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Abstract: 

Epilepsy is a chronic non-communicable neurological disorder characterized by recurrent unprovoked 

seizures, affecting approximately 50 million people worldwide. It results from a disruption in the balance 

between excitatory and inhibitory signaling in the brain, often driven by ion channelopathies and synaptic 

dysfunction. Existing pharmacological treatments fail to control seizures in about 30% of patients and do 

not address the underlying epileptogenesis; therefore, new mechanism-based interventions are critically 

necessary. In the present work, an integrated bioinformatics analysis was performed to provide insights 

into the molecular mechanisms of Epilepsy. A complete list of 30 high-confidence Epilepsy-related genes 

was compiled from the DisGeNET database and analyzed using GO, KEGG, Reactome, and STRING. Major 

enriched biological processes were the regulation of membrane potential, ion transmembrane transport, 

and chemical synaptic transmission; whereas significant molecular functions included gated channel 

activity and GABA receptor activity. Module analysis revealed a central "Ion Channel" cluster, and 

topological analysis identified key network hubs including GRIN2B and STXBP1. These results further 

support the importance of excitation-inhibition imbalance in Epilepsy etiology and indicate voltage-gated 

sodium channels and GABAergic signaling as top biological targets for therapeutic intervention. This work 

illustrates the power of integrated bioinformatics in unraveling complex disease mechanisms and 

expediting the development of targeted therapies. 

Keywords: Epilepsy, Bioinformatics, Ion Channels, PPI Network, Network Pharmacology, Drug Target 

Discovery. 
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1. Introduction 

Epilepsy is a prevalent neurological disorder driven by hypersynchronous neuronal activity and disrupted 

network homeostasis, leading to recurrent seizures and cognitive comorbidities [1]. Despite advances in 

understanding its pathophysiology, drug-resistant epilepsy remains a profound clinical challenge [2]. Standard 

anti-seizure medications (ASMs) modulate ion channels or neurotransmitter release but frequently fail to halt 

underlying disease progression [3]. 

Consequently, elucidating the exact molecular mechanisms of neuronal hyperexcitability is vital for developing 

targeted therapeutics [4], [5]. Bioinformatics facilitates this by integrating multi-omics data to map protein-

protein interaction (PPI) networks and dysregulated pathways [6]. This study employs an integrated 

bioinformatics framework to identify key regulatory hubs and biological pathways in epilepsy. 

Objective: The objective of this study is to perform a detailed bioinformatics analysis of genes involved in Epilepsy 

to identify key regulatory hubs and biological pathways. The methods used in this study included:  

• identifying core Epilepsy genes from the disgenet database;  

• constructing protein-protein interaction networks using STRING;  

• extending the network with genemania;  

• identifying hub genes using networkanalyst; and  

• mapping mechanistic pathways using Reactome. 

2. Methodology 

2.1 Bioinformatics pipeline and database selection 

This study utilized an integrated bioinformatics workflow to transition from static gene-disease associations to a 

dynamic topological model of epilepsy. DisGeNET was used for clinical gene curation [7], STRING for mapping 

protein-protein interactions (PPIs) [8], GeneMANIA for network expansion [9], NetworkAnalyst for topological 

hub identification [10], and Reactome/Enrichr for pathway contextualization [11]. 

2.2 Gene curation (DisGeNET) 

A high-confidence dataset of epilepsy-associated genes was curated using DisGeNET v7.0 [7] with the search term 

"Epilepsy" (UMLS CUI: C0014544). To minimize false positives, results were strictly filtered by Gene-Disease 

Association (GDA) scores to prioritize targets with robust experimental and clinical evidence. This yielded a 

primary seed list of 30 core genes. 

2.3 Protein-Protein Interaction (PPI) network (STRING) 

To map the molecular architecture of the disease, the 30 seed genes were inputted into the STRING database to 

construct a foundational PPI network [8]. The network captured both physical and functional associations, 

utilizing a stringent minimum interaction score to ensure data reliability. 

2.4 Functional network expansion (GeneMANIA) 

To explore functional redundancy and identify novel genetic candidates, the core PPI network was expanded using 

GeneMANIA [9]. This platform integrated additional secondary genes into the network based on shared physical 

interactions, co-localization, and co-expression relationships. 

2.5 Network topology and hub identification (NetworkAnalyst) 

The expanded network was exported to NetworkAnalyst v3.0 for topological analysis to identify critical regulatory 

bottlenecks [10]. Treated as an undirected graph, the network was analyzed using Degree Centrality (number of 
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direct connections) and Betweenness Centrality (shortest paths passing through a node). Nodes ranking in the top 

percentiles for both metrics were designated as essential structural "hubs." 

2.6 Pathway enrichment analysis (Reactome) 

Functional contextualization was conducted using the Enrichr platform [12] and the Reactome Pathway Browser 

[11]. Genes were queried against the Reactome and KEGG databases to identify overrepresented biological 

cascades. Significance was determined via Fisher’s exact test with Benjamini-Hochberg adjustment, retaining only 

pathways with a stringent False Discovery Rate (FDR) < 0.05. 

3. Results 

3.1 Core gene set associated with Epilepsy 

A total of 30 high-confidence Epilepsy-related genes were identified from the DisGeNET query. This seed set 

included well-known epileptic encephalopathy genes such as SCN1A, SCN2A, GABRA1, STXBP1, and KCNQ2 [13], 

[14]. 

3.2 Protein-Protein Interacton (PPI) and functional enrichment analysis 

The PPI network for the Epilepsy-associated genes was constructed using the STRING database with a minimum 

required interaction score of 0.400 (medium confidence). 

 

 

Figure 1: The initial search results for Epilepsy in the DisGeNET database (v7.0). The interface displays 

the specific disease concept ID(C0014544) and the total no. of available gene-disease associations, which 

serves as the starting point for Data Mining 
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Figure 2: The filtered list of the top 30 high-confidence genes associated with Epilepsy. The table ranks 

these genes (such as SCN1A, SCN2A, and STXBP1) based on their evidence metrics, illustrating the core 

genetic dataset selected for this study 

Network topology 

● Using the STRING database (minimum interaction score ≥ 0.400), the 30 core epilepsy-associated genes 

were mapped into a highly interconnected interactome comprising 30 nodes and 142 edges. The average 

node degree was significantly higher than expected by chance (p < 1.0e⁻¹⁶), demonstrating that these 

genes operate as a cohesive biological module driving neuronal excitability [8]. 

● Subsequent Gene Ontology (GO) and KEGG enrichment analyses strongly supported the hypothesis of 

epilepsy as a channelopathy [15]. The network was overwhelmingly enriched for Molecular Functions 

such as "Gated channel activity" (FDR = 6.94e⁻¹²). Similarly, the most significant Biological Processes 

centered entirely on ionic homeostasis and membrane dynamics, as summarized in Table 1. 

Table 1: Summary of Significantly Enriched GO Terms (Biological Process) 

GO Term Description  Count in Network False Discovery Rate 

(FDR) 

GO:0034220   Ion transmembrane transport 17 of 973 7.18e-11 

GO:0042391  Regulation of membrane 

potential  

13 of 428 1.82e-10 

GO:0098660  Inorganic ion transmembrane 

transport 

15 of 743 1.82e-10 
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Figure 3: The Protein-Protein Interaction (PPI) network constructed using the STRING database. The 

colored nodes represent the 30 selected Epilepsy-associated proteins (such as SCN1A, GRIN2A, and 

STXBP1), and the connecting lines (edges) indicate known and predicted functional interactions. The 

dense clustering (142 edges) visually confirms that these proteins do not function in isolation but form a 

highly cohesive biological module regulating neuronal excitability 

 

Figure 4: The functional enrichment summary table generated by the STRING database. This data 

highlights the specific Cellular Components and other enriched domains, confirming that these epilepsy-

associated proteins are predominantly localized to the "synaptic membrane" and "ion channel 

complexes," further emphasizing their structural role in signal transmission between neurons. 

3.3 Functional network expansion and gene prediction 

To explore functional redundancy and identify novel therapeutic targets, the core gene set was expanded using 

GeneMANIA, which integrated 20 highly associated secondary genes [9]. Network analysis revealed these genes 



Journal of Science Research International                 ISSN: 2456-6365 
   

Vol. 12(5) May 2026      94  

are primarily linked via co-expression (37.12%) and co-localization (25.00%), indicating they operate within 

synchronized transcriptional programs in the brain. Crucially, this expansion predicted significant functional 

interactors absent from the initial DisGeNET seed list, including: 

● GABRB2: A GABA-A receptor subunit, reinforcing the critical role of inhibitory signaling dysfunction in 

epileptogenesis [14]. 

● SCN3A, SCN5A, SCN11A: Additional voltage-gated sodium channel subunits, highlighting that epilepsy 

often involves a broad failure of the sodium channel family rather than isolated single-gene defects [16]. 

● HDAC7: A histone deacetylase, suggesting a potential novel epigenetic mechanism regulating these ion 

channels. 

 

Figure 5: The functional interaction network generated by the GeneMANIA prediction server. The 

network displays the original 30 epilepsy-associated query genes (inner nodes) alongside newly 

predicted interacting genes (outer nodes) that are functionally similar. The colored connecting lines 

represent different types of biological evidence—such as co-expression, physical interactions, and 

shared protein domains—illustrating the broader functional pathways and complex regulatory 

mechanisms these genes participate in. 

3.4 Network topology and hub gene identification 

To pinpoint critical regulatory nodes, topological analysis was executed via NetworkAnalyst. Genes were ranked 

by Degree Centrality, as high-degree "hubs" are structurally essential to network stability and serve as highly 

promising therapeutic targets [10]. The analysis identified five major hub genes driving the network: 

● GRIN2B (Degree: 29) & GRIN2A (Degree: 25): NMDA receptor subunits critical for excitatory glutamate 

signaling [17], [18]. Their dominance indicates that dysregulated glutamatergic drive is a primary 

network convergence point. 

● STXBP1 (Degree: 14) & CACNA1A (Degree: 12): Essential regulators of the synaptic vesicle cycle and 

presynaptic neurotransmitter release machinery [19], [20]. 

● KCNQ2 (Degree: 12): A potassium channel subunit responsible for the "M-current," a critical stabilizer 

of neuronal excitability [21]. 
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Interpretation: The topological dominance of these specific hubs demonstrates that this epilepsy network is 

fundamentally driven by a dual failure: hyperactive excitatory synaptic transmission (GRIN2B/A) coupled with 

dysfunctional presynaptic release dynamics (STXBP1, CACNA1A).  

  

Figure 6: The Node Explorer table generated by 

NetworkAnalyst. The table identifies the key "hub" 

genes within the interaction network by ranking 

them according to their topological properties, 

specifically Degree and Betweenness centrality. 

The top-ranking genes, such as GRIN2B (Degree = 

29) and GRIN2A (Degree = 25), are highlighted as 

the most highly connected and influential 

structural nodes in this epilepsy-associated 

network 

Figure 7: The 2D visualization of the protein-

protein interaction network generated by 

NetworkAnalyst. The graph illustrates the 

complex interaction architecture among the 

epilepsy-associated genes, where the size of each 

node is strictly proportional to its topological 

significance (specifically, degree centrality). The 

prominently enlarged nodes—such as GRIN2B, 

GRIN2A, and STXBP1—visually confirm their 

status as crucial "hub" genes that are highly 

interconnected and act as the central anchors for 

the network's biological functions 
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3.5 Pathway enrichment and visualization 

To elucidate the biological mechanisms driving the epileptic network, a multi-stage pathway analysis was 

conducted utilizing Enrichr and the Reactome Pathway Browser. 

3.5.1 Broad Pathway Enrichment (Enrichr) 

The core gene set was queried via Enrichr for multi-library enrichment analysis [12]. Analysis of the KEGG library 

revealed significant enrichment in neurotransmitter-specific systems, prominently featuring "GABAergic 

synapse" and "Neuroactive ligand-receptor interaction." Expected physiological artifacts, such as addiction-

related pathways (e.g., "Nicotine addiction"), were also enriched due to the shared involvement of GABA and 

glutamate receptors in reward circuitry. Corroborating these findings, the Reactome library identified "Neuronal 

System" as the most significant term. Subsequent clustergram visualization confirmed that critical network hubs, 

particularly GRIN2B and SCN1A, were the primary drivers of these functional enrichments. 

3.5.2 Mechanistic pathway mapping (Reactome) 

To visualize the precise molecular hierarchy of these systems, the network was mapped into a hierarchical 

Voronoi diagram using the Reactome Pathway Browser, where region size corresponds to the number of mapped 

pathway entities [11]. The analysis confirmed the "Neuronal System" (R-HSA-112316) as the paramount parent 

pathway. Within this overarching system, two distinct functional modules were highly enriched: 

● Transmission across chemical synapses: Containing the highest density of mapped entities (including 

STXBP1, GABRA1, and GRIN2A), confirming a profound localization of defects at the synaptic cleft. 

● Phase 0 - Rapid depolarisation: Specifically capturing the voltage-gated sodium channels (SCN1A, 

SCN2A, SCN8A), illustrating a fundamental failure in the initial phase of the action potential [22]. 

Conclusion of pathway analysis: Together, these multi-platform analyses strongly corroborate that 

epileptogenesis within this network is driven by a dual mechanistic failure: impaired intrinsic neuronal 

excitability (via sodium channelopathies) compounded by fundamentally dysfunctional synaptic transmission 

 

Image: 8 shows the Function Explorer results generated by NetworkAnalyst, specifically detailing the KEGG pathway 
enrichment analysis for the network nodes. The table highlights highly significant biological pathways associated with the 
identified genes, pointing to critical neurological processes such as the "cAMP signaling pathway," "Long-term 
potentiation," and specific synaptic functions (e.g., "Dopaminergic synapse" and "Glutamatergic synapse"). This confirms 
the deep involvement of these network genes in neurotransmission and synaptic plasticity. 

Image: 10 shows the Clustergram visualization generated by 
the Enrichr analysis tool using the KEGG 2026 database. The 
matrix maps the input epilepsy-associated genes (rows, such as 
GRIN2B, GRIN2A, and GABRG2) against the top enriched KEGG 
pathways (columns, such as "GABAergic synapse," 
"Dopaminergic synapse," and various addiction-related 
pathways). The red cells indicate a direct association, visually 
highlighting how specific subsets of genes cluster together 
based on their shared roles in these key synaptic and 

Image: 11 shows the bar graph visualization generated by the 
Enrichr analysis tool using the Reactome Pathways 2024 
database. The graph displays the top enriched biological 
pathways ranked by their p-value, with the length and color 
intensity of the bars indicating the level of statistical 
significance. The highest-ranking pathways, notably 
"Neuronal System," "Interaction Between L1 and Ankyrins," 
and "Transmission Across Chemical Synapses," strongly 
reinforce the primary involvement of these epilepsy-

Image: 12 shows the bar graph visualization generated by the 
Enrichr analysis tool using the KEGG 2026 database. The graph 
displays the top enriched biological pathways ranked by their 
p-value, with the length and color intensity of the bars 
corresponding to their statistical significance. The results 
prominently feature pathways such as "Nicotine addiction," 
"GABAergic synapse," and "Dopaminergic synapse," 
highlighting the strong association of these genes with 
neurotransmitter signaling and synaptic function. 
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Figure 9 - 12: The Clustergram visualization generated by the Enrichr analysis tool using the Reactome 

Pathways 2024 database. This matrix maps the input epilepsy-associated genes (rows, such as MECP2, 

BDNF, and members of the SCN sodium channel family) against the top enriched Reactome pathways 

(columns, such as "Phase 0 - Rapid Depolarisation" and specific MECP2-regulated functions). The red 

cells indicate a direct biological association, providing a clear visual representation of how these specific 

subsets of genes cluster together based on their shared roles in these specialized neurological pathways 

 

 

Image:13  shows the genome-wide pathway overview (Reacfoam visualization) generated by the Reactome database. In 
this Voronoi diagram, all known human biological pathways are represented as interconnected polygons, with the yellow-
highlighted regions indicating the specific pathways significantly enriched by the input epilepsy-associated genes. The 
prominently illuminated sectors—particularly the "Neuronal System" (bottom left), "Developmental Biology," and "Signal 
Transduction"—visually map the systemic involvement of these genes, reinforcing their critical overarching roles in neural 
development and synaptic communication. 
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Figure 14: The hierarchical "fireworks" pathway visualization generated by the Reactome database.  

In this node-link diagram, human biological pathways are mapped as connected branches extending from major 

overarching biological categories. The yellow-highlighted trajectories trace the specific pathways significantly 

enriched by the input epilepsy-associated genes. Prominent yellow clusters are clearly visible within the 
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"Neuronal System," "Developmental Biology," "Signal Transduction," and "Disease" networks, beautifully 

illustrating the interconnected, hierarchical role these genes play in nervous system development and complex 

signaling cascades. 
4. Discussion 

The integration of multi-omics data through network-based bioinformatics offers a systemic view of epilepsy, 

shifting the focus from isolated genetic variants to dysregulated functional modules [6]. Our analysis of 30 high-

confidence genes reveals a highly cohesive interactome centered on the failure of neuronal homeostasis, 

specifically driven by ion channel dysfunction and synaptic signaling instability. 

4.1 The "Channelopathy" paradigm and action potential dynamics 

Both STRING clustering and Reactome pathway analysis highlight the predominance of voltage-gated ion 

channels, which are heavily populated by sodium ($Na_V$) and potassium ($K_V$) subunits [15]. Physiologically, 

$Na_V$ channels initiate depolarization while $K_V$ channels drive repolarization; their co-clustering suggests 

epilepsy is often a failure of precise neuronal timing rather than simply "too much excitation." For example, SCN1A 

mutations typically impair the firing of inhibitory interneurons, leading to massive network-wide disinhibition—

a mechanism firmly supported by our GO enrichment for membrane potential regulation [16], [22]. 

4.2 Synaptic vesicle machinery: The presynaptic fault 

Beyond simple channel defects, our topological analysis identified STXBP1 (Syntaxin-binding protein 1) as a 

critical hub (Degree: 14). Because STXBP1 is essential for the docking and fusion of synaptic vesicles, its centrality 

indicates that a significant subset of epilepsy pathology lies in the presynaptic release machinery. Even if ion 

channels function correctly, a failure in STXBP1 disrupts the precise release of neurotransmitters into the synaptic 

cleft [23]. This aligns with the "Transmission across Chemical Synapses" pathway enrichment, highlighting vesicle 

cycling as a distinct therapeutic target independent of standard ion channel modulators [20]. 

4.3 Network hubs and the Excitation-Inhibition (E-I) balance 

Topological analysis revealed a striking dominance of glutamate receptors (GRIN2A, GRIN2B) as the network's 

primary structural bottlenecks. While many standard anti-seizure medications target sodium channels, our 

network topology suggests that NMDA receptors act as the central executioners of hyperexcitability. The high 

connectivity of GRIN2B suggests it acts as a functional "convergence point" for upstream signals. Consequently, 

stabilizing these glutamatergic hubs could effectively dampen the hypersynchrony and excitotoxicity caused by 

diverse upstream channel mutations [17]. 

4.4 Functional expansion and epigenetic regulation 

GeneMANIA expansion provided critical novel insights by identifying HDAC7 and GABRB2 as predicted interactors. 

The inclusion of the GABRB2 subunit reinforces the critical role of disrupted phasic inhibition. More notably, the 

appearance of HDAC7 (Histone Deacetylase 7) introduces a potential epigenetic layer to epileptogenesis. This 

implies that the chronic expression of these ion channels may be regulated by ongoing chromatin remodeling, 

offering a biological explanation for progressive disease severity and why some patients develop acquired drug 

resistance over time. 

Conclusion 

This study utilized an integrated bioinformatics pipeline to map the complex molecular architecture of epilepsy, 

shifting the analytical focus from isolated genetic mutations to a comprehensive model of network failure. By 

Image: 15 shows the detailed Pathway Browser visualization from the Reactome database, specifically 
highlighting the "Transmission Across Chemical Synapses" and overarching "Neuronal System" 
networks. The diagram provides a cellular-level schematic of a synapse, illustrating the pre- and post-
synaptic terminals, synaptic vesicles, neurotransmitters, and key ion channels (such as calcium and 
potassium). The accompanying overrepresentation analysis table at the bottom confirms that specific 
pathways—such as "Transcriptional Regulation by MECP2" and the broader "Neuronal System"—are 
highly statistically significant, offering a clear molecular context for where and how these epilepsy-
associated genes function at the synaptic junction. 

Image:17 shows the detailed Pathway Browser visualization from the Reactome database, specifically 
focusing on the "Nervous system development" network. The diagram provides a cellular schematic of 
key neurodevelopmental processes, illustrating axon guidance mechanisms involving attractive and 
repulsive cues, as well as the initiation of Schwann cell myelination along the axon. The accompanying 
overrepresentation analysis table at the bottom confirms that overarching pathways such as "Nervous 
system development" and specific functions like "Axon guidance" are statistically significant. This 
highlights the crucial role of the analyzed epilepsy-associated genes in the structural growth, guidance, 
and functional maturation of neural networks. 
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synthesizing protein-protein interactions, network topology, and pathway enrichment, our results provide robust, 

multi-layered evidence supporting the "Channelopathy-Synaptopathy" hypothesis of epilepsy [24]. 

The key conclusions drawn from this network-based analysis are: 

● Pathogenic convergence: Despite extreme genetic heterogeneity among patients, diverse causative 

mutations systematically converge onto two primary biological modules: voltage-gated ion transport 

(governing single-cell excitability) and synaptic vesicle cycling (governing network-wide connectivity). 

● Topological bottlenecks: Network topology identified specific genes, notably GRIN2B and SCN1A, as 

central structural anchors. The exceptionally high centrality of GRIN2B suggests the glutamatergic 

signaling axis serves as a final common pathway for seizure propagation, even when the primary genetic 

insult originates in distinct systems like sodium channels. 

● Therapeutic validation and expansion: While validating standard pharmacological targets within the 

"GABAergic Synapse" pathway, our analysis illuminates vital, underexplored biological avenues. 

Targeting presynaptic vesicle fusion machinery (STXBP1) and epigenetic regulators (HDAC7) offers highly 

promising interventions for drug-resistant [13]. 

● A paradigm shift toward precision medicine: Historically, traditional anti-seizure medications (ASMs) 

have acted as blunt instruments, achieving seizure control through global neuronal suppression. While 

effective for some, this non-specific approach fails in approximately 30% of patients and inherently 

dampens healthy neural circuits, causing severe cognitive and psychiatric side effects. The insights 

generated from this network architecture emphasize the urgent need for a paradigm shift. Future 

therapeutic efforts—such as small-molecule modulators, antisense oligonucleotides (ASOs), or viral gene 

therapies—must strategically target the highly connected network "hubs" identified in this study. This 

hub-centric approach aims to precisely dismantle pathological seizure networks and restore dynamic 

synaptic homeostasis without disrupting healthy brain activity, offering a tailored functional cure rather 

than a systemic chemical restraint [5]. 
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