inducing abnormal neuronal excitability (Schroeder et al.,
1998). The phenotypic spectrum of the KCNQ2 mutation ranges from
benign familial neonatal epilepsy (BFNE) to early-onset epileptic en-
cephalopathy, including OS and atypical EOEE (Falsaperla et al., 2023).
Benign EP usually presents with LoF mutations, which usually are he-
reditary. These result in decreased protein expression, hence milder
symptoms often controlled within months. While de novo missense
mutations causing severe functional impairment in VGKC typically
present with EOEE in the neonatal period and often accompany signif-
icant developmental delays and ASD, GoF and LoF mutations will be
viewed in both EOEE; GoF mutations usually present worse than LoF
mutations (Borggraefe and Wagner, 2023).

GABA agonists have also found widespread application in the
treatment of EP caused by KCNQ2 gene mutations. Assorted drugs in-
crease antiepileptic effects mainly through promoting GABA synthesis
and inhibiting its degradation, hence increasing the levels of the
inhibitory neurotransmitter in the tissue (Uchida et al., 2017).
Commonly used drugs include sodium valproate and phenobarbital,
with GABA agonists preferred for treating benign EP associated with
KCNQ2 mutations (Kuersten et al., 2020). Currently, retigabine, a se-
lective activator of M-channels, is reported to be a targeted antiepileptic
drug for treating LoF mutations in KCNQ2 and KCNQ3 (Fontan-Lozano
et al., 2011).

3.2.2. KCNT1

KCNT1 is located on human chromosome 9q34.3 and encodes the
sodium-activated potassium channel KNal.l, currently the largest
known VGKC (Yuan et al., 2003). It is expressed in the olfactory bulb,
cortex, brainstem, and hippocampus, mediating sodium-activated po-
tassium currents responsible for the slow hyperpolarization following
repetitive discharges (Barcia et al., 2012). All reported mutations in
KCNT1 are missense mutations that increase channel activity, accelerate
neuronal repolarization, and heighten neuronal excitability. These mu-
tations may prolong the hyperpolarization of inhibitory neurons.
Consequently, excitatory neurons exhibit relatively high excitability,
leading to an imbalance between excitation and inhibition, which can
trigger EP (Burbano et al., 2022). Children with EP due to KCNT1 gene
mutations typically present early, predominantly with focal seizures,
and exhibit severe symptoms with poor responsiveness to AEDs (Martin

et al., 2014). Research indicates that EP associated with KCNT1 muta-
tions often coexists with intellectual disability. The disease phenotypes
include autosomal dominant nocturnal frontal lobe epilespy (ADNFLE),
EIMFS, OS, and IS, and are also linked with arrhythmias and leu-
koencephalopathy. KCNT1 is acknowledged as the most significant
pathogenic gene for ADNFLE to date (Bonardi et al., 2021).

Furthermore, electrophysiological studies have shown that muta-
tions in the KCNT1 gene enhance VGKC function. Quinidine, a Class I
antiarrhythmic and antimalarial drug, acts as a VGKC antagonist and
may mitigate the functional impairments caused by KCNT1 mutations
(Liu et al., 2023). A patient with EIMFS carrying a KCNT1 mutation
experienced a substantial reduction in the frequency of EP seizures and
improvement in psychomotor development during quinidine treatment.
However, reports of treatment failures with quinidine in patients with
KCNT1 gene mutations also exist (Mullen et al., 2018).

3.2.3. KCNA2

The KCNA2 gene, located on human chromosome 1p13.3, encodes
the Kv1.2 channel. This channel is primarily located in Purkinje neu-
rons, dendrites, and the hippocampus. It plays a crucial role in the later
stages of neuronal action potentials, facilitating neuronal repolarization
(Pena and Coimbra, 2015). Functional studies have identified three
subtypes of KCNA2 gene mutations: LoF, GoF, and GoF combined with
LoF. These mutations can overlap in clinical phenotypes. LoF mutations
typically present with milder symptoms, often manifesting in infancy or
early childhood as focal seizures, which are relatively easy to control.
They may also present as myoclonic seizures during fever and require
differentiation from DS. Electroencephalograms (EEGs) show charac-
teristic features, including discharges in the Rolandic area and poten-
tially evolving into a state of continuous epileptic activity during sleep
(ESES), ultimately leading to benign EP with centrotemporal spikes in
children (Syrbe et al., 2015). The most common LoF mutation site is
P450L. In contrast, GoF mutations (notably E157K, R297Q, L298F) and
GoF combined with LoF mutations (notably L290R, L293H, L328V,
T374A) are associated with more severe phenotypes, beginning in the
neonatal period. These cases often present with severe, intractable sei-
zures, significant ataxia, and intellectual disabilities, with cerebellar
involvement being a primary feature (Masnada et al., 2017).

In summary, mutations in VGKCs may cause dysfunction in mem-
brane proteins, disrupting the normal activities K™ currents across cell
membranes. This disruption leads to atypical depolarization and repo-

larization processes, increasing neuronal excitability, which :[J OO0 s
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et al., 2021). Genetic studies in pediatric EP have frequently identified
mutations in CACNA1A, CACNA1H, and CACNA2D2, with CACNA1A
being the most thoroughly investigated.

3.3.1. CACNAIA

The CACNA1A gene is responsible for producing the al subunit of
the Cav2.1 (P/Q-type calcium channel), a presynaptic channel protein
essential for calcium-mediated neurotransmitter release at synapses and
nerve terminals, facilitated through interactions with SNARE proteins
(Zamponi et al., 2010). Cav2.1 is prevalently expressed across both
central and peripheral synaptic sites and plays a significant role in
neurotransmission and synaptic plasticity, influencing neuronal excit-
ability (Heck et al., 2021). Mutations in CACNA1A are known to
heighten neuronal excitability, leading to EP and cognitive impairments,
predominantly within the scope of DEE, which are primarily focal,
early-onset, and often evolve into status epilepticus (SE), with associated
developmental delays and ataxia that are typically resistant to treat-
ments (Damaj et al., 2015). These pathogenic mutations are linked to
various neurological phenotypes, including episodic ataxia type 2 (EA2),
spinocerebellar ataxia type 6 (SCA6), and familial hemiplegic migraine
type 1 (FHM1) (Le Roux et al., 2021). Despite ongoing research, effec-
tive treatments for EP induced by CACNA1A mutations remain elusive.
Studies involving Cav2.1 knockout mice have revealed deficits in hip-
pocampal glutamatergic synaptic transmission and spatial learning and
memory impairments (Angelini et al., 2019). Additionally, mutations in
the CACNA1H gene, associated with pediatric EP characterized by FS
plus, temporal lobe EP, and childhood absence EP, often respond
favorably to lamotrigine treatment (Lipman et al., 2022).

3.3.2. CACNAIH

The CACNAI1H gene, which encodes the T-type calcium channel
Cav3.2, is located on chromosome 16p13.3. It is highly expressed in the
brain, thalamus, amygdala, basal ganglia, and Purkinje cells of the
cerebellum, where it mediates ion transport across membranes and in-
fluences cellular excitability (Stringer et al., 2021; Tjaden et al., 2021).
Variants in CACNA1H increase neuronal excitability by enhancing the
function of T-type calcium channels, thus facilitating the occurrence of
EP and playing a crucial role in hereditary EP disorders. The phenotypic
spectrum of EP associated with this gene includes juvenile myoclonic
EP, juvenile absence EP, and generalized EP with GEFS™ (Becker et al.,
2017). Studies have demonstrated that polymorphisms in the CACNA1H
gene are linked to susceptibility to EP and the efficacy of treatments
(Kang et al., 2004). Research confirms that GoF mutations in CACNA1H
are common among patients with absence EP, highlighting its significant
role in the pathogenesis of this condition (Wang et al., 2017).

3.3.3. CACNA2D2

The CACNA2D2 gene encodes the auxiliary a23-2 subunit of high-
voltage-gated calcium channels known as VGCCs, which is considered
a major active regulator in synaptogenesis and plasticity (Dolphin,
2012). The a28 protein performs multiple postsynaptic functions in
driving synapse formation, mediating synaptic communication, and
modulating glutamate receptor function (Brockhaus et al., 2018), and
has been implicated in EP, movement disorders, and schizophrenia
(Danis et al., 2023; Edvardson et al., 2013). Expression studies revealed
the highest levels of expression in lungs and testes, followed by high but
somewhat lower levels in the brain, heart, and pancreas (Gao et al.,
2000). In the brain, CACNA2D?2 is predominantly expressed in Purkinje
cells of the cerebella (Punetha et al., 2019) but also in cerebral cortex,
hippocampus, cerebellum, pons, and medulla (Klugbauer et al., 1999).
The involvement of CACNA2D2 as a disease gene remains ambiguous.
Deletion of CACNA2D2 has been associated with increased sensitivity to
pentylenetetrazol-induced seizures (Barclay et al., 2001). The most
common clinical phenotypes are represented by early-onset EP and
congenital ataxia although pathogenic variants in CACNA2D2 were re-
ported in three families with DEE (Zamponi et al., 2015) and in one
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family with pure congenital ataxia.

In summary, VGCCs are the primary pathway for Ca®* entry into
neurons. Mutations in these genes can disrupt the hyperpolarization of
the cell membrane and the transmission of excitatory postsynaptic po-
tentials, as well as alter the activity and function of calcium-activated
VGCCs, leading to EP. The mechanism of EP regulation by VGICs is
shown in Fig. 2. In addition, the coding genes, tissue distribution and
function of VGICs and the relationship between functional and clinical
phenotypes are shown in Table 1, Table 2.

4. The influence of TCM in regulating VGICs on EP

EP is classified as "Xian Zheng" in TCM. TCM theory suggests that EP
arises from brain damage, dysfunction of internal organs, accumulation
of phlegm-heat, and disturbances of internal wind, resulting in disor-
dered Qi movement that impacts the clear orifices of the mind. TCM has
a long history of treating EP, supported by a diverse array of herbal
formulas that have cultivated a comprehensive theoretical and clinical
framework. In recent years, the popularity of TCM has increased among
patients due to its sustained effectiveness, minimal side effects, and
reduced recurrence rates. Currently, active components of herbal med-
icine and TCM formulas are being explored as potential alternative
treatments for EP.

4.1. Herbal formulas regulating VGICs in treating EP

Recent experimental studies have significantly advanced our un-
derstanding of herbal formulas used in treating EP, particularly their
effects on VGICs and hippocampal neuronal cells. Classical and modified
herbal decoctions, proven effective in clinical settings, regulate VGICs to
treat EP. Common formulations include Guishao Zhenxian tablets (Zhao
et al., 2023), Shigan powder (Li et al., 2016), Shouerzhi capsules (Ding,
2012), Xifeng capsules, Rongchang capsules, Kangxian capsules (Ma
et al., 2015), Yuxian Ling granules (Wang et al., 2003), and Anxianning
infusion (Song et al., 2002).

According to the 2020 edition of the Chinese Pharmacopeia, Guishao
Zhenxian tablets are indicated for various types of EP. For example,
Zhao et al. reported that the primary active components, baicalin and
oroxylin A, regulate VGKCs and influence genes such as SCN5A, KCNH2,
and SLC6A3, thus inhibiting apoptosis-related genes, protecting neu-
rons, and reducing EP episodes (Zhao et al., 2023). Furthermore, Li et al.
found that Shigan powder considerably reduces the amplitude of INap in
mouse hippocampal neurons (P < 0.01) and increases the amplitude of
IA transient outward K* channel current (P = 0.047), demonstrating its
effectiveness in slowing depolarization rates, reducing neuronal firing,
and decreasing neuronal excitability (Li et al., 2016). Previous research
by Li et al. also confirmed that Shigan powder modulates VGICs, sup-
presses neuronal firing, and enhances the expression of brain-derived
neurotrophic factor (BDNF) to protect nerve cells.

Research by Ding et al. indicated that Shouerzhi capsules can
decrease the peak L-type calcium current while shifting the I-V curve
upwards, suggesting a suppressive effect on the L-type calcium current
in hippocampal neurons, which may contribute to its neuroprotective
effects (Ding, 2012). Furthermore, Ma et al. observed that herbal for-
mulas such as Xifeng capsules, Rongchang capsules, and Kangxian
capsules can reduce NMDA receptor channel currents, decrease intra-
cellular Ca®" concentrations, and inhibit repetitive high-frequency
firing of hippocampal neurons, thereby alleviating excitotoxicity
caused by Ca®* overload (Ma et al., 2015). Moreover, Lu et al. discov-
ered that Xifeng capsules could reduce VGSCs current, enhance VGSCs
inactivation, and prolong recovery time to decrease abnormal VGSC
activation, thus reducing spontaneous EP episodes (Lu et al., 2019).

Yuxianling granules, primarily composed of blood-activating and
stasis-removing herbs, have been shown to provide protective effects
against pathological damage in the temporal lobe and hippocampus of
seizure-prone rats (Wang et al., 2003). Wang et al. found that Yuxianling
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Fig. 2. Mechanisms of VGIC regulation of EP. mutations in ion channels such as VGSCs, VGKCs, and VGCCs may alter the normal function of channel proteins,
leading to an imbalance in the excitation-inhibition dynamics of the CNS, resulting in abnormally synchronized neuronal firing, and ultimately leading to
EP episodes.

Table 1
Coding genes, tissue distribution and functions of VGICs.
VGICs Coding Chromosme  Deactivation Organizational distribution Cell distribution and Function Reference
gene rate/Current type
Navl.l  SCN1A 2q24.3 Sharp Brain, Spinal cord Located in inhibitory interneurons, involved in (Misonou,2018)
inhibitory networks
Navl.2  SCN2A 2q24.3 Sharp Brain, Kidney Located proximal to the axon initiating segment (Sanders et al., 2018)
(AIS) of excitatory neurons, dendrites, involved in
the retrograde propagation of action potentials
Navl.3  SCN3A 2q24.3 Sharp Brain Located in fetal and neonatal neurons, involved in (Meisler et al., 2010)
development
Navl.6  SCN8A 12q13.13 Sharp Brain Located in the distal AIS and Langfeld’s ganglion of ~ (Feng et al., 2019)
neurons involved in the initiation and propagation
of action potentials
Kv7. 2 KCNQ2 20q13. 3 Sharp Central and peripheral Located in central and peripheral neurons, (Casas-Alba et al., 2023)
neurons responsible for stabilizing neurons and regulating
neuronal excitability
KNal.1 KCNT1 9q34. 3 Sharp Cerebral olfactory bulb, Located in the olfactory bulb, cortex, brainstem, (Yuan et al., 2003)
Cortex, Brainstem and and hippocampus of the brain, responsible for slow
Hippocampus hyperpolarization after repetitive discharges
Kvl. 2 KCNA2 1p13. 3 Slowly Purkinje nerve, Dendritic and Located in the Purkinje nerve, dendritic and (Pen and Coimbra,2015)
Hippocampal areas hippocampal regions, responsible for late
repolarization of neuronal action potentials
Cav2.1 CACNA1A 19p13.13 P/Q type Cerebellum, Caudate nucleus, Located in the presynaptic membrane of centraland ~ (Zamponiet al.,2010)
Brain peripheral nerves, it is responsible for regulating
transmitter release at synapses and nerve endings
Cav3.2  CACNA1lH 16p13.3 T type Cerebral, Thalamic, Located in the brain, thalamus, amygdala, and basal ~ (Stringer et al., 2021;
Amygdala, Basal ganglia ganglia regions, responsible for increasing neuronal ~ Tjaden et al., 2021)
region, Cerebellar purkinje excitability
cells
Cavl.3 CACNA2D2 3p21.3 L type Brain, Inner hair cells and Regulation of contraction, secretion, (Dolphin,2012; Brockhaus

Cardiac organs

neurotransmission and gene expression

et al., 2018)




Table 2
Relationship between functional and clinical phenotypes of VGICs.
Gene LoF-induced GoF-induced diseases Reference
diseases
SCN1A GEFS", FS. DS Non-DS FHM, DEE (Brunklaus et al.,
2022)
SCN2A Evening hair Early hair DEE, (Wolff et al.,
DEE. ASD. ID BFNIE. EA. EIMFS 2019)
SCN3A ASD, ID FFEVF, DEE, EOEE (Kwan et al.,
2008)
SCN8A ASD, ID DEE. BFNIE

glutamate toxicity (Hu, 2021).

Saikosaponin A has demonstrated potential in anti-tumor, anti-in-
flammatory, and antiepileptic applications (Cheng et al., 2021).
Research by Yu et al. revealed that saikosaponin A achieves its antiep-
ileptic effects by selectively modulating different subunits of VGSCs and
VGKCs (Yu, 2013). Additionally, Xie et al. identified that the antiepi-
leptic effect of saikosaponin A is realized by significantly inhibiting the
increase of Ca?" activated by glutamate, and reducing the levels of
interleukin-6 (IL-6) in the extracellular fluid of astrocytes activated by

(Conecker 21 20501 11 8tamate CXiegtaly 2048y Furthermorg, succinic acid, an intermediate

granules alleviate calcium overload in the brains of PTZ-chronic kindled
rats, indicating that while reducing neuronal Ca?*, they can increase
Ca?* concentrations in the cerebrospinal fluid, likely due to the gran-
ules’ hindrance of extracellular Ca?' entry into neurons, thereby
increasing the membrane potential difference and reducing abnormal
neuronal firing, ultimately achieving therapeutic effects on EP (Wang
et al., 2005). Anxianning infusion has sedative and anticonvulsant ef-
fects. Song et al. reported that administering Anxianning infusion could
reduce malondialdehyde (MDA) levels in the brain homogenate of
penicillin-induced EP mice while enhancing superoxide dismutase
(SOD) activity, indicating that its anti-EP effects are related to anti-
oxidative stress and maintaining the dynamic balance of Na*, K*, and
Ca®" ions (Song et al., 2002).

4.2. Regulation of VGICs by active components of TCM in the treatment
of EP

TCM and its active components have been used for thousands of
years. Numerous studies have shown that Chinese herbs and their active
ingredients, such as hawthorn acid, white stigmata extract, saikosaponin
a, and leucovorin, have been shown to have a significant effect on the
treatment of EP in animal experiments and clinical trials, and in view of
the lack of clinical trials in humans, their effects may be related to the
protection of neurons through the reduction of inflammation, oxidative
stress, and neurotoxicity via the modulation of VGICs, and thus the
control of EP episodes(Xiang, 2021; Hu, 2021; Cheng et al., 2021).

Kumar et al. discovered that curcumin counteracts the down-
regulation of two channel proteins, CACNA1A and GABRD, associated
with EP (Kumar and Sharma, 2020). In models of iron-induced EP, the
expression of the sodium channel Navl.1 was upregulated, while cur-
cumin was found to reduce the expression of cortical Navl.1, contrib-
uting to its antiepileptic effects (Kumar et al., 2019). Additionally, the
natural terpenoid maslinic acid may reduce the excitability of cortical
pyramidal neurons by increasing M-current. Further research by Xiang
Jiayao et al. showed that hawthorn acid can affect the basic properties of
Navl.2 and Navl.7, inhibiting persistent sodium currents (INaP), and
modifying neuronal excitability to produce therapeutic effects against
EP (Xiang, 2021). As an animal-derived medicine in traditional Chinese
medicine, proteins and peptides (polypeptides) are the main chemical
components unique to bombyx batryticatus. Studies have indicated that
bombyx  batryticatus  protein = offers  protection  against
glutamate-induced PC-12 cells, and the bombyx batryticatus extract can
modulate N-methyl-D-aspartate receptors (NMDAR), glutamate receptor
ion genes (GRIN1), and Bax, while enhancing Bcl-2, thereby mitigating

metabolite of the tricarboxylic acid cycle, exhibits various pharmaco-
logical effects, including sedation, analgesia, and anticonvulsant effects.
Cong et al. determined that succinic acid can dose-dependently inhibit
high-voltage-activated (HVA) calcium currents without affecting
low-voltage-activated (LVA) currents, suggesting that succinic acid may
reduce calcium influx by inhibiting HVA calcium currents and modu-
lating the excitability of neurons in the hippocampal CAl region,
thereby inhibiting the development of EP (Cong and Yue, 2009).
Moreover, Fu et al. demonstrated that schisandrin A significantly in-
hibits voltage-activated VGSCs and VGCCs currents in hippocampal
neurons, decreasing their excitability, while piperine can effectively
inhibit synchronized electrical activity in neuronal networks (Fu, 2009).
It is noteworthy that the efficacy of Schisandra can vary based on its
origin, source, and cultivation conditions, which directly influenc the
content and ratio of its active components, including schisandrin A and
schisandrin B.

The main active component of Uncaria rhynchophylla is indole al-
kaloids, and its water extract has been proven to exhibit antiepileptic
activity in rats. It has long been utilized to treat central nervous system
diseases (Li and Lou, 2021). Research by Shao et al. found that rhyn-
chophylline can downregulate the expression of Navl.6, thereby
inhibiting INaP, which effectively improves seizure occurrences in EP
rats (Shao et al., 2016). Additionally, Xie et al. discovered that rhyn-
chophylline can suppress the spontaneous firing frequency of action
potentials in hippocampal neurons and exhibits inhibitory activity on
VGSCs and VGKCs (Xie, 2020). Notably, rhynchophylline shows a
stronger inhibitory effect on potassium currents in hippocampal neurons
compared to sodium channels, demonstrating significant antiepileptic
activity. The inward rectifier potassium channel blocker kushenin has
also been reported to have sedative, hypnotic, and anti-seizure proper-
ties. Ligustrazine, a large-conductance calcium-activated potassium
channel opener, is one of the more thoroughly studied active ingredients
for promoting blood circulation and removing blood stasis. Jia et al.
using kushenin and ligustrazine, demonstrated that both compounds
inhibited induced seizures and decreased the incidence of MES-induced
seizures, thus indicating that calcium-activated VGKCs may play a role
in the mechanisms of EP and antiepileptic properties of kushenin and
ligustrazine can be related, at least partially, to the opening of VGKCs
(Jia, 2007).

Besides, triptolide displays intense physiological activity, shows
prominent antiapoptotic, anti-inflammatory, and immune-regulatory
activity, and passes through the blood-brain barrier, making it very
clinically used. Pan et al. showed that triptolide could decrease neuronal
apoptosis for the EP rats by enhancing the expression of kv1.1 protein in
the CA3 region of hippocampus to provide neuroprotection (Pan et al.,
2012). Zhang et al. discovered that polysaccharides from Ganoderma
lucidum can indirectly inhibit NF-xB from entering the nucleus by
reducing intracellular Ca?* influx, thereby decreasing neuronal excit-
ability and significantly countering the occurrence of EP (Zhang et al.,
2008). Furthermore, octyl gallate has been shown to strongly inhibit
Ca?* influx in GH4C1 rat cells. Guo et al. reported that octyl gallate
inhibits Ca®" release activated by RyR and IP3R, protecting cells from
excitotoxic damage and thereby controlling EP (Guo, 2013). Research
indicates that Qingyangshen glycosides exhibit a notable antagonistic
effect on FeSO4-induced EP, demonstrating significant antiepileptic ef-
fects. Additionally, Li et al. observed that Qingyangshen glycosides may
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exacerbate PTZ-induced EP, potentially due to their ability to elevate the
expression of KCNAI], Camk2b, and Pcx in the hippocampus while
reducing SCN1B expression (Li, 2005).

The dried whole scorpion, derived from Buthus martensii, is rich in
neurotoxic peptides (scorpion venom) and possesses various pharma-
cological effects, including antiepileptic, anti-seizure, and immune-
regulatory properties. Liu et al. found that scorpion tail extracts
exhibit effective activity against Kv1.2, Kv1.3, and Kv4.1 channels (Liu,
2019). Furthermore, Wang et al. discovered that these scorpion venom
peptides can inhibit the excitability of hippocampal neurons, providing
neuroprotective effects (Wang et al., 2014). Jonas P et al. concluded
from experiments with frogs that the toxin y in scorpion venom affects
the activation and inactivation of VGSCs in neuronal membranes (Jonas
et al., 1986). Additionally, Li et al. found that osthole can accelerate the
inactivation of VGKCs recorded in hippocampal neurons and, at lower
concentrations, can hasten the inactivation of delayed rectifier potas-
sium channels Kv1.1, Kv1.2, Kv1.3, and Kv2.1, suggesting that osthole
may exert antiepileptic effects by converting delayed rectifier potassium
channels into functional A-type potassium channels, thus reducing the
excitability of pyramidal neurons (Li, 2016). Therefore, both herbal
formulas and active components of TCM can inhibit EP episodes by
modulating VGICs, as shown in Fig. 3,Table 3,Table 4.

5. Conclusions and prospects

The essence of EP is excessive abnormal synchronization of neuronal
discharges in the brain, and the relevant VGICs such as sodium, potas-
sium and calcium ions are the basis for regulating neuronal excitability
and play an important role in this process. Mutations in the genes
encoding the above mentioned ion channels can affect the normal

Shiigan powlier

[ R — Saikasangonin a.
‘LGuxshao Zhenxian tablets | Rtupenopnyiime |
“-...Qingyangshen glycosides)
| Ligustrazine |
I TeEngdide e R &
lSompion\venomx ---------- A'\
Ushrlre

’ Shouerzhi capsules {
| Yuxianling granules |

o Succinic Acid
3 Piperine .
. Polysaccharide .-+

GABA
QOctyl gallate

yeRtract

Postsynaptic neuron l

i Inhihifaty supange.

Journal of Ethnopharmacology 351 (2025) 120129

physiological function of neurons and thus lead to the EP episodes, with
the wide application of second-generation sequencing, the EP associated
with mutations in the genes of VGICs are also With the wide application
of second-generation sequencing, EPs associated with mutations in
VGICs genes have also been gradually discovered and recognised, e.g.,
VGSCs, as the basis of excitatory activity in the nervous system, are the
main causative genes and important candidate genes for a variety of EP
syndromes and are responsible for the generation and propagation of
action potentials, which play an important role in the process of neural
excitation, and potassium channels are the most important ion channel
regulating the excitability of neurons, and the mutations in VGKCs genes
are closely associated with EP, and the mutations in VGCCs are associ-
ated with VGCCs are closely related to the overall electrical excitability
of neurons and abnormal neuronal discharge, and selective or non-
selective T-type calcium channels are potential therapeutic targets for
EP. In addition, the clinical treatment of EP is dominated by western
drugs, but it produces large adverse reactions, which can lead to ab-
normalities in the digestive system, central nervous system, hemato-
poietic system, urinary system and liver function to varying degrees, and
the drug resistance is strong, which is not conducive to the long-term use
of patients.

In recent years, TCM has shown distinct advantages in treating EP.
Experimental results from animal models of EP suggest that blocking
VGSCs or enhancing VGKCs can effectively manage seizures. Modulating
VGIC-related genes and proteins may be a key mechanism by which
TCM ameliorates EP. Active components from traditional herbs, such as
maslinic acid, bombyx batryticatus extract, and saikosaponin A, as well
as traditional formulations like Guishao Zhenxian tablets, Shigan pow-
der, and Shouerzhi capsules, can regulate VGICs, affecting their acti-
vation, managing the currents and concentrations of Na*, K, and ca’t,
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Fig. 3. TCM modulates the effect of VGICs on EP. By acting on VGICs (VGSCs, VGKCs and VGCCs) and ion channel-related receptors, TCM (TCM formulations and
TCM active ingredients) reduce inflammation, oxidative stress and Glu neuroexcitotoxicity responses, thus reducing neuronal excitability and maintaining the
balance of excitatory-inhibitory system of the neural network, and ultimately preventing and controlling EP.
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Table 3
Modulation of VGICs by herbal formulas in the treatment of epilepsy.
Herbal Traditional use Herbal composition Preclinical Study Impact on VGICs Impact on epilepsy Reference
formula subjects
Guishao Various seizure types of Cinnamomi Ramulus, - Regulation of VGKCs Inhibition of apoptosis- (Zhao et al.,
Zhenxian epilepsy (Chinese Codonopsis Radix, function related genes to protect ~ 2023)
tablets pharmacopeia,2020) Glycyrrhizae Radix et Rhizoma, neurons
Ziziphus jujuba Mill, Paeoniae Radix
Alba, Pinellia ternata, Scutellaria
baicalensis Georgi,
Bupleuri Radix, Zingiberofficinale
Roscoe
Shigan Antiepileptic(Li,2023) Acorus tatarinowii, Pentylenetetrazol rat Downward adjustment Inhibits neuronal (Li et al.,
powder Nardostachys chinensis epilepsy model of INap amplitude and discharge and reduces 2016)
upward adjustment of neuronal excitability
instantaneous outward
VGKGCs current
amplitude
Shouer zhi Alzheimer’s disease and Scutellaria baicalensis Georgi, Japanese White Suppression of L-type Protection of nerve (Ding,2012)
capsules antiepileptic(Ding and Ligusticum chuanxiong hort, Rabbit with Large Ears  calcium currents cells
Wu,2012) Acorus tatarinowii, and 12-15d cells
Polygala tenuifolia,
Plastrum testudinis
Rong chang Antiepileptic and antico Cervi Cornu Pantotri chum, Acorus A model of magn Reduces intracellular Reduces Glu (Ma et al.,
capsules nvulsant (Guo et al., tatarinowii, Cuscuta chinensis, esium-free induced Ca®* concentration neuroexcitotoxicity and 2015)
2021) Arisaema cum Bile, Gastrodia elata hippocm protects
Bl,Scorpio, pal neuro nerve cells
Bombyx Batryticatus, nal firing
Pinellia ternata, Citri reticulatae
pericarpium, Poria,
Borneolum Syntheticum,
Glycyrrhizae Radix et Rhizoma
Kangxian Antiepileptic(Geng Pseudostellariaeradix, A model of Reduces intracellular Reduces Glu (Ma et al.,
capsules et al., 2021) Poria, Citri reticulatae pericarpium, magnesium-free Ca®" concentration neuroexcitotoxicity and ~ 2015)
Pinellia ternata, Acorus tatarinowii,  induced hippocampal protects nerve cells
Arisaema cum Bile, Poncirus neuronal firing
trifoliata, Platycodon grandiflorus,
Gastrodia elata Bl,Ligusticum
chuanxiong hort,
Aquilariae Lignum Resinatum
Xifeng Antiepileptic(Lu,2022) Placenta hominis, Lithium chloride- Reduced VGSCs current ~ Reducing recurrent (Lu et al.,
capsules Gastrodia elata B, pilocarpine rat and enhanced VGSCs spontaneous seizures 2019)
Acorus tatarinowii, epilepsy model inactivation
Bombyx Batryticatus,
Scorpio, Curcumae radix,
Ligusticum chuanxiong hort
Yuxianling Antiepileptic(Li et al., Eleutherococcus senticosus, Pentylenetetrazol rat Reduction of“calcium Reduced abnormal (Wang et al.,
granules 2010) Ligusticum chuanxiong hort, epilepsy model buildup”in nerve cells neuronal discharge 2005)
Acorus tatarinowii,
Scorpio, Chilopoda,
Bambusae caulis in taenias,
Pheretima,
Scutellaria baicalensis Georgi,
Carthami Flos, Micae Lapis Aureus,
Borneolum Syntheticum
Anxianning Antiepileptic(Zhao and Bupleuri Radix, Penicillin-induced Maintaining the Reducing oxidative (Song et al.,
infusion Zhao,2003) Paeoniae radix alba, epilepsy model in dynamic equilibrium of  stress 2002)

Arisaema cum Bile,
Poria, Piper Nigrum L

mice

Na*, K+, Mg2+, Ca2+

and modulating the expression of VGIC-related proteins to reduce hip-
pocampal neuronal excitability. Therefore, further research into TCM
may offer a promising avenue for developing VGIC-based therapeutic
strategies for EP. In view of this, we have explored the distribution of
voltage-gated ion channel (VGIC) encoding genes, their roles, and the
mechanisms by which they influence EP. The relationship between the
functional types of VGICs and clinical phenotypes is also examined. Most
importantly, we have systematically summarized how TCM impacts
VGICs to mitigate inflammation, oxidative stress, and glutamate exci-
totoxicity, thereby reducing neuronal excitability and maintaining the
balance of excitation and inhibition in neural networks, ultimately
contributing to the treatment of EP.

It is noteworthy that due to the complexity of the mechanisms un-
derlying EP, in conjunction with TCM’s pathogenesis, several challenges

10

remain. First, a lack of rigorous design in clinical studies persists,
including the need for large sample sizes and multi-center research. This
is further compounded by significant individual variability among pa-
tients, long treatment cycles, and poor patient compliance, which pose
difficulties for research. Second, TCM’s therapeutic effects are achieved
through multiple targets and pathways, yet specific research on molec-
ular pathways and precise targets is lacking. The exact mechanisms of
TCM in treating EP require further investigation, necessitating a more
systematic and integrative approach to studying these mechanisms.
Third, gene-targeted therapies, which are more precise compared to
other treatment modalities, are gradually being applied in channelo-
pathies, but safety remains a primary concern. Additionally, genetic
testing lays the foundation for precise diagnosis and treatment of EP, but
functional testing at the cellular or animal level is needed to provide
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Table 4
Modulation of VGICs by herbal active components in the treatment of epilepsy.
Active component TCM Study subjects Impact on VGICs Impact on epilepsy Reference
Curcumin Turmeric FeCls-induced epilepsy inrat ~ Attenuated down-regulation of Reduces neuroexcitotoxicity (Kumar and
CACNA1A and GABRD and down- Sharma,2020;
regulated Navl.1 expression Kumar et al., 2019)
Maslinic acid Hawthorn Pentylenetetrazol-induced Suppression of INaP by affecting Altered neuronal excitability (Xiang,2021)
zebrafish the fundamental properties of
Navl.2 and Nav1.7
Bombyx Bombyx Batryticatus =~ — Attenuates the toxic effects of Glu  Anticonvulsive (Hu,2021)
Batryticatus and reduces intracellular Ca**
extract concentration

Saikosaponin a

Succinic Acid

Schizandrin A

Piperine

Rhynchophylline

Kushenin
Ligustrazine
Triptolide
Polysaccharide
Octyl gallate

Qingyangshen
glycosides

Scorpion venom

Osthole

Chinese thorowax
root

Amber

Schisandrachinensis

Pepper

Uncaria

Sophora
alopecuroides
Chuanxiong
Rhizoma
Tripterygium
wilfordii
Ganoderma lucidum

Turkish gall
Cynanchum
otophyllum

Scorpion

Cnidii Fructus

Glutamate Activation of rat
hippocampal astrocytes

SD rat pups

SD rats

SD rats

Maximal Electroconvulsive
and 6-Hz Induced
Epilepsy Models

Electrical stimulation of the
amygdala ignites a chronic
epilepsy model

Kelvinic acid

Pentylenetetrazol rat
epilepsy model
Pentylenetetrazol rat
epilepsy model

Maximal electroshock and
pentylenet etrazole-induced
epilepsy model

Suppressing VGSCs current
amplitude and up-regulating
VGKCs current amplitude
Inhibition of HVA calcium current
reduces Ca?* inward flow

Suppression of VGSCs and VGCCs
currents

Inhibition of spontaneous
synchronization of calcium
oscillations in hippocampal
neuronal networks

Inhibition of voltage-gated
VGSCs, VGKCs activity

VGKCs open

Increased expression of kvl.1
protein

Reduced Ca?" inward flow in
nerve cells

Inhibition of Ca®" release
Elevation of KCNAI, Camk2b and
Pcx Expression and Reduction of
SCNIB Expression in Hippocampal
Sites

Good activity against Kv1.2,
Kv1.3 and Kv4.1

Accelerated deactivation of Kv1.1,
Kv1.2, Kv1.3, Kv2.1 currents

Selective modulation of different
VGSCs, VGKCs subunits exerts
antiepileptic effects

Influence on the excitability of
neurons in the CA1 region of the
hippocampus

Decreased excitability of
hippocampal neurons

Inhibition of synchronized electrical
activity in neuronal networks

Reducing the frequency and
prolonging the duration of action
potential issuance in rat hippocampal
neurons

Suppression of ignition seizures and
reduction in the incidence of
convulsions with maximal
electroconvulsions

Reduction of neuronal apoptosis in
epileptic rats

Reduces excitability of nerve cells

Protects cells from excitatory damage
Suppression of strong noise-induced
audiogenic convulsive seizures

Inhibition of hippocampal neuron
excitability

Decreased excitability of pyramidal
neurons

(Yu,2013; Xie et al.,
2008)

(Cong and
Yue,2009)

(Fu,2009)

(Fu,2009)

(Shao et al., 2016;
Xie,2020)

(Jia,2007)

(Pan et al., 2012)
(Zhang et al., 2008)

(Guo,2013)
(Li,2005)

(Liu,2019)

(Wang T et al., 2014)
(Jonas et al., 1986)
(Li,2016)

evidence for pathogenicity. Fourth, significant research gaps persist
regarding the relationship between genotype, phenotype, and function
in ion channel diseases. How to guide medication based on different
genotypes and assess patient prognosis requires further exploration.
Fifth, as TCM compounding consists of multiple herbal formulations
with different components and active ingredients and potential in-
consistencies in study doses, the development of standardized TCM
protocols for the treatment of EP is a key scientific issue that needs to be
addressed. Sixth, the treatment of EP with TCM may have side effects
such as excitatory neurotoxicity, blood-brain barrier competition and
developmental toxicity in children. Seventh, VGSCs, VGKCs, VGCCs,
etc., as key targets for the treatment of EP, may provide new ideas and
new approaches for the development of EP treatment guidelines.

With technological advances in genetics, neuroimaging, and
increasing research into the etiology of EP, therapies targeting specific
etiologies are emerging, which has brought about a dramatic change in
the clinical EP treatment paradigm. We believe that the search for novel
AEDs with new mechanisms of action is the key to treating DRE. Future
EP-related research can be conducted in the following areas: @ More
case reports and more in-depth results of basic and clinical studies are
expected to further elucidate the pathogenesis of EP associated with
VGICs gene variants, the correlation between the clinical phenotype and
genotype; @ A standardized system of“multi-dimensional quality con-
trol, intelligent dose optimization and global regulatory synergy”must
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be constructed for the treatment of EP with Chinese medicine, and
clinical applicability will be improved through the establishment of a
library of antiepileptic ingredients of Chinese medicine, the develop-
ment of adaptive drug delivery systems and drug genome testing kits; ®
We are actively conducting multi-center, large-sample, prospective
clinical studies on EP to provide new evidence-based evidence for the
diagnosis and treatment of EP with TCM and to develop individualized
EP treatment protocols by combining multiple treatment modalities, to
improve the inhibition rate of clinical EP, and to place more emphasis on
precision medicine to prevent EP episodes in a patient-centered manner.
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(AEDs): Antiepileptic drugs

(ASD):  Autism spectrum disorder
(BDNF) Brain-derived neurotrophic factor
(BFNE) Benign familial neonatal epilepsy

(BFNIE) Benign familial neonatalinfantile seizures
(DEE) Developmental and epileptic encephalopathies
(DS) Dravet syndrome

(EA2) Episodic ataxia type 2

(EE) Epileptic encephalopathy

(EEGs)  Electroencephalograms

(EIMFS) Infantile epilepsy with migrating focal seizures
(EOEE) Early-onset epileptic encephalopathy

(EP) Epilepsy

(ESES)  Electrical status epilepticus during sleep
(FFEVF) Familial focal epilepsy with variable foci
(FHM) Familial hemiplegic migraine

(FS) Febrile seizures

(GABA) y-aminobutyric acid

(GEFS™): Genetic epilepsy with febrile seizures plus
(Glu): Glutamic acid

(GoF) Gain-of-function

(GRIN1) Glutamate receptor ion genes

(HVA): High-voltage-activated

(ID) Intellectual disability

(IL-6) Interleukin-6

(INaP)  Residual persistent sodium current
Is) Infantile spasm

(LoF) Loss-of-function

(MDA) Malondialdehyde

(MES) maximal electroshock seizure

(NMDAR) N-methyl-D-aspartate receptors
(0S) Ohtahara syndrome

(SCBs)  Sodium channel blockers

(SE) Status epilepticus

(SOD) Superoxide dismutase

(TCM)  Traditional Chinese medicine
(TRPM2) Transient receptor potential M2 channel
(VGCCs) Voltage-gated calcium channels
(VGICs) Voltage-gated ion channels
(VGKCs) Voltage-gated potassium channels
(VGSCs) Voltage-gated sodium channels
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