& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Shennan Aibel Weiss,
Stony Brook University, United States

REVIEWED BY
Christos Panagiotis Lisgaras,

New York University, United States
Ferhat Erol,

Stony Brook University, United States

*CORRESPONDENCE
Yehui Lv
lvyh_15@sumhs.edu.cn

RECEIVED 14 March 2025
ACCEPTED 13 June 2025
PUBLISHED 01 July 2025

CITATION

Du C, Xu X, LvY, Tong F, Lin R and

Yang Z (2025) Bibliometric and visualized
analysis of current advances and future
directions in epilepsy: from molecular basis to
therapy.

Front. Neurol. 16:1593621.

doi: 10.3389/fneur.2025.1593621

COPYRIGHT

© 2025 Du, Xu, Lv, Tong, Lin and Yang. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Neurology

Frontiers in Neurology

TYPE Systematic Review
PUBLISHED 01 July 2025
pol 10.3389/fneur.2025.1593621

Bibliometric and visualized
analysis of current advances and
future directions in epilepsy: from
molecular basis to therapy

Chenggiang Du?, Xinlei Xu?, Yehui Lv'*, Fang Tong*,
Ruofan Lin'® and Zhifang Yang*

!School of Basic Medical Sciences, Institute of Wound Prevention and Treatment, Shanghai University
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Purpose: Through a visual analysis of the literature on epilepsy research in the
Web of Science Core Collection, this study aims to explore the molecular basis,
providing a reference for scholars and professionals in related fields.

Methods: The search formula is generated using the Mesh keyword list in
PubMed. Subsequently, English-language literature is retrieved from the Web
of Science Core Collection, with the search period set from January 1, 2015,
to December 31, 2024. The study calculates the annual number of publications
and citations and analyzes the trends. CiteSpace 6.2. R4 software is used to
perform a visual analysis of the retrieved documents.

Results: The search retrieved 1,485 articles related to molecular basis of epilepsy
research, with an average annual growth rate of 14.41%. Based on the publication
trend line for this period, it is predicted that approximately 208 articles will
be published in this field in 2025.

Conclusion: This study examines the dynamic evolution of epilepsy from
molecular mechanisms to clinical treatment. lon channel abnormalities (e.g.,
KCNQ?2 and SCN1A mutations) and neuroinflammatory pathways have become
central to basic research, quiding targeted drug design. However, gaps remain
between basic research and clinical application, as discoveries like circRNA
regulation and glial-neuron interactions have not yet led to effective therapies,
and emerging technologies such as optogenetics and nano-drug delivery
systems still require clinical validation.
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1 Introduction

Epilepsy is one of the most common and potentially fatal neurological disorders. Its
occurrence is unpredictable, stemming from abnormal neuronal discharge in the brain (1), and
it affects approximately 70 million people worldwide. Among every 1,000 adult epilepsy
patients, the annual incidence of Sudden Unexplained Death in Epilepsy (SUDEP) is 1.2 (2),
and the risk of suicide is 2 to 4 times higher than in the general population (3). This underscores
that epilepsy not only impacts physical health but also profoundly affects mental well-being.
Thus, investigating the pathogenesis of epilepsy is crucial for early intervention and effective
clinical treatment. Meanwhile, the pathogenesis of epilepsy is multifaceted, encompassing
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genetics, immunology, neurology, and other disciplines. This study
focuses on the molecular level, aiming to provide stronger theoretical
support for molecular targeted therapies by summarizing ion channels,
transporters, and neurotransmitters. The goal is to bridge the gaps
between molecular mechanisms, pathological features, and therapeutic
strategies, thereby establishing a three-dimensional network that offers
valuable insights for clinicians and researchers in related fields.

Currently, research on the molecular mechanisms of epilepsy
primarily encompasses three main aspects: (1) the imbalance
mechanism of neurotransmitters mediated by ion channels and
transporters (4); (2) the dynamic reversal mechanism of excitatory
and inhibitory neurotransmitters (5, 6); (3) the exploration of epilepsy
models and precise treatment systems (7), including targeted
molecular therapies such as gene-targeted therapy (8) and chaperone
therapy (9). Additionally, emerging technologies such as optogenetic
intervention (10) and artificial intelligence (11) are progressively being
applied to clinical trials and treatment. The advancement of omics
technologies has also provided new momentum for studying the
molecular mechanisms of epilepsy.

Research on the molecular basis of epilepsy holds significant
promise for future advancement. Current data indicate (Figure 1) that
the number of publications in this field has remained relatively stable,
exhibiting only minor fluctuations. However, analysis of the number of
citations and publication trends suggests strong potential for continued
growth. In this context, bibliometric analysis plays a crucial role in
identifying current research hotspots and forecasting future directions
in the field. To this end, the present study utilizes CiteSpace software
to conduct a visual bibliometric analysis of relevant literature on
molecular mechanism of epilepsy, drawn from the core collection of
the Web of Science. The objective of this analysis is to provide an
intuitive overview of current research hotspots, elucidate the
underlying evolutionary trends, and forecast future directions, thereby
offering a solid foundation for forward-looking research in this domain.

2 Materials and methods
2.1 Data source

The search formula is generated using the Mesh keyword list in
PubMed (Figure 2A). Then, using the Web of Science Core Collection
as the data source, a literature search was conducted with the following
topic search formula: ((TS = (Epilepsy OR Seizure OR Convulsion OR
Epileptic OR Seizure Disorder)) AND WC = (enzymology OR etiology
OR genetics OR immunology OR pathology OR physiopathology OR
virology)) AND LA = (English). Inclusion criteria comprised articles,
review articles and meeting abstracts retrieved from the Web of Science
Core Collection using the defined search strategy. Initially, titles and
abstracts were screened to exclude publications irrelevant to the study
scope outlined in the introduction. Remaining articles were
subsequently reviewed in full, as detailed in Figure 2B. Manual
screening was conducted independently by one author; in cases of
uncertainty, corresponding author was consulted. Disagreements
regarding data inclusion were resolved through discussion among all
authors. If consensus could not be reached, the data were excluded to
ensure the rigor and consistency of the analysis. Throughout the
screening process, all reviewers adhered to strict standards to maintain
scientific validity and reliability. The search encompasses the entire
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Web of Science core collection from January 1, 2015, to December 31,
2024. After manual screening, annual publication volume and citation
data are calculated, and trends are analyzed.

2.2 Visualization analysis items

For the retrieved literature, the annual publication volume and
citation counts were calculated, and the trends were analyzed.
Microsoft Office Excel 2021 (Microsoft Corporation, United States)
was used to create combination charts, and a trend line was used to
predict the number of publications in this field for 2025. The annual
publication growth rate was calculated using the following formula:
Annual Growth Rate (%) = [(Publication volume in the current year
— Publication volume in the previous year) / Publication volume in
the previous year] x 100.

Meanwhile, the following metrics were analyzed: (1) source
journal analysis: the number of journals contributing to the
publications was analyzed. Additionally, the top 10 journals by
publication volume were examined for their research focus, country
of publication, impact factor, citation score, and classification within
the Journal Citation Reports (JCR). (2) Citation analysis: the keywords
of the cited references were clustered using the Log-likelihood Ratio
(LLR) algorithm, and a timeline graph was generated to visually
display past and current research hotspots. In the clustering analysis,
clusters were ranked by size, with the largest cluster labeled as #0,
followed by #1, and so on. (3) Keyword analysis: a keyword clustering
analysis was performed, and a timeline graph was generated.
Additionally, the burst detection algorithm was used to generate a list
of burst keywords (hereafter referred to as “burst terms”), and the
top 10 burst terms by intensity were displayed. Burst intensity reflects
the frequency change of a burst term over a period of time, with
higher intensity indicating more attention. By analyzing high-intensity
burst terms, future research hotspots in the field can be predicted.

2.3 Data processing

CiteSpace is a bibliometric-based scientific knowledge graph
analysis tool used to identify development trends and research frontiers
within a specific research field. The literature data is divided into time
slices by year, and algorithms such as cosine similarity are applied to
generate Keyword Co-occurrence Networks, Co-citation Networks,
Collaboration Networks, and other visualizations to display specific
relationships. Key metrics such as betweenness centrality, modularity,
and mean silhouette score are used to assess the network structure and
clustering quality. The resulting figures include co-citation networks,
cluster visualizations, and timeline views, reflecting the intellectual
foundation and evolution of the field. Keyword co-occurrence maps,
clustering diagrams, and burst term timelines highlight research
hotspots, thematic structures, and emerging trends.

In this study, CiteSpace 6.2. R4 software was used to perform
co-occurrence network and burst analysis on the 1,485 articles. The
parameter settings were as follows: time slice was set to 1 year, the
scaling factor (k value) was manually adjusted to 15, and the network
link strength was calculated using the cosine algorithm. All other
options were kept at their default settings. The node types selected for
the analysis were journals, countries, cited references, and keywords.
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FIGURE 1

database from 2015 to 2024.

The annual number of publications and citations of literature related to molecular basis of epilepsy research in the core collection of Web of Science

Epilepsy

A disorder characterized by recurrent episodes of paroxysmal brain dysfunction due to a sudden, di: and

ive neuronal di

patterns (e.g., nocturnal epilepsy). (From Adams et al., Principles of Neurology, 6th ed, p313)
PubMed search builder options

Epilepsy classification systems are generally based upon: (1) clinical features of the seizure episodes (e.g., motor seizure), (2) etiology (e.g., post-
traumatic), (3) anatomic site of seizure origin (e.g., frontal lobe seizure), (4) tendency to spread to other structures in the brain, and (5) temporal
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FIGURE 2

Research process. (A) Composition of research formula, (B) Search flow chart.
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CiteSpace uses the Latent Semantic Indexing (LSI) algorithm to
extract cluster labels. The software provides two metrics [Modularity
Value (Q-value)] and [Mean Silhouette Value (S-value)] to assess the
clarity and effectiveness of the visualized clusters. A Q-value greater
than 0.3 indicates a significant clustering structure, while an S-value
greater than 0.7 suggests that the clustering is highly convincing. An
S-value above 0.5 generally indicates that the clustering is reasonable.
These metrics help ensure that the visualized network and clusters
effectively represent the underlying research patterns.

3 Results
3.1 Analysis of annual publication volume

Based on the searching formula, 6,621 articles were obtained during
the pre-detection phase (Figure 2B). To ensure the accuracy and
professionalism of the results, the pre-retrieved articles will be manually
screened by two researchers, and finally 1,485 articles will be obtained.
The final result shows that the research on the molecular basis of epilepsy
has demonstrated overall stability, with only slight fluctuations over time.
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The number of publications peaked in 2019, reaching 255 articles, and
the quantity of publications is 2.02 times that of the previous year.
Surpassed 100 articles starting in 2018, with subsequent years showing a
consistent range around 150 articles. The number of citations has steadily
increased year by year, with a significant surge occurring in 2019. By
2024, the number of citations had grown to approximately 50 times that
observed in 2015 (see Figure 1). The average annual growth rate of
publications from 2015 to 2024 was 14.41%. Based on the trend line for
this period (y = 83.247 e0'0914(x_2015) , R>=0.4334; where e is the
natural logarithm, x represents the year, and R* indicates the goodness of
fit, with values closer to 1 representing a better fit), it is predicted that the
number of publications in this field will reach 208 in 2025 (see Figure 3).

3.2 Analysis of source journals of papers

The searching results identified publications in 207 different
journals. Based on publication volume, the top 10 journals were
ranked, collectively contributing 516 publications, which
accounts for 34.7% (516/1485) of the total. These journals
primarily focus on research areas such as Genetics, immunology,
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FIGURE 3
The annual number of publications and trend line of literature related to molecular basis of epilepsy research in the core collection of Web of Science
database from 2015 to 2024. The published articles in 2025 is the predicted value of the model.

pathology, with the majority of publications originating from
countries like the United States and the United Kingdom.
According to the Journal Citation Reports (JCR) classification
standards, four of these journals falls into the first quartile (Q1).
See Table 1 for details.

3.3 Analysis of countries (regions) and
institutions

A collaboration network map of countries (regions) and
institutions was constructed based on the findings from the
literature search. As depicted in Figure 4, the map illustrates the
cooperative relationships among various countries, with the
thickness of the connections indicating the intensity of cooperation.
A thicker connection signifies a closer and stronger collaborative
relationship. The United States, with 566 publications, represents
the largest node, accounting for 38.11% of the total literature, and
ranks first in terms of publication volume. The People’s Republic of
China ranked second with 292 publications (19.7%), followed by
Germany in third place with 223 publications (15.0%). Additionally,
France exhibits the highest betweenness centrality, scoring 0.13.
Other countries (regions) with betweenness centrality scores
exceeding 0.1 include Belgium (0.11). Germany, the Netherlands,
Norway, and Saudi Arabia are tied for fourth place with a
betweenness centrality of 0.08.

A total of 247 institutions have contributed to research on the
molecular basis of epilepsy. Figure 5 presents the top 25 institutions
ranked by publication count. Hopital Universitaire Pitié-Salpétriére-
APHP and Leipzig University share the 25th position, each
contributing 27 publications. Among the top five institutions by
publication volume, Institut national de la santé et de la recherche
médicale (Inserm) leads with 121 papers, followed by the University
of London (96 papers), Harvard University (89 papers), University
College London (86 papers), and the University of California System
(82 papers).
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3.4 Keyword analysis

A comprehensive analysis was conducted on the keywords from
the literature search, and the keyword co-occurrence knowledge map
is shown in Figure 6A. The map consists of 198 nodes and 1,566 lines.
Among them, “activation” has the highest betweenness centrality at
0.13, ranking first, followed by “expression” at 0.11. “identification”
and “epilepsy” all rank third with a centrality of 0.09. As shown in
Figure 6A and the gene-related terms in Table 2, the term “expression”
primarily reflects research at the genetic level, particularly involving
gene expression and frequent gene mutations. In fields such as
immunology, the pathogenesis of epilepsy is often explored through
the role of stage-specific gene expression (12). In contrast, the term
“activation,” which holds the highest centrality, appears to span
multiple biological processes, including the activation of diverse
cellular signaling pathways, such as those involving protein C
receptors (13) and AAV vectors (14).

Collectively, these findings suggest that research on the molecular
basis of epilepsy follows a relatively structured approach: specific
pathways are activated and gene expression patterns are analyzed to
elucidate disease mechanisms and ultimately inform treatment
strategies (14). This reflects the multi-dimensional network that the
present study aims to reveal.

The interactions between keywords were analyzed using LSI to
extract clustering labels, resulting in an average silhouette value of
S = 0.67, indicating that the clustering structure is significant and the
results are convincing. Six main clusters were formed: #0 Intellectual
disability, #1 Temporal lobe epilepsy, #2 Focal cortical dysplasia, #3
Inhibition, #4 Autoimmune encephalitis, #5 Expression, as shown in
Figure 6B.

Burst word analysis identified 47 burst terms, with the top 10
burst terms (Figure 6C) being temporal lobe epilepsy, central nervous
system, mice, spectrum, dysfunction, phosphorylation, genes, severe
myoclonic epilepsy, binding, and features, each with different starting
and ending timeframes. In the early to mid-period (2015-2020), the
construction of various experimental mouse models remains a
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TABLE 1 The top 10 source journals in terms of the number of publications of literature related to the molecular basis of epilepsy research in the core

collection of web of science database from 2015 to 2024.

Rank  Journal Country Published CiteScore Journal citation IF
(Amount) reports (JCR)
1 American Journal of Human Genetics (Am ] Hum Genet) United States 85 14.7 First quartile (Q1) 8.1
2 Human Molecular Genetics (Hum Mol Genet) England 84 6.9 Second quartile (Q2) 3.1
3 Journal of Neuroinflammation (J Neuroinflamm) England 58 15.9 First quartile (Q1) 9.3
4 American Journal of Medical Genetics Part A (Am ] Med United States 52 35 Third quartile (Q3) 1.7
Genet A)
5 Clinical Genetics (Clin Genet) Denmark 45 6.5 Second quartile (Q2) 2.9
6 European Journal of Human Genetics (Eur ] hum Genet) England 45 9.9 Second quartile (Q2) 3.7
7 Frontiers in Immunology (Front Immunol) Switzerland 39 9.8 First quartile (Q1) 5.7
8 Genes Switzerland 37 52 Second quartile (Q2) 2.8
9 Brain Pathology (Brain Pathol) United States 36 13.2 First quartile (Q1) 5.8
10 Frontiers in Genetics (Front Genet) United States 35 5.5 Second quartile (Q2) 2.8

prominent approach for exploring pathogenesis, with temporal lobe
epilepsy being a particularly focal disease of interest. Since 2020, the
pathological manifestations were linked to the underlying
pathogenesis and  were

analyzed comprehensively from

multiple dimensions.

3.5 Citation analysis

Cluster analysis revealed that the keywords of the cited references
formed 253 nodes and 8 major clusters (Q = 0.68, S = 0.87), as shown
in Figure 7A. The timeline chart indicates that the primary clusters
from 2010 to 2015 were #2 cerebral atrophy, #4 inflammation, while
the primary clusters from 2016 to 2020 were #0 autism spectrum
disorder, #1 potassium channel, #2 Putrefaction, #3 exome, as shown
in Figure 7C. Among these, #2 cerebral atrophy and #3 exome showed
the closest co-occurrence relationship, followed by #0 autism
spectrum disorder and #6 malformations of cortical development, as
seen in Figure 7B.

According to the number of citations, the top 10 literatures were
ranked and their betweenness centrality and sigma value were
analyzed. As shown in Table 2, research on the molecular basis of
epilepsy is largely concentrated at the genetic level. The most cited
article, “Analysis of protein-coding genetic variation in 60,706
humans,” provides a comprehensive map of protein-coding variants,
serving as a key resource for identifying epilepsy-related mutations.
The second and third most cited works offer standardized
frameworks for variant interpretation, further supporting the
identification of pathogenic mutations. The sigma value = (centrality
+ 1)Aburstness. Consequently, higher centrality and salience values
correlate with a higher sigma value. In terms of centrality, the
second-ranked publication, “Neuroepidemiological pathways as
treatment targets and biomarkers in epilepsy” (centrality = 0.30),
reflects a growing focus on inflammatory mechanisms and their
therapeutic potential. This also highlights the interdisciplinary
nature of the field, where multi-dimensional and multi-level
analyses contribute to more comprehensive research outcomes.

Overall, these influential studies form the foundation of molecular
epilepsy research, spanning genetic data construction, pathogenic
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mechanism discovery, variant assessment tools, and clinical
classification systems—demonstrating a shift toward more systematic
and precise investigation in this field.

4 Discussion

Bibliometric analysis is a type of study that statistically analyzes
scientific articles to describe citation relationships across publications
and research trends in a certain field, being valuable for statistically
evaluating researcher contributions across countries (15). In the
present study, we performed bibliometric analysis to understand
worldwide trends in postmortem interval research, focusing on
specific topics within the discipline across a nearly 10-year period. To
the best of our knowledge, this is a study to perform bibliometric
analysis on the global scientific body of research on postmortem
interval via the Web of Science Core Collection databases.

The number of scientific publications is an intuitive indicator that
could reflect the development of the discipline based on bibliometrics
(16). The substantial variation in the number of articles published
annually may signal a significant turning point in this field. Therefore,
by integrating the timeline and publication trend charts with the
keyword co-occurrence map, we can gain a clearer understanding of
the current molecular mechanisms underlying epilepsy, identify
research hotspots, and anticipate future research directions. 2019
marked the peak in the number of articles published over the past
decade. Following a breakthrough of over 100 articles in 2018, the
number of publications peaked at 255 in 2019, with annual fluctuations
between 120 and 180 and an average of approximately 150 articles per
year, suggesting that the molecular basis for studying the pathogenesis
of epilepsy has reached a relatively mature stage. The number of
citations has steadily increased each year, with an exponential rise in
2019, indicating that epilepsy research spans a broad range of fields
and continues to hold significant value for further investigation.

As per the top 10 journals list, American Journal of Human
Genetics, Human Molecular Genetics, Journal of Neuroinflammation
and American Journal of Medical Genetics Part A made the most
contributions to scientific research, and the number of published
articles has exceeded 50. Only one of the top 10 journals is classified
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in Q3, while the remaining journals are ranked in Q1 and Q2. This ~ demonstrates that research on the molecular mechanisms of epilepsy
distribution further highlights the professionalism and rigor of  follows a relatively structured framework. Insights into molecular
research in this field. Similarly, the keyword analysis further = mechanisms ultimately inform the understanding of epilepsy severity
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FIGURE 6

Keyword co-occurrence cluster analysis of literature related to molecular basis of epilepsy research in the core collection of Web of Science database
from 2015 to 2024. (A) Keyword Co-occurrence Network figure, (B) Keyword Co-occurrence Analysis Cluster Network figure, (C) Timeline of the Top
Six Clusters in Keyword Co-occurrence Analysis, (D) Top 10 Burst Keywords by Burst Intensity [The legend corresponds to figure part label (B)].

and provide guidance for clinical treatment strategies. For instance, = pathways represents a key approach to exploring epileptogenic
the high-centrality keyword “activation” encompasses multiple aspects ~ molecular mechanisms as exemplified by the article
of epilepsy molecular research. Activation of neuroinflammatory  “Neuroinflammatory pathways as treatment targets and biomarkers in
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TABLE 2 Top 10 most cited publications on the molecular basis of epilepsy (2015-2024) in the web of science core collection.

Rank Count @ Title Centrality Sigma
1 76 Analysis of protein-coding genetic variation in 60,706 humans 0.23 4.96
2 53 The mutational constraint spectrum quantified from variation in 141,456 humans 0.19 19.86
3 52 Standards and guidelines for the interpretation of sequence variants 0.11 3.55
4 40 De novo mutations in epileptic encephalopathies 0.27 35.98
5 35 GeneMatcher: a matching tool for connecting investigators with an interest in the same gene 0.02 1.17
6 33 ILAE classification of the epilepsies: Position paper of the ILAE Commission for Classification and 0.41 12.45
Terminology
6 33 Prevalence and architecture of de novo mutations in developmental disorders 0.19 1.70
7 24 A general framework for estimating the relative pathogenicity of human genetic variants 0.04 1.23
8 19 CADD: predicting the deleteriousness of variants throughout the human genome 0.06 1.30
9 18 VarSome: the human genomic variant search engine 0.05 1.32
9 18 Epilepsy in adults 0.04 1.36
10 16 Neuroinflammatory pathways as treatment targets and biomarkers in epilepsy 0.30 3.72

epilepsy,” which ranks second in centrality in Table 2. Furthermore, an
analysis of the cited literature reveals that most studies focus on
genetic approaches, with many explaining the molecular basis of
epilepsy by investigating mutation sites. Simultaneously, attention is
also given to the emergence of specific epilepsy categories, which
contributes to the development of a more comprehensive, three-
dimensional knowledge network encompassing the “molecular
mechanisms, pathological characteristics, and treatment strategies” of
epilepsy. As for research hotspots and trends, a more detailed
explanation is provided in the following text.

4.1 Current research status and hotspot
analysis of epilepsy in molecular basis

The intensity (Figure 6B) and high dominance (Figure 6D) of
temporal lobe epilepsy are evident from the timeline diagram,
keywords, and their emergent maps. Temporal lobe epilepsy is the
most common form of focal epilepsy in adults, accounting for 60% of
cases (17). Additionally, it is a common practice in research to
construct mouse models of temporal lobe epilepsy in laboratory
settings (18), which explains the prominence of keywords such as
“mouse;,” “expression;,” and “model” Current research primarily
focuses on the imbalance mechanisms of neurotransmitters mediated
by ion channels and transporters, such as mutations in sodium
channels (19), abnormal regulation of potassium channels (20),
dynamic imbalances in calcium channels (21), and new discoveries
related to transporters (22). The International League against Epilepsy
(ILAE) classifies epilepsy caused by ion channel gene mutations as
“genetic epilepsy” and underscores its significance in the classification
and diagnosis of epilepsy (23). This also underscores the prominent
role of ion channel research in elucidating the molecular basis of
epilepsy. As shown in Table 2, the articles published by the
International League against Epilepsy have the highest central value
in the cited literature.

Voltage-gated sodium (Nav) channels play a crucial role in the
depolarization of action potentials, thereby significantly influencing
nerve conduction. In the brain, the voltage-gated sodium channel
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family (SCN) primarily encodes Nav channel proteins. The SCN2A,
SCN3A, and SCN8A genes encode three major a subunits, which are
predominantly expressed in excitatory neurons (24). In contrast,
SCNI1A is highly expressed in inhibitory interneurons. However, due
to the high mutation rates and varying expression patterns of these
genes, there is an imbalance in the excitation/inhibition ratio, which
leads to diverse seizure patterns and syndromes. Mutations such as
truncations or missense mutations in the SCN1A gene, which encodes
the asubunit of the Navl1.1 channel, can lead to Dravet syndrome (25),
SCNI1A mutations are frequently associated with a spectrum of
clinical manifestations, including epilepsy, autism, and intellectual
disability. The emergence of high-intensity keywords like
“Dysfunction” and “Severe myoclonic epilepsy” in Figure 7 is closely
associated with this, highlighting the pathological characteristics of
epilepsy. Current studies indicate (26) that the spectra of phenotypes
and genotypes of SCN1A mutations have been expanding, then the
incidence and severity of associated clinical symptoms may vary
accordingly. Meanwhile, intellectual disability in cluster #0 occupies
the largest share in keyword clustering, which is consistent with the
finding that epilepsy, autism spectrum disorder, and intellectual
disabilities are highly correlated in this research area (27). This study
aims to more thoroughly investigate the molecular mechanisms
underlying epilepsy and to establish a comprehensive network
integrating molecular mechanisms, pathological features, and
therapeutic strategies through multidisciplinary and multi-angle
approaches. Currently, treatment options for SCN1A-related disorders
have become more mature and diversified. One approach involves
constructing an AAV-SCN1A vector, which increases SCN1A mRNA
transcripts, particularly in GABA-inhibited intermediate neurons, as
well as the level of Navl.1 protein in the brain (19). Additionally, the
development of cutting-edge models, such as using Scnla haploid-
deficient mice for gene therapy based on CRISPR, and fusing multiple
guide RNAs (gRNAs) in the promoter region with nuclease-deficient
Cas9 and a transcription activator (dCas9-VPR) to trigger SCN1A
transcription in vitro, has opened up new therapeutic avenues (28).
With advancements in science and technology, precision therapy has
also paved the way for novel treatments. For instance, gene targeting
therapy using SCN1A antisense oligonucleotide (STK-001) can restore
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Navl.1 expression (29), while chemical chaperone 4-PBA can correct
the folding of SCN1A missense mutant proteins through chaperone
protein therapy (30). Gene targeting and chaperone protein therapies
are emerging as prominent topics in precision medicine, and it is
expected that further research will lead to new breakthroughs in
these areas.

Additionally, cluster #2, which focuses on focal cortical dysplasia
(FCD), also shows a high incidence, as not only mutations in SCN1A
and SCN2A that lead to excessive neuronal excitation result in FCD
(31, 32), but mutations in genes encoding potassium channels can also
produce similar outcomes (33). Voltage-gated potassium channels
(Kv) play a crucial role in regulating electrical excitability within the
neuronal system, similar to the function of sodium channels.
Mutations in Kv channels have been linked to epilepsy. As
demonstrated by case reports and studies utilizing knockout mouse
models, both gain-of-function (GOF) and loss-of-function (LOF)
mutations in Kv channels can lead to epilepsy with similar phenotypes,
though through different mechanisms, as seen with many other
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potassium channel families (34). The KCNQ (Kv7) family of voltage-
gated potassium channels is associated with various hyperexcitability
diseases and GOF variants (35). This family consists of five members
(35), with the KCNQ2 channel most commonly linked to
developmental epilepsy and epileptic encephalopathy. Potassium
channels encoded by KCNQ2 and KCNQ3 regulate subthreshold
membrane potential changes that influence neuronal excitability,
contributing to the molecular heterogeneity of the M current (36). The
M current is a non-inactivating, voltage-dependent potassium current
that plays a critical role in modulating neuronal excitability and
limiting repetitive neuronal discharges (37). Based on the
characteristics of the M-current and specific gene loci, a high-
efficiency enhancer has been identified to stabilize the neuronal
membrane potential and reduce hyperexcitability. This (38) is achieved
by activating KCNQ2/3 (Kv7.2/7.3) potassium channels, ultimately
helping to control the occurrence of epilepsy. Additionally, KCNQ
channel mRNA and protein can also be expressed in oligodendrocytes,
microglia, and astrocytes (39). Although glial cells are not excitable in
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the same way as neurons, they do express other voltage-gated ion
channels and can experience transient changes in membrane potential
and intracellular calcium levels (40). This suggests that glial cells may
dynamically regulate neuronal function. Specifically, the KCNQ
channels in glial cells mediate the release of GABA by regulating the
function of L-type voltage-gated calcium channels, thereby influencing
neuronal excitability (41).

It is therefore not difficult to infer that calcium channels are
closely related to seizures. Voltage-gated calcium (Cav) channels are
found at the presynaptic endings, dendrites, and axon initial segments
(AIS) of pyramidal and intermediate neurons (42). These channels are
subdivided into three main families: Cavl (L-type), Cav2 (N-type,
P/Q-type, and R-type), and Cav3 (T-type and R-type). Mutations in
all three families of calcium channels have been implicated in epilepsy
(43). Recently, particular attention has been paid to the role of the
T-type Cav3.2 channel in epilepsy (44). Excessive opening of Cav3.2
channels leads to an increase in low-threshold calcium current, which
promotes depolarization and explosive neuronal discharge (45). In
contrast, Cav3.2 knockout mice show a reduction in absence seizures,
highlighting the critical role of this channel in seizure activity (46).
Due to the correlation between calcium and potassium channels, gene
therapy approaches targeting the overexpression of calcium-activated
potassium channels are continuously being optimized. The advantage
of selecting this subgroup of channels for gene therapy lies in the
ability to maximize the activation of calcium-activated potassium
channels and their hyperpolarization effects during intracellular
calcium accumulation (47). This process can be accurately monitored
during epileptic activities in neural networks, providing a precise
means to regulate neuronal excitability and potentially mitigate
seizure events.

The mechanism of transporter effects, particularly that of
glutamate transporters, is a current hot research topic. Glutamate, the
primary excitatory neurotransmitter in the mammalian central
nervous system, plays a crucial role in normal brain function (48). It
is stored in synaptic vesicles within presynaptic terminals, which fuse
with the plasma membrane in response to an increase in action
potential and intracellular calcium ions (22). This fusion releases
glutamate into the synaptic cleft, where it activates receptors on the
postsynaptic neurons. This activation triggers action potentials in the
postsynaptic neurons and further propagates signal conduction under
physiological conditions.

The excitatory amino acid transporter (EAAT) is a secondary
active transporter that couples the movement of glutamate with the
co-transport of three sodium ions (49), one hydrogen ion, and the
reverse transport of one potassium ion. EAAT2, the most abundant
subtype (50), is widely expressed in the brain and spinal cord, making
it a key target in research. When EAAT?2 expression is epigenetically
inhibited, extracellular glutamate concentrations accumulate, leading
to excitotoxic damage and the development of epilepsy (51).

As discussed above, it is clear that the molecular mechanisms of
ion channels are largely related to y-aminobutyric acid (GABA), the
most important inhibitory neurotransmitter in the brain, which plays
a critical role in the onset and progression of epilepsy (52).
Abnormalities in GABA metabolism, including disturbances in GABA
synthesis, transport, gene encoding of the GABA receptor, and GABA
inactivation, can lead to epilepsy (53).

The dynamic reversal mechanism of excitatory and inhibitory
neurotransmitters is also a major area of focus in current research. The
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GABAA receptor, a ligand-gated chloride channel, mediates rapid
synaptic inhibition. When GABA binds to the GABAA receptor, the
ion channels open, allowing chloride ions to flow in or out of the cell
(54). The direction of chloride ion flow is determined by the
concentration gradient and is regulated by KCC2 and NKCC1. The
developmental expression patterns of NKCC1 and KCC2 are dynamic,
as the expression of KCC2 increases during development. The ratio of
KCC2 to NKCCl rises over time, stabilizing around the age of 2 (55).
This shift is considered crucial for the transformation of GABAergic
signaling from an excitatory to an inhibitory role, marking an
important transition in neuronal function and network stability. In
immature neurons of the embryonic nervous system, NKCCl
predominates, leading to an increase in intracellular chloride
concentration. This results (6) in GABA-mediated chloride efflux and
depolarization of the cell membrane, which enhances neuronal
excitability. This process is crucial for the excitability, differentiation,
migration, and proliferation of neurons. In mature neurons, KCC2
dominates, lowering the intracellular chloride concentration and
causing GABA-mediated chloride influx, which hyperpolarizes the
cell membrane and inhibits neuronal activity.

The proper expression of each subunit gene of the GABAA
receptor is essential for its function. It is the balance between
excitation and inhibition that maintains the stability of the nervous
system. However, when mutations on one side of this balance occur,
it can lead to neurological disorders, such as epilepsy. As a potential
mechanism of epileptic seizures (56), ion channel dysfunction relies
on long-term reversibility (lasting months rather than hours), making
the continuous monitoring of EEG (cEEG) necessary. Simultaneously,
it is essential to consider the aggregation of seizures and intervene
proactively using drugs or other therapeutic techniques. The inherent
unpredictability of epileptic seizures has led to a diversification of
research, with many emerging technologies being explored, such as
optogenetic methods (57) and the integration of artificial intelligence
(58) for seizure prediction and intervention. In Figure 6A, the
presence of keywords such as “identification” and “model” suggests
that current research may be increasingly incorporating Al-based
recognition and big data modeling, aligning with the broader context
of rapid technological advancement. However, Anti-Seizure
Medications (ASMs) remain the cornerstone of epilepsy management
(59). Based on this, the study summarizes the pathogenesis discussed
and the corresponding drug treatments, as outlined in Table 3.

4.2 Future hotspot prediction of epilepsy

Both the literature clustering (Figure 7A) and keyword clustering
(Figure 6B) reveal the emergence of the keyword “autoimmune
encephalitis,” which reflects the increasing focus on the neuroimmune
interaction mechanism in current research. Specifically, this involves
(60) exploring the role of microglia-mediated synaptic pruning in the
development and progression of epilepsy. As mentioned in previous
articles, the structural and functional breakdown of the balance
between excitation (E) and inhibition (I) synapses, known as the
synaptic E/I balance, is a key factor in the development of various
central nervous system diseases (61). While most studies on epilepsy
focus on abnormally high excitability, the complexity of its
pathogenesis and the diversity of research directions have created a
strong desire to identify new research targets. Microglia, as resident
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TABLE 3 The genes in the article and related diseases and treatments of them.

Gene Related disease

SCNIA (69)

Dravet syndrome, Genetic epilepsy with febrile seizures plus(GEFS+)

10.3389/fneur.2025.1593621

Treatment

Valproate, Clobazam, avoid using sodium channel blockers

SCN2A (24, 70)

West syndrome, Early onset epileptic encephalopathy(EOEE)

Sodium vedproate, phenobarbital, sodium channel blockers like

carbamazepine

SCN3A (42,71)

Early onset epileptic encephalopathy(EOEE), Focal epilepsy

Similar treatments to SCN2A

SCNSA (24, 72)
Seizures(BFNIE)

Early onset epileptic encephalopathy(EOEE), Benign Familial Neonatal

Similar treatments to SCN2A

KCNQ2 (73-75)

Benign Familial Neonatal Epilepsy (BFNE), Encephalopathy

Carbamazepine, KCNQ openers like cannabidiol

KCNQ3 (73-75)

Benign Familial Neonatal Epilepsy (BFNE), Developmental Delay

Similar treatments to KCNQ?2, selective channel openers

immune cells in the central nervous system (62), play a crucial role in
maintaining homeostasis and have become a focal point due to the
interaction between epilepsy and neuroinflammation. One of the
important functions of microglia is synaptic pruning (61), which
involves receiving information from the intestinal microbiota via the
vagus nerve connection. This process positions microglia as a potential
hub that could be involved in triggering epileptic seizures (62).
However, despite its relatively recent emergence, microglia research
holds high expectations in the field, particularly due to its potential
when combined with various research methodologies.

In Figure 7, the #exome category also warrants attention, aligning
with keywords such as “genes.” With the continuous advancement of
science and technology, next-generation sequencing (NGS) has
become a reliable diagnostic tool for epilepsy treatment (63). The
genetic mechanisms underlying epilepsy are complex, involving copy
number variations (CNV), single nucleotide variations (SNV), small
insertions or deletions (indels), and dynamic variations (64). There
is a significant phenotypic overlap among variations in various
epilepsy-related genes. The widespread adoption of NGS has greatly
enhanced the molecular diagnosis of epilepsy, enabling the rapid
identification of pathogenic genes, which in turn supports prognosis
evaluation and the implementation of precision medicine (65).
Optogenetics, which combines optics and genetics, has become a key
focus in preclinical research (66). By stimulating specific epileptic
targets using optogenetics, researchers can trigger epileptic activity
and observe the spread patterns of seizures in real-time (67).
However, despite its promise, there remain substantial challenges in
translating optogenetic techniques into clinical practice. The nano-
delivery system faces similar challenges. While it holds great promise
in the design of epilepsy treatments, its successful implementation in
clinical practice still requires resolution of various obstacles (68). As
mentioned repeatedly, due to the diversity of epilepsy pathogenesis,
there remains a significant gap in the research landscape in this field.
However, with the continued progress and development of science
and technology, there is great anticipation for more breakthroughs
and results that will further our understanding and treatment
of epilepsy.
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Glossary

E - Excitation

I - Inhibition

Kv - Voltage-gated potassium

Nav - Voltage-gated sodium

Cav - Voltage-gated calcium

DBS - Deep brain stimulation
RNS - Repeated nerve stimulation
AAv - Adeno-associated virus
FCD - Focal cortical dysplasia
GOF - Gain-of-function

AIS - Axon initial segments

EEG - Electroencephalogram
NGS - Next-generation sequencing

CNYV - Copy number variations
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SNV - Single nucleotide variations

GABA - y-aminobutyric acid

EAAT - Excitatory amino acid transporter

KCC2 - K + -Cl- cotransporter 2

NKCC - Na + -K + -2Cl- cotransporter

ASMs - Anti-Seizure Medications

KCNQ2 - Potassium voltage-gated channel, member 2
KCNQ3 - Potassium voltage-gated channel, member 3
SCNI1A - Sodium Voltage-Gated Channel Alpha Subunit 1
SCN2A - Sodium Voltage-Gated Channel Alpha Subunit 2
SCN3A - Sodium Voltage-Gated Channel Alpha Subunit 3
SCNS8A - Sodium Voltage-Gated Channel Alpha Subunit 8
4-PBA - 4-Phenylbutyric acid

SUDEP - Sudden Unexplained Death in Epilepsy
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