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ABSTRACT

Epilepsy is a persistent neurological condition defined
by recurring, unprovoked seizures due to irregular
neuronal coordination and impaired communication
of neural circuits. Recent studies have indicated that
the dysfunction of neural networks in epilepsy extends
beyond hyperexcitability and includes maladaptive
processes involving neuronal connectivity, glial sig-
nalling, and synaptic plasticity. The effects observed
here are fundamentally driven by a cluster of patho-
physiological changes involving oxidative stress, neu-
roinflammation, and mitochondrial derangements.
Disruption of redox balance leads to increased produc-
tion of reactive oxygen species that damage neuronal
membranes while that trigger maladaptive alteration
of neurotransmitters. Inflammatory molecules IL-1,
TNF-a, and NF-kB similarly deregulate synaptic efficacy
and lead to excitotoxic cascades. This review aims to
pull together our current understanding of molecular
and cellular mechanisms that sustain dysfunction of
neural networks and how molecular and cellular mech-
anisms can inform therapeutic interventions. Recent
advances in antioxidant and anti-inflammatory drug
development, nanocarrier-based biotechnology and
drug delivery, gene therapy, or delivery of neuroprotec-
tive plant-based chemicals offer potentially promising
directions, and show satisfactory evidence towards
the goal of restoring network function. By establishing
nexus for mechanistic understanding and translating
that to implementation, our review will articulate a new
potential for investigating precision-based, multi-tar-
geted therapeutic interventions which can have impact
upon seizure control and can maximise neuroprotec-
tion in epilepsy.

Keywords: Neural network dysfunction, Oxidativstress,
Neuroinflammation, Synaptic plasticity, Nanocarrier-based
therapy

Introduction

About 50 million people worldwide suffer from ep-
ilepsy, a common neurological condition.! Recent
developments have demonstrated that epilepsy is a
complicated network failure involving several brain
areas rather than just a localized illness.? Studies us-
ing functional neuroimaging have revealed changes
in connection patterns that contribute to the epileptic
state, such as hyperconnectivity in certain networks
and hypoconnectivity in others. Different types of ep-
ilepsy are caused by these disturbances in network
dynamics, which are also linked to treatment resistance
and cognitive deficits.> Conventional anti-seizure drugs
may not treat the underlying network dysfunctions,
but they frequently target neuronal excitability.* These
strategies include neuromodulation methods that

seek to normalize abnormal network activity, such
as transcranial magnetic stimulation and deep brain
stimulation.” Furthermore, individualized therapy
regimens that target certain network disorders are be-
coming possible because to developments in precision
medicine that make use of genetic and neuroimaging
data. Developing more focused and efficient treatment
approaches requires an understanding of the brain
network dysfunctions associated with epilepsy. Peo-
ple with epilepsy, especially those with drug-resistant
forms, may benefit from better results if network neu-
roscience concepts are incorporated into therapeutic
treatment. Clarifying the intricate network linkages
in the epileptic brain and utilizing these discoveries
to develop novel treatment approaches should be the
main goals of future study.

Methods

Literature Search Strategy

A systematic literature search was conducted follow-
ing PRISMA recommendations. PubMed, Scopus, Web
of Science, ScienceDirect, and Google Scholar were
searched from 2010 to 2025 to identify relevant stud-
ies on neural network dysfunction, molecular mecha-
nisms, oxidative stress, neuroinflammation, synaptic
plasticity, and emerging therapeutic strategies in

epilepsy.

Eligibility Criteria
Inclusion Criteria
Studies were selected based on the following criteria:

e Published in peer-reviewed journals.

e Human studies, in vivo, in vitro, or high-quality
mechanistic research.

e Articles focusing on neural network mechanisms,
oxidative stress, neuroinflammation, glial activ-
ity, synaptic plasticity, and emerging epilepsy
therapies.

e Review papers, original research, meta-analyses,
and systematic reviews.

¢ English language publications.

Exclusion Criteria

e (ase reports, conference abstracts, or non-peer-reviewed
sources.

e Studies unrelated to epilepsy or lacking mechanis-
tic or therapeutic relevance.

e Articles without accessible full text.

e Non-English publications.

Study Selection Process
The search retrieved ~215 studies. After removing du-
plicates, 176 studies remained. Titles and abstracts
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were screened for relevance; 104 articles passed the
first screening.Full-text evaluation resulted in 68 stud-
ies being included in the final review (Figure 1).

Two independent reviewers screened all papers
to avoid bias. Disagreements were resolved through
discussion.

Data Extraction and Evidence Synthesis
From each included study, the following information
was extracted:

e Study design and model (clinical, animal, cellular)

e Mechanistic focus (oxidative stress, inflammation,
mitochondrial dysfunction, etc.)

¢ Neural network findings

e Therapeutic interventions (antioxidants, phyto-
chemicals, nanocarriers, gene therapies)

e OQutcomes related to seizure activity, neuroprotec-
tion, synaptic changes, or network remodeling.

Because of the heterogeneity in methods and out-
comes, a narrative synthesis approach was used in-
stead of meta-analysis. Evidence was grouped by
mechanistic themes and therapeutic strategies to build
an integrated understanding of network dysfunction

in epilepsy.

Mechanisms of Neural Network Dysfunction

Understanding this malfunction is essential to creat-
ing effective treatments for epilepsy, a complicated
neurological illness marked by a breakdown of nor-
mal neural circuit balance. The primary characteris-
tic of epilepsy is neural network dysfunction, which
includes aberrant synchronization, neuronal hyper-
excitability, glial activation, neuroinflammation, ox-
idative stress, and mitochondrial dysfunction. These
factors all work together to cause seizures.® According
to research, epileptic convulsions spread via dispersed
networks such as the hippocampus, thalamocortical
loops, and cortical-subcortical circuits rather of being
localized in a single area of the brain.” Abnormalities
at the network level impact behaviour, cognition, and
response to therapy, especially in cases of drug-re-
sistant epilepsy.® A major factor at the cellular level
is an imbalance between excitation and inhibition; a
dysregulation of glutamatergic excitatory and GAB-
Aergic inhibitory transmission causes hyperexcitable
neurons and synchronous firing, which in turn causes
seizures.’ Glial cells, like as astrocytes and microglia,
are important regulators of network failure. In addi-
tion to maintaining neuroinflammation, activated glial
cells also increase neuronal excitability and network

( Records identified through Data Search

(n =215)

Duplicates removed

(n=39)

e,

Records Screened
(n=176)

Records Excluded
(n=72)

L

f Full- texted articles assessed for eligibility

(n=104)

(._ll_.\

Full-text articles excluded
(n=36)

Studies included in the qualitative

synthesis
(n=68)

Fig 1 | PRISMA flow diagram showing the number of records identified (n = 215), screened (n = 176), excluded (n = 72),
full-texts assessed (n = 104), full-texts excluded (n = 36), and final studies included in the qualitative synthesis (n = 68)
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Fig 2 | Integrated model showing major mechanisms of neural network dysfunction in

epilepsy and associated therapeutic targets

hypersynchrony by releasing pro-inflammatory cy-
tokines and chemokines.!® Other important factors
include mitochondrial malfunction and oxidative
stress. Reactive oxygen species (ROS) are produced
during seizures, which damages neurons and Kkills
cells. Mitochondrial dysfunction exacerbates network
instability and epileptogenic by interfering with cal-
cium homeostasis and energy metabolism. All things
considered, neural network dysfunction in epilepsy is
a complex process that includes disturbances at the
cellular, synaptic, and network levels. Comprehending
these systems serves as a basis for precision medicine
tactics, neuromodulation techniques, and tailored
medicines.'™'? An integrated overview of these inter-
acting mechanisms and their therapeutic targets is
shown in Figure 2. Key preclinical mechanism-thera-
py—-outcome relationships are summarised in Table 1.

Synaptic Plasticity and Network Remodelling

A key component of brain network dynamics and a key
factor in epilepsy is synaptic plasticity. Changes in long-
term depression (LTD) and long-term potentiation (LTP)
brought on by epileptic episodes upset the regular equi-
librium between synaptic strengthening and weaken-
ing. Both prolonged seizure susceptibility and network
hyperexcitability are influenced by abnormal LTP/LTD.
Both diffuse and localized brain areas, such as the cortex
and hippocampus, undergo structural and functional
network remodelling. Axonal sprouting, altered synap-
tic connection, and loss or hypertrophy of the dendritic
spine are among the changes that influence network dy-
namics and seizure propagation. Patients with epilepsy
frequently have memory loss, learning disabilities, and
behavioural comorbidities as a result of these structural
and functional changes, which have direct cognitive and
behavioural effects. Developing tailored therapeutics to
restore normal connectivity and cognitive function re-
quires an understanding of the interaction between syn-
aptic plasticity and network remodelling.?

Emerging Therapeutic Strategies in Epilepsy

Anti-seizure drugs have historically been the main-
stay of epilepsy therapy; however, new therapeutic
approaches have been made possible by a better
knowledge of network breakdown, oxidative stress,

Table 1 | Preclinical mechanism-therapy—outcome mapping (evidence-graded)

Mechanism Preclinical Therapy Model Outcome Evidence Grade
Oxidative stress'? Resveratrol Rat KA model 4 ROS, T mitochondrial protection High
Neuroinflammation* Minocycline PTZ rat 3 IL-1B, 4 TNF-a Moderate
Hyperexcitability®® NAC Pilocarpine mice 1 seizure threshold High

Glial activation?® Curcumin TLE rat d microglial activation Moderate
Mitochondrial dysfunction” CoQ10 KA mice T ATP, { neuronal apoptosis Low—Moderate
Synaptic remodeling® Ginsenosides PTZ mice { LTP disruption Low
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neuroinflammation, and synaptic plasticity. These
emerging molecular and network-directed approach-
es are summarised in Figure 3. These methods seek to
lessen cognitive impairments, preserve neural circuits,
and restore synaptic plasticity in addition to suppress-
ing seizures.?® Representative clinical phenotypes,
dominant mechanisms, and corresponding therapies
are outlined in Table 2.

Antioxidants & Anti-inflammatory Agents

Neuronal damage and seizure propagation are most-
ly caused by oxidative stress and persistent neu-
roinflammation. In preclinical models, antioxidants
including resveratrol, N-acetylcysteine, and vitamin E
have shown effectiveness by stabilizing mitochondrial
activity and lowering reactive oxygen species (ROS).
Anti-inflammatory drugs, such as IL-1 receptor an-
tagonists and minocycline, reduce seizure thresholds,
enhance cognitive function, and lessen glial-mediated

neuroprotective compounds evaluated in epilepsy
models are listed in Table 3.

Neuroprotective Phytochemicals

Curcumin, quercetin, and ginsenosides are examples
of phytochemicals that provide multi-targeted neu-
roprotection through their modulation of oxidative
stress, inflammatory pathways, and synaptic plastici-
ty. According to preclinical research, these substances
can improve mitochondrial function, lower seizure
frequency, and balance LTP/LTD. Because of their
promising neuroprotective properties and good safety
profiles, they are being researched as supplemental
treatments.*®

Nanocarrier & Gene-Based Therapies

Drug delivery using nanocarriers and gene therapy tech-
niques that target certain biochemical pathways or neural
circuits are examples of advanced therapeutic methods.

neuroinflammation.””  Recent antioxidant and Nanocarriers enhance the targeted distribution
T Antioxidants
inflammation
Oxidative
Stress
Targeting
Glial
. Response
Neural Network Dysfunction
Synaptic
Modulation
Mitochondrial
Dysfunction
Hyper-
excitability Anti- Seizure
Drugs

Fig 3 | Emerging therapeutic strategies targeting molecular and network-level dysfunction in epilepsy

Table 2 | Clinical phenotype—-mechanism—therapy mapping (human studies)

Clinical Phenotype
Drug-resistant TLE?®

Dominant Mechanism Clinical Therapy

Neuroinflammation IL-1 inhibitors

Clinical Evidence Evidence Grade

Observed Human Studies Moderate

Generalized epilepsy?®

Hyperexcitability

Na*/Ca2* channel ASDs

Multiple RCTs High

Post-traumatic epilepsy?!

Oxidative stress

Vitamin E, antioxidants

Small Clinical Trials Low—Moderate

Epilepsy with cognitive decline??

Network dysfunction

DBS, neuromodulation

Strong clinical data High

Epilepsy with mitochondrial cytopathy??

Mitochondrial dysfunction Antioxidant cocktails

Limited human evidence Low
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of antioxidants, phytochemicals, or anti-seizure
medications, as well as their bioavailability and blood -
brain barrier penetration. In order to treat refractory
epilepsy precisely, gene therapy techniques such as
CRISPR/Cas9-mediated ion channel regulation and
viral vectors carrying neuroprotective genes seek to ad-
dress network-level malfunction at the cellular level.>!

Integration With Standards of Care, Limitations, and
Translational Barriers
Current standards of care for epilepsy primarily rely
on antiseizure drugs (ASDs), ketogenic diet thera-
py, neuromodulation approaches (VNS, DBS), and
resective epilepsy surgery. While these established
modalities remain essential, they often do not ad-
dress the underlying pathophysiological mechanisms
such as oxidative stress, chronic neuroinflammation,
mitochondrial dysfunction, or network-level remod-
eling. Emerging therapies—including antioxidant
agents, anti-inflammatory drugs, neuroprotective
phytochemicals, nanocarrier-based formulations, and
gene-targeted interventions—are therefore best con-
ceptualized as adjunctive or precision-enhancing strat-
egies, particularly in drug-resistant epilepsy.>?
However, despite promising mechanistic rationale,
several limitations restrict their clinical applicabil-
ity. Antioxidants and phytochemicals exhibit poor
bioavailability and limited human trial evidence.
Anti-inflammatory therapies carry risks of system-
ic immune modulation. Nanocarriers face concerns
regarding long-term biodistribution, scalability,
and regulatory approval. Gene therapy poses chal-
lenges including off-target effects, vector-related
toxicity, and extremely high treatment costs. Ma-
jor translational barriers also exist. Preclinical ep-
ilepsy models fail to fully mirror human network

Table 3 | Recent antioxidant & neuroprotective compounds

Compound

Resveratrol?®

Mechanism of Action

Antioxidant, mitochondrial
stabilizer

Observed Effects in Epilepsy Models

Reduced ROS, improved synaptic
plasticity

Curcumin®

Anti-inflammatory, antioxidant ~ Decreased neuroinflammation, reduced

seizure frequency

Quercetin?®

Neuroprotective flavonoid

Improved mitochondrial function,
decreased neuronal apoptosis

N-acetylcysteine (NAC)

ROS scavenger, glutathione
precursor

Lowered oxidative stress, improved
seizure threshold

dynamics, limiting the predictive value of laboratory
findings. Safety and efficacy data for chronic use of
nanoparticles, immunomodulators, and gene-based
therapies remain insufficient. Manufacturing stan-
dardization and regulatory pathways for advanced bi-
ologics and nanotechnologies are complex and costly.
Additionally, accessibility is a significant challenge,
especially in low- and middle-income regions where
treatment gaps persist. Overall, while these emerg-
ing approaches hold substantial promise, large-scale
clinical trials, long-term safety studies, and regulatory
harmonization are essential before they can be inte-
grated into mainstream epilepsy care. An integrated
view linking mechanisms, therapies, and clinical sub-
types is provided in Table 4.

Conclusion and Future Directions

It is becoming more widely acknowledged that epi-
lepsy is a condition of neural network malfunction,
with abnormal synaptic plasticity, glial cell activation,
and neuronal synchronization. Cognitive deficits and
behavioural comorbidities are among the ictal and
interictal signs that are caused by these pathophysio-
logical alterations . Antiepileptic medications (AEDs)
are readily available, yet there are still large treatment
gaps worldwide, especially in low- and middle-income
nations. Delays in diagnosis, poor treatment optimiza-
tion, and restricted access to healthcare are the main
causes of these disparities. Furthermore, the underlying
network dysfunctions and related cognitive deficiencies
are frequently ignored by modern AEDs, which exclu-
sively target seizure management. New developments in
network-based methods, such as the use of graph theo-
ry and neuroimaging techniques, provide encouraging
paths for comprehending and addressing the damaged
brain circuits in epilepsy. Furthermore, new treatment
approaches that target neuroinflammation, mitochon-
drial function, and oxidative stress management seek
to offer neuroprotective benefits outside of the realm of
conventional AEDs. The creation of precision medicine
strategies that combine network-level insights with cus-
tomized treatment regimens should be the main focus
of future research. In order to restore normal network
function and enhance long-term results for people with
epilepsy, this involves investigating new pharmacolog-
ical treatments, gene-based therapies, and neuromod-
ulation approaches. In conclusion, filling the existing
therapy gaps and developing therapeutic approaches
that focus on the underlying pathophysiology of the

Table 4 | Integrated mechanism — therapy — phenotype summary

Mechanism

Oxidative stress

Best-Supported Therapy
Antioxidants (NAC, Resveratrol)

Most Affected Clinical Subtype

Focal & post-traumatic epilepsy

Level of Evidence

High (preclinical), Low (clinical)

Neuroinflammation IL-1 blockers, Minocycline TLE with HS Moderate
Hyperexcitability ASDs (Na*/Ca2*/GABA) Generalized epilepsy High
Glial Activation Curcumin, flavonoids TLE Moderate
Mitochondrial dysfunction CoQ10, L-carnitine Metabolic Epilepsy Low

Synaptic Plasticity Defects

Phytochemicals, neuromodulation

Cognitive Impairment Epilepsy

Low—Moderate
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condition require a thorough knowledge of the neural

network dysfunctions in epilepsy.

List of Abbreviations

AEDs - Antiepileptic Drugs

ASDs — Antiseizure Drugs

ATP — Adenosine Triphosphate

BBB - Blood-Brain Barrier

CA - Cornu Ammonis (Hippocampal Region)
CNS - Central Nervous System

COX - Cyclooxygenase

CRISPR - Clustered Regularly Interspaced Short
Palindromic Repeats

CoQ10 - Coenzyme Q10

DBS - Deep Brain Stimulation

DNA - Deoxyribonucleic Acid

EEG - Electroencephalography

EGCG - Epigallocatechin Gallate

FDA - Food and Drug Administration
GABA - Gamma-Aminobutyric Acid
GLUT - Glucose Transporter

HS - Hippocampal Sclerosis

IL-1B - Interleukin-1 Beta

IL-6 — Interleukin-6

ILAE - International League Against Epilepsy
KA - Kainic Acid

LTP - Long-Term Potentiation

LTD - Long-Term Depression

MMPs — Matrix Metalloproteinases

MRI — Magnetic Resonance Imaging
mRNA - Messenger Ribonucleic Acid
mtDNA — Mitochondrial DNA

NAC - N-Acetylcysteine

NF-kB — Nuclear Factor Kappa B

NMDAR - N-Methyl-D-Aspartate Receptor
PRISMA - Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

PTZ - Pentylenetetrazol

RCTs — Randomized Controlled Trials
ROS - Reactive Oxygen Species

SOD - Superoxide Dismutase

TLE - Temporal Lobe Epilepsy

TNF-a — Tumor Necrosis Factor Alpha
VNS - Vagus Nerve Stimulation

WHO - World Health Organization
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