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Abstract

Epilepsy is a persistent neurological condition characterized by spontaneous and recurrent seizures, with nearly one-

third of patients showing poor response to existing antiepileptic medications. This limitation emphasizes the need for

innovative therapeutic agents offering superior safety and efficacy. Heterocyclic frameworks, owing to their wide

structural variability, favorable pharmacokinetic behavior, and ability to engage multiple central nervous system

(CNS) targets, have gained considerable attention in anticonvulsant drug research. This review discusses significant

heterocyclic families, such as oxadiazoles, thiazoles, imidazoles, thiadiazoles, triazoles, pyridines, pyrimidines,

piperazines, benzodiazepines, benzothiazoles, quinazolines, indoles, chromenes, and benzofurans—focusing on their

structure–activity relationships, modes of action, and recent synthetic advances. Primary mechanisms include

enhancement of GABAergic signaling, inhibition of ion channels, antagonism of glutamate receptors, and

neuroprotective effects. Persistent challenges like drug resistance, limited brain bioavailability, and toxicity are

examined alongside promising solutions, including AI-assisted drug design, multi-target ligands, and sustainable

synthesis approaches, to advance next-generation antiepileptic agents.
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INTRODUCTION

Epilepsy is an immedicable neurological disorder characterized by a higher susceptibility to unprovoked and recurrent

seizures. These events are caused by abnormal bursts of electrical activity in the brain and may affect

muscle movements, awareness, sensation, or consciousness. Their manifestation may also differ markedly, from mild

behavioral modifications or muscular violent contractions to severe and protracted convulsions. It can occur due to

genetic mutations, brain injuries, infections, developmental disorders, or metabolic errors. In many cases, however, the

precise trigger is not known. Seizure onset determines that epilepsy can be generally divided into focal, generalized,

and unknown onset categories. Diagnosis is based on clinical history, electroencephalogram (EEG) recordings, and

neuroimaging methods, including MRI, for the detection of structural damage1.

Antiepileptic drugs (AEDs) are the treatment of choice for patients with epilepsy, with most experts recommending

AEDs for >70% of patients with the condition. Valproic acid, carbamazepine, lamotrigine, and levetiracetam

are examples of widely used AEDs. In drug-resistant epilepsy, other forms of treatment, including surgical resection of

the epileptogenic focus, vagal nerve stimulation, responsive neurostimulation, or implementation of a ketogenic diet,

can be explored. Although treatment is available, epilepsy remains challenging due to resistance to medication, drug-

induced adverse events, psychosocial issues, and associated stigma. Patients with epilepsy may also display

comorbidities, including depression, anxiety, or cognitive impairment, which can contribute to the complexity of the

treatment management1. Current studies of genetics, neurobiology, and drug discovery have resulted in increased

knowledge of the disorder and expanded treatment choices. Novel approaches, such as in silico drug screening and

neuroimaging biomarkers, provide hope for personalized treatment approaches2.

Heterocyclic chemistry, focuses on the synthesis, characteristics, and biological functions of ring structures contains one

non-carbon atom- nitrogen, oxygen, or sulfur. Heterocyclic compounds are crucial in discovering and developing

anticonvulsant medications due to their diverse structures, favorable pharmacokinetics, and capacity to interact with

multiple neural targets. Most approved and experimental AEDs feature heterocyclic frameworks, underscoring their

significance in epilepsy treatment from both mechanistic and therapeutic perspectives2.

Heterocycles Having Anticonvulsant Activity

1. Five-Membered Heterocycles

 Oxadiazole

O

N N

1,3,4-oxadiazole
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Oxadiazoles are heterocyclic compounds having a five membered ring composed of 2 nitrogen atoms and 1 oxygen

atom. They belong to azole family, and they exist in four isomeric forms: 1,2,3-oxadiazole, 1,2,4-oxadiazole, 1,2,5-

oxadiazole, and 1,3,4-oxadiazole. Among these, the 1,3,4-oxadiazole isomer- the most widely encountered. These

scaffolds are known for their favorable pharmacokinetic properties, such as good CNS penetration, metabolic stability,

and low toxicity, which make them promising candidates in the development of AEDs3.

Structure-Activity Relationship (SAR)

The core oxadiazole ring, especially 1,3,4- is essential for activity. Aromatic or heteroaromatic groups at positions 2 and

5 enhance the potency. Aromatic Rings like phenyl and substituted phenyl enhance the CNS activity through π-π

interactions and lipophilicity. Electron-donating groups like methoxy and methyl increase the antiepileptic activity by

enhancing interaction with GABA receptors. Electron-withdrawing substituents such as chlorine and nitro on aryl

groups improve the efficacy. Lipophilic side chains enhance blood-brain barrier permeability. Heterocyclic substituents

like pyridine and thiophene broaden the activity spectrum, potentially engaging multiple CNS targets. Amide or

hydrazone linkages facilitate hydrogen bonding with biological targets, thereby improving the affinity. Hybrid

molecules with benzodiazepines, piperazines, or thiadiazoles boost the receptor affinity and pharmacokinetics3,4.

O

N N

Mechanism of Action

Oxadiazole-based compounds exhibit anticonvulsant activity through modulation of GABAergic neurotransmission by

enhancing GABAA receptor activity, leading to increased inhibitory synaptic transmission. Sodium channel blockade by

inhibiting voltage-gated Na+ channels (VGSC), stabilizes the neurons, and reduces excitability. Calcium channel

inhibition by attenuation of T-type calcium currents, which are implicated in absence seizures4,5.

 Thiazole

S

N

1,3-thiazole

Thiazole is a five-membered heterocyclic ring structure made up of both N and S atoms, which is a useful scaffold in

drug design because of its spatial arrangement, that imparts unique electronic and structural properties. Thiazole-based

compounds have attracted more and more attention in the field of medicinal chemistry over time. Their anticonvulsant

potential is particularly noteworthy, as many of their derivatives have shown a notable capacity to regulate neuronal

excitability and inhibit seizure activity. The thiazole ring is therefore a promising building block for the creation of

novel antiepileptic drugs6,7.

Substitution (Aromatic

or heteroaromatic) at

C-2/C-5 is preferred.

Electron-donating

groups (-OCH₃, -CH₃)

increases the anti-

epileptic activity

Alkyl side chains improve

BBB permeability.
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Structure–Activity Relationship (SAR)

Bulky or heteroaryl substitutions at position-2 enhance CNS activity; amine or carbonyl groups modulate solubility.

Electron-donating groups at position-4 increase potency whereas electron-withdrawing groups reduce activity. Polar or

bulky groups at position-5 influence BBB penetration and may affect toxicity. Linking thiazole with hydantoins,

benzodiazepines, oxadiazoles, or triazoles enhances potency through multitarget effects (e.g., Na⁺ channel inhibition,

GABAergic potentiation). Benzothiazole hybrids show improved pharmacokinetics and brain permeability6. Electron-

donating substituents at key positions improve receptor binding and anticonvulsant activity. Electron-withdrawing

substituents decrease efficacy but can enhance metabolic stability7.A moderate lipophilic balance (logP ~2–4) optimizes

BBB crossing without increasing nonspecific CNS toxicity8.

S

N

Mechanism of Action

Thiazole derivatives act as GABAA receptor agonists or positive allosteric modulators thereby enhance chloride ion

influx which causes neuronal hyperpolarization which leads to seizure suppression. Also act as GABA transaminase

inhibitors which reduce GABA degradation by increasing GABA levels in the synaptic cleft. Also act by blocking

VGSCs thereby stabilizes neuronal membrane and preventing excessive firing. Inhibits T-type Ca2+ channels which are

involved in absence seizures and rhythmic firing of thalamic neurons. Thiazole-containing molecules may antagonise

NMDA receptors, reducing excitatory neurotransmission9.

 Imidazole

NH

N

1H-imidazole

Imidazole, is one of the five-membered ring with 2 nitrogen atoms at positions 1 & 3, a versatile pharmacophore. Its

physicochemical properties-such as moderate lipophilicity and strong hydrogen-bonding potential and make it

particularly effective in designing central nervous system (CNS) active agents, including those with antiepileptic

activity. Recent investigations have highlighted imidazole-containing molecules for their potential in seizure

suppression. These compounds can modulate various molecular targets associated with the onset and progression of

epileptic episodes. These molecules often influence GABAergic transmission10,11.

Bulky or polar

substituents at the 5th

position can affect

CNS penetration.

Benzothiazole hybrids

show improved

pharmacokinetics and

brain permeability

Electron-donating groups

at position 4 enhance the

potency.
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Structure–Activity Relationship (SAR)

N1-substitution with aromatic or lipophilic groups enhances brain permeability and activity. Introduction of electron-

releasing substituents on phenyl rings tends to improve efficacy. Formation of hybrid molecules that incorporate other

pharmacophores like sulfonamides, triazoles often results in multi-target agents with improved therapeutic profiles11.

NH

N

Mechanism of Action

Imidazole based compounds exhibit anticonvulsant effects primarily through GABAergic enhancement, this occurs

either through direct interaction with GABAA receptors or by modulating GABA release and uptake, thereby promoting

neuronal inhibition. These compounds often interfere with sodium or calcium channels in neurons, preventing excessive

electrical discharge, a key event in seizure activity12. Inhibits glutamatergic signaling-particularly via NMDA or AMPA

receptors-thus reducing excitatory transmission13. These derivatives influence neuronal excitability by altering

intracellular pH through carbonic anhydrase inhibition, a mechanism shared with clinically used drugs like topiramate14.

 Thiadiazole

S

N N

1,3,4-thiadiazole

Thiadiazole is a 5 membered heterocyclic system containing 2 nitrogen atoms and 1 sulfur atom, with three main

isomers: 1,2,3-thiadiazole, 1,2,4-thiadiazole, and 1,3,4-thiadiazole. Among these, the 1,3,4-thiadiazole isomer is widely

studied for its biological activities, including potent anticonvulsant effects. Thiadiazole derivatives have attracted

significant interest in epilepsy research due to their ability to modulate neuronal excitability15, 16.

Structure-Activity Relationship (SAR)

The 1,3,4-thiadiazole core is crucial for anticonvulsant activity, and substituents at the 2nd and 5th positions of 1,3,4-

thiadiazole ring play a vital role in modulating anticonvulsant activity. Lipophilic or electron-donating groups like alkyl,

aryl, or halogens at these positions generally increase CNS penetration and enhance activity. Introduction of aromatic or

heteroaromatic rings at these positions often improves receptor binding affinity and bioavailability. Linking with known

anticonvulsant pharmacophores such as hydantoins, benzodiazepines, or pyridines often results in synergistic effects

and increased efficacy. These hybrids can act via multiple mechanisms, such as sodium channel inhibition and GABA

receptor modulation. Electron-withdrawing groups enhance activity by increasing binding interactions at the receptor

level, though excessive electron deficiency can reduce CNS bioavailability. Conjugation with amide or sulfonamide

moieties often leads to improved anticonvulsant profiles due to enhanced hydrogen bonding and receptor interactions.

N-1 substitution improves

CNS penetration and

receptor binding

Substitution at the C-4 or C-5

position of imidazole alters the

electronic distribution of the

ring, affecting target selectivity.
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Moderate alkyl chain length or steric bulk is generally favorable for activity, but excessive size can hinder BBB

permeability and reduce efficacy17,18.

S

N N

Mechanism of Action

Thiadiazole rings mainly act by enhancing the GABAergic activity which leads to hyperpolarization of neuronal

membranes, reducing the likelihood of abnormal firing and seizure activity. They can block VGSCs, preventing rapid

depolarization, thereby stabilizing the neuronal membrane and stopping seizure initiation and spread19. In certain types

of epilepsy, especially absence seizures, thiadiazole analogs inhibit T-type calcium channels , reducing thalamocortical

oscillations linked with seizures. Also inhibits carbonic anhydrase enzyme, leading to altered brain pH and neuronal

excitability, which contributes to anticonvulsant effects. Thiadiazoles protect neurons from seizure-related oxidative

damage, indirectly contributing to anticonvulsant effects 20, 21.

 Triazole

NH

N N

4H-1,2,4-triazole

Triazoles are a class of 5 membered heterocyclic compounds containing 3 nitrogen atoms & 2 carbon atoms. They exist

mainly in two isomeric forms: 1,2,3-triazoles and 1,2,4-triazoles. Triazole derivatives exhibit anticonvulsant activity by

interacting with various central nervous system targets, these interactions help stabilize neuronal membranes and inhibit

abnormal electrical discharges in the brain22,23.

Moreover, triazole rings are often used as bioisosteres to replace amide or ester groups, enhancing metabolic stability

and blood-brain barrier penetration, making them favorable for CNS-active agents. Additionally, the triazole moiety's

ability to form hydrogen bond and π stacking interaction contribute to high binding affinity with neuronal receptors23, 24.

Electron-donating groups

increase CNS penetration

and enhance activity

Linking hybrid molecules like

hydantoins, benzodiazepines

results in synergistic effects.

Conjugation of thiadiazole

with amide or sulfonamide

moieties leads to improved

anticonvulsant activity

EWGs such as –NO2, –

CF3, or –Cl enhance

activity by increasing

binding interactions
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Structure-Activity Relationship (SAR)

1,2,4-Triazoles are more widely studied for antiepileptic activity compared to 1,2,3-isomers. The nitrogen positions in

the 1,2,4-triazole ring enable strong hydrogen bonding and coordination with receptor sites. Substitution with aryl or

heteroaryl groups (e.g., phenyl, pyridyl) at position-3 or -5 enhances activity due to increased lipophilicity and π–π

interactions25. Electron-withdrawing groups (Cl, NO2, CF3) on the aryl ring enhance activity by stabilizing the triazole-

receptor interaction. Short alkyl chains or linker groups improve CNS penetration26. Triazoles fused with other

pharmacophores (e.g., benzodiazepines, pyridines) show synergistic effects. A balance between polar groups (for

solubility) and hydrophobic regions (for membrane penetration) is crucial for bioavailability27.

NH

N N

Mechanism of Action

Triazole-containing compounds exert their antiepileptic activity primarily by modulating neuronal excitability through

various central nervous system (CNS) targets. They have been shown to enhance GABAergic neurotransmission, which

increases the inhibitory tone in the CNS. This occurs either through positive allosteric modulation of GABAA receptors

or by inhibition of GABA transaminase, leads to increased synaptic GABA levels which prevents hyperexcitability of

neurons responsible for seizures25. Some triazole compounds inhibit VGSCs, stabilizes the neuronal membrane and

reducing repetitive firing of action potentials. These derivatives inhibit NMDA or AMPA receptors, which mediate

excitatory neurotransmission, which leads to a reduction in excitatory synaptic currents, thus suppressing seizure

activity28. Some triazoles also interact with enzymes like carbonic anhydrase or monoamine oxidase (MAO), indirectly

contributing to CNS effects29.

2. Six-Membered Heterocycles

 Pyridine

N

Pyridine

Pyridine, a six-membered heterocyclic aromatic ring containing one nitrogen atom, plays a vital role in the design and

development of numerous pharmacologically active compounds, including antiepileptic agents. Although pyridine itself

is not used directly as an antiepileptic drug, its derivatives and analogs have demonstrated promising anticonvulsant

Substitutions at Position 3 and 5

1. Aryl or heteroaryl groups at

position-3 or -5 enhances activity.

2. EWG on the aryl ring enhance

activity

The nitrogen positions in the 1,2,4-

triazole ring enable strong hydrogen

bonding and coordination with

receptor sites.

Alkyl Chains and Heterocycles

1. Short alkyl chains or linker groups

improve CNS penetration.

2. Triazoles fused with other

pharmacophores show synergistic

effects.
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properties through various mechanisms. Many synthetic antiepileptic compounds incorporate the pyridine ring as a core

scaffold due to its electron-rich nature, which facilitates binding to specific targets in the central nervous system (CNS).

Pyridine derivatives exert their antiepileptic effects primarily by modulating ion channels (e.g., sodium and calcium

channels), enhancing GABAergic neurotransmission (inhibitory pathways), or inhibiting excitatory neurotransmitters

such as glutamate30.

Structure–Activity Relationship (SAR)

Electron-donating groups like –CH3, –OCH3 at 2- or 3-position often enhance CNS activity by improving lipophilicity

and BBB permeability and electron-withdrawing groups like –NO2, –Cl may increase binding affinity to ion channels

but can reduce selectivity and increase toxicity. Introduction of bulky or polar groups like –NH2, –CONH2, aryl groups

at the 4th position may modulate receptor binding and can influence GABAergic or sodium channel activity31. 4-

Aminopyridine derivatives have been explored for their potassium channel blocking properties, which can indirectly

enhance excitability and may be useful in specific seizure subtypes. Fusion of the pyridine ring with heterocycles such

as pyrazole, triazole, thiazole enhances activity through multi-target interactions, improving efficacy in resistant forms

of epilepsy. Fused systems also improve metabolic stability and pharmacokinetics and pyridine-based hydrazones and

Schiff base derivatives often show potent activity in MES and PTZ models, which enhanced binding to GABAA

receptors and also modulated voltage-gated sodium channels31, 32.

N

Mechanism of Action

Pyridine-containing molecules produce anticonvulsant effects by influencing various molecular systems that control

nerve cell excitability and neurotransmission. Many of these derivatives bind preferentially to the inactivated form of

voltage-gated sodium channels (VGSCs), reducing repetitive neuronal discharges during seizures. This action is similar

to that of lamotrigine, which also incorporates a pyridine-like structure. By limiting VGSC activity, these compounds

restrict the spread of action potentials in hyperactive neurons. Certain pyridine-based agents also boost inhibitory

GABAergic signaling. They may act as positive allosteric modulators of GABAA receptors or inhibit GABA

transaminase, thereby elevating GABA concentrations in the synaptic cleft. Others dampen excitatory drive by blocking

Substitution at 2 or 3

1. Electron-donating groups at the 2-

or 3-position enhance CNS activity.

2. EWG increase binding affinity to

ion channels.

Substitution at Position 4

1. Bulky or polar groups modulate

receptor binding and influence

GABAergic or sodium channel activity

Fused Ring Systems

1. Fusion with other heterocycles like

pyrazole, triazole, thiazole enhances

activity through multi-target

interactions.

2. Improves metabolic stability and

pharmacokinetics.
Hydrazones and Schiff Bases

1. The hydrazone moiety enhances

binding to GABAA receptors or

modulates voltage-gated sodium

channels.
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NMDA or AMPA receptors or by suppressing glutamate release, helping to restore excitatory–inhibitory balance in the

brain31.

Some analogues target T-type calcium channels, whose activity contributes to absence seizures, thereby preventing the

burst firing patterns typical of this seizure type. Compounds like 4-aminopyridine instead act on potassium channels,

modifying neuronal membrane potentials and firing thresholds. Additionally, hybrid molecules, such as pyridine–

triazole and pyridine–thiazole derivatives are capable of engaging multiple CNS targets simultaneously, offering

improved therapeutic potential and a reduced likelihood of resistance development31.

 Pyrimidine

N

N

Pyrimidine

Pyrimidine, a 6 membered aromatic heterocycle containing 2 nitrogen atoms at positions 1 & 3, plays a vital role in

medicinal chemistry due to its structural resemblance to nucleic acid bases. Its derivatives have demonstrated promising

anticonvulsant properties, making them potential candidates for epilepsy treatment33.

Structure–Activity Relationship (SAR)

Structure–Activity Relationship (SAR) studies of pyrimidine derivatives have revealed that aromatic rings like phenyl,

substituted phenyl at position-2 enhance lipophilicity and CNS penetration. Electron-withdrawing groups on the

aromatic ring improve activity in MES models. Heterocycles like triazole and oxadiazole at C-4 increase potency and

metabolic stability. 2-aryl or 2-heteroaryl substitution generally improves binding affinity with sodium channel

receptors. Amine, hydrazine, or amide groups at position-4 enhances GABAergic activity. Substitution with alkyl or

alkoxy groups at C-4 improves lipophilicity but may reduce receptor binding if too bulky. A hydrophilic group at C-4

helps in modulating ion channels and improves solubility. Introduction of alkyl or halogens improves CNS activity by

balancing lipophilicity. Large bulky groups may hinder receptor binding and reduce activity. Small hydrophobic groups

at this position are favored for optimal receptor fit and bioavailability. Pyrimidine fused with triazole, thiadiazole, or

imidazole enhances potency and receptor specificity34.

N

N

Substitution at Position-2

1. Aromatic rings enhance lipophilicity

and CNS penetration.

2. 2-aryl or 2-heteroaryl substitution

improves binding affinity with Na+

channel receptors.

Substitution at Position-4

1. Amine, hydrazine, or amide groups

enhance GABAergic activity.

2. A hydrophilic group at C-4 improves

solubility.

Substitution at Position 6

1. Introduction of alkyl or halogens

improves CNS activity.

2. Large bulky groups hinder

receptor binding & reduce activity
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Mechanism of Action

Pyrimidine derivatives inhibit VGSCs, by stabilizing inactive state of sodium channels, these compounds reduce

neuronal hyperexcitability, this mechanism is particularly effective against tonic–clonic seizures (MES test). Also helps

in positive allosteric modulation of GABAA receptors or inhibition of GABA transaminase. Some pyrimidine

derivatives inhibit low-threshold (T-type) calcium channels, which are involved in thalamocortical rhythms related to

absence epilepsy33. Inhibition of these channels reduces burst firing and abnormal synchronization. Hybrid pyrimidines

like pyrimidine–triazole reduce excitatory neurotransmission by blocking NMDA or AMPA glutamate receptors which

helps to counteract excitotoxicity during seizures. Many modern pyrimidine-based agents exhibit dual or multitarget

activity, combining sodium channel inhibition with GABAergic potentiation or glutamate antagonism. This improves

efficacy and broadens the spectrum of anticonvulsant action34.

 Piperazine

N
H

N
H

Piperazine

Piperazine, saturated 6 membered heterocycle with N atoms located at opposite positions in ring (1,4-diazacyclohexane).

Initially developed as an anthelmintic agent, it has become an important structural motif in medicinal chemistry, largely

due to its diverse central nervous system activities, including promising anticonvulsant effects. The presence of a

piperazine ring in drug molecules can improve their capacity to cross BBB, enhance metabolic stability, and strengthen

receptor-binding interactions35.

Structure–Activity Relationship (SAR)

Substituting aryl or heteroaryl groups at the N-1 or N-4 position improves binding to CNS targets and anticonvulsant

activity. Electron-donating groups on attached aromatic rings improve activity in PTZ seizure models, suggesting

GABAergic enhancement. Rigidification of the structure via amide/ketone linkers often results in better potency and

selectivity. Hybridization with azole or hydantoin rings increases spectrum and potency, showing efficacy in both

tonic–clonic and absence seizures36.

NH

NH

R

Linkers Between Rings

Amide or ketone linkers increase rigidity

and enhance receptor interaction.

N-1 or N-4 Substitution

1. Alkyl: Moderate activity, improves

lipophilicity and CNS penetartion

2. Aryl: Enhances binding with CNS

receptors, generally increases activity

3.Heteroaryl: Improves receptor selectivity,

often boosts activity.

Phenyl Ring Substituents

1. Electron-donating groups at

para-position enhance activity in

PTZ models

2. EWG may reduce or shift

mechanism of action

Fused Heterocycles

Fusion with triazole, thiazole, or

imidazole rings improves the activity

via multi-target interaction
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Mechanism of Action

Piperazine derivatives act as positive allosteric modulators of GABAA receptors, enhancing the inhibitory

neurotransmitter. This increases chloride ion influx, which leads to hyperpolarization of the neuronal membrane, and

reducing neuronal excitability. They inhibit GABA transaminase, leading to rise in GABA levels in synaptic cleft. Also

arylpiperazine derivatives block voltage-gated sodium channels, stabilizing the inactivated state and reducing repetitive

neuronal firing36. Some piperazine compounds inhibit low-threshold T-type Ca2+ channels, which suppresses burst

firing in thalamic neurons. Few derivatives display antagonistic activity at NMDA receptors, thereby reducing

glutamate-mediated excitotoxicity and excitatory transmission. These derivatives interact with 5-HT1A or 5-HT2

receptors, modulating serotonergic tone. Alteration of serotonin levels can influence seizure susceptibility through

effects on neuronal circuits37.

3. Fused Heterocycles

 Benzodiazepine

NH

N

2,3-dihydro-1H-1,4-benzodiazepine

Benzodiazepines represent a significant group of heterocyclic compounds known for their broad spectrum of

pharmacological effects, especially those targeting CNS. Their chemical framework is built around the 1,4-

benzodiazepine core, a benzene ring fused to a 7-membered diazepine ring containing N atoms at the first and fourth

positions. Structural modifications to this scaffold have produced numerous derivatives with varied therapeutic actions,

including anticonvulsant, sedative-hypnotic, anxiolytic, and muscle relaxant activities38, 39.

Structure–Activity Relationship (SAR)

The benzodiazepine core is essential for activity. The diazepine ring fused with a benzene ring is critical for binding to

the GABAA receptor. Electron-withdrawing groups like Cl, NO₂, F at C-7 enhance activity, which thereby increases

GABAA receptor binding affinity. For example: 7-chloro substituent in diazepam is vital for its potency. Alkyl groups

(e.g., methyl) at N-1 are well tolerated and influence lipophilicity and duration of action. Bulky groups at N-1 can

reduce activity and also affect oral bioavailability. Usually a keto group at 2nd position is essential for hydrogen bonding

at the receptor site, which is required for agonistic activity. The phenyl group at position-5 is important for π–π stacking

with receptor sites. Substitution on this phenyl ring can modulate activity: Ortho-substitution (e.g., Cl, F) enhances

activity, whereas para-substitution decrease binding affinity. Partial saturation (e.g., 3,4-dihydro) of the diazepam ring

may affect potency and metabolic stability. Additional fused rings, such as triazolo, imidazo like in alprazolam,

midazolam, improve receptor selectivity, potency, and half-life. Hydroxylation at position-3 (e.g., temazepam) increases

polarity and rate of elimination thereby shortens duration39, 40.
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NH

N

Mechanism of Action

Benzodiazepines exert their CNS depressant and antiepileptic effects by enhancing the action of γ-aminobutyric acid.

Benzodiazepines bind to a specific allosteric site on the GABAA receptor, which is a ligand-gated chloride ion channel.

The benzodiazepine binding site is located between the α and γ subunits, distinct from the GABA binding site. They do

not activate the receptor directly. Instead, increases the frequency of chloride channel opening only when GABA is

present. This leads to a greater influx of Cl⁻ ions into the neuron. Chloride influx causes hyperpolarization of the

neuronal membrane. This makes the neuron less likely to fire action potentials, reducing neuronal excitability40, 41, 42.

 Benzothiazole

S

N

1,3-benzothiazole

Benzothiazole, a fused heterocyclic compound containing both a benzene and a thiazole ring, has gained attention in

medicinal chemistry for its diverse biological properties, including antiepileptic activity. The structural versatility of

benzothiazole allows for functional modifications that can significantly enhance its interaction with central nervous

system (CNS) targets43.

Structure–Activity Relationship (SAR)

The benzothiazole nucleus, due to its rigid planar structure and ability to engage in multiple binding interactions within

the CNS. Aryl or heteroaryl substitution like phenyl, pyridyl at C-2 increases lipophilicity and enhances blood–brain

barrier (BBB) penetration. Electron-withdrawing groups on the aryl ring improve activity in MES and PTZ models.

Saturation of Diazepine Ring

1. Partial saturation affect

potency and metabolic stability

Substituent at Position 7

1. EWGs like Cl, NO₂, F enhance

activity.

2. They increase GABAA receptor

binding affinity.

Substituent at N-1

1. Alkyl groups are well tolerated and

influence lipophilicity and duration of

action.

2. Bulky groups can reduce activity.

Aromatic Ring at Position 5

1. The phenyl group at C-5 is important

and substitution at ortho position can

enhance activity while at para position

may decrease binding affinity.

Substitution at Position 3

1. Hydroxylation at C-3 increases

polarity and rate of elimination.
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Bulky groups may hinder receptor binding, reducing efficacy. Electron-donating groups at position-7 can modulate the

electronic nature of the molecule and enhance receptor affinity. Halogen substitution (–F, –Cl) at C-7 also improves

metabolic stability and activity; fluorine often enhances CNS penetration. 6-substituted derivatives are often more

potent than 7-substituted analogs. Hydrazones, triazoles, oxadiazoles, or thiadiazoles attached to the ring improve

pharmacological profile. Such hybrids often show dual mechanisms, like GABAergic modulation along with sodium

channel blockade. Short alkyl chains like methyl, ethyl at nitrogen may improve solubility and CNS delivery. Long or

branched chains at C-7 often reduce anticonvulsant activity due to steric hindrance. Adding pyridine, imidazole, or

pyrrole rings can increase receptor selectivity and improve efficacy43, 44.

N

S

Mechanism of Action

Benzothiazole and its derivatives exhibit antiepileptic activity primarily through modulation of neuronal excitability and

neurotransmission. Some benzothiazole derivatives enhance the activity of GABA by acting as GABAA receptor

agonists or positive allosteric modulators, increasing chloride ion influx and resulting in hyperpolarization of neuronal

membranes, thus reducing seizure activity. Benzothiazoles can also block voltage-gated sodium channels, stabilizing

the inactive state of the channel & preventing repetitive firing of action potentials seen in epileptic seizures. Some of the

derivatives inhibit T-type calcium channels, particularly in thalamic neurons, reducing low-threshold calcium spikes

and burst firing, which is especially relevant in absence seizures. These analogues also exert glutamate antagonistic

effects, thereby inhibiting excitatory neurotransmission mediated by NMDA or AMPA receptors, which are often

overactivated in epilepsy. Certain benzothiazole compounds exhibit antioxidant and neuroprotective properties,

mitigating oxidative stress and excitotoxicity associated with epileptogenesis45, 46.

 Quinazoline

N

N

Quinazoline

Substitution at Position 2

3. Aryl or heteroaryl increases

lipophilicity and antiepileptic

activity

4. Electron-withdrawing groups

enhances antiepileptic activity

Substitution at Position 6 or 7

3. Electron-donating groups

preferred.

4. 6- substituted analogues are

comparatively more potent.

Alkyl Substitution on N

3. Small alkyl groups increase CNS

activity.

4. Long and branched chains

reduce activity
Fusion or Hybridization with

other Bioactive Moieties

3. Hydrazones, Triazoles are

common

4. Hybrid molecules exhibit dual

mechanisms
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Quinazoline, a bicyclic heterocyclic compound comprising a fused benzene and pyrimidine ring system. Among its

diverse therapeutic applications, quinazoline derivatives have shown promise as antiepileptic agents, owing to their

ability to modulate central nervous system (CNS) activity47.

Structure–Activity Relationship (SAR)

The quinazoline nucleus is essential for anticonvulsant activity. Substitutions on the ring system significantly influence

the pharmacological activity. Alkyl or aryl substitutions at position-2 improve lipophilicity and CNS penetration.

Electron-donating groups at position-2 can increase activity. Bulky groups at this position may hinder binding to the

receptor and reduce activity. Position-3 is often used for hydrogen bond acceptors or donors such as hydrazones, amines

and thiosemicarbazides. These groups help in binding with receptor sites and enhance GABAergic modulation.

Introduction of carbonyl or thione groups at position-4 helps in hydrogen bonding and improves anticonvulsant

potential. Electron-withdrawing groups at position-6, 7, and 8 enhance activity, by increasing binding affinity and

metabolic stability. Halogens at position-6 or -8 have shown significant improvement in CNS bioavailability and

activity. Linking the quinazoline nucleus with other pharmacophores like benzodiazepine, triazole, or sulfonamide

moieties enhances anticonvulsant activity via multiple mechanisms47, 48.

N

N

Mechanism of Action

Quinazoline and its derivatives exhibit anticonvulsant activity primarily through modulation of neurotransmission in the

central nervous system (CNS). Certain quinazoline derivatives enhance GABAergic transmission by acting as positive

allosteric modulators of the GABAA receptor, which increases the chloride ion influx, leading to neuronal

hyperpolarization, and suppresses seizure activity. Some quinazoline derivatives block VGSCs, this mechanism is

similar to that of phenytoin or carbamazepine. A few analogs act by blocking T-type calcium channels, especially in the

thalamic neurons, which is useful in treating absence seizures. Some quinazoline-based compounds have been reported

to inhibit excitatory neurotransmission by acting as antagonists at NMDA receptors, reducing glutamate-mediated

excitotoxicity. Quinazoline derivatives may also provide neuroprotection through antioxidant activity, reducing

oxidative stress that contributes to seizure-induced neuronal damage47, 49.

 Indole

NH

1H-indole

Substituent at Position 2

1. Alkyl or aryl substitutions improve

lipophilicity and CNS penetration.

2. Electron-donating groups can

increase activity.

Substituents at Position 3

1. Hydrogen bond acceptors or

donors like hydrazones, amines,

thiosemicarbazides help in binding

with receptor sites and enhance

GABAergic modulation.

Substituents at Position 4

1. Introduction of carbonyl or thione

groups helps in hydrogen bonding and

improves anticonvulsant potential.

Substitution on Phenyl Ring

(Positions 6, 7, 8)

1. EWG enhance activity, likely by

increasing binding affinity and

metabolic stability.
Hybrid Molecules

1. Linking with benzodiazepine,

triazole, or sulfonamide moieties

enhances anticonvulsant activity.

Journal Of Technology || Issn No:1012-3407 || Vol 15 Issue 9

PAGE NO: 192



16

Indole, a bicyclic heterocycle consisting of a benzene ring fused to a five-membered nitrogen-containing pyrrole ring, is

a key structural motif in numerous biologically active compounds. In recent years, indole and its derivatives have

gained considerable attention as potential antiepileptic agents due to their favorable pharmacological profiles and ability

to modulate central nervous system (CNS) activity50, 51.

Structure–Activity Relationship (SAR)

The indole scaffold offers multiple substitution points, allowing extensive modification for enhancing anticonvulsant

activity. Substitution at C-3 is the key site for side chain addition (amide, hydrazide, ketone, etc.) which enhances

interaction with GABAergic and sodium channel targets. Substitution at C-2 affects binding affinity and electronic

distribution. Substitution on the benzene ring (Positions 4–7) alters lipophilicity, electron density, and metabolic

stability. N-1 substitution influences pharmacokinetics and target specificity. Indole fused with other pharmacophores

like benzodiazepine, thiazole, oxadiazole rings show synergistic effects52, 53.

NH

Mechanism of Action

Indole derivatives exert their anticonvulsant activity primarily by enhancing γ-aminobutyric acid (GABA)

neurotransmission. Acting as positive allosteric modulators of GABAA receptors, they promote increased chloride ion

influx, leading to hyperpolarization of neuronal membranes and a consequent reduction in neuronal excitability. In

addition, these compounds can inhibit voltage-gated sodium channels in their inactivated state, thereby preventing

repetitive neuronal firing. Some agents also modulate T-type and N-type calcium channels, reducing calcium entry into

neurons and limiting neurotransmitter release, which in turn suppresses excitatory synaptic transmission. Moreover,

certain indole-based molecules antagonize ionotropic glutamate receptors (such as NMDA and AMPA subtypes),

further decreasing excitatory signaling and protecting against seizure-induced overactivation. Beyond ion channel

modulation, they may provide neuroprotective benefits by scavenging reactive oxygen species and mitigating oxidative

stress, thereby helping to prevent neuronal injury during epileptic episodes53, 54.

Substitution at Position-3

1. Enhances GABAergic activity

2. Improves interaction with

sodium channels

Substitution at Position-2

1. Alters binding affinity

2. Modulates electronic

distribution

Substitution on the Benzene

Ring

1. Halogens enhance lipophilicity

2. Modifies potency and stability

Hybrid Molecules

1. Show synergistic

epileptic effect
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4. Miscellaneous and Hybrid Heterocycles

 Chromenes (Benzopyrans)

O

2H-1-benzopyran

Chromenes, commonly called benzopyrans, are bicyclic heterocycles formed by the fusion of benzene ring with a pyran

ring containing oxygen. This core structure is found in numerous naturally occurring substances as well as synthetic

analogues. Due to their adaptable chemical nature, chromenes demonstrate diverse pharmacological actions, notably

antioxidant, anti-inflammatory, and antiepileptic effects. Within epilepsy research, these compounds have drawn

significant attention for their capacity to modulate ion channel activity and neurotransmitter signaling—mechanisms

closely linked to the development and suppression of seizures55, 56.

Structure–Activity Relationship (SAR)

The benzopyran nucleus is crucial for anticonvulsant activity. The planar, aromatic chromene skeleton favors CNS

activity by interacting with targets like GABA receptors and ion channels. Both 2H-chromenes and 4H-chromenes are

biologically active, with 4H-chromenes often showing stronger activity in seizure models. Aromatic substituents like

phenyl and substituted phenyl at C-2 enhances lipophilicity, improving blood-brain barrier (BBB) penetration. EDGs on

the phenyl ring at C-2 increases GABAergic modulation and antioxidant effects. EWGs on the phenyl ring at C-2

enhances binding affinity to voltage-gated ion channels. Heteroaryl groups pyridyl, thienyl at C-2 provide additional

polar interactions and sometimes improve target selectivity. Alkyl groups (e.g., methyl, ethyl) substituents at the C-3

position help maintain lipophilic balance and improve pharmacokinetic properties. Aryl substitutions at C-2 enhance

receptor binding but excessive steric hindrance may reduce activity. Some active 3-aryl-4H-chromenes inhibit calcium

channels, contributing to anticonvulsant effects. Carbonyl group or hydroxyl group is important for hydrogen bonding

with receptor/enzyme targets. Maintains molecular polarity necessary for biological interaction. 4H-chromene

derivatives often show higher MES test activity. Substitutions at C-6 and C-7 like hydroxyl or methoxy groups increase

antioxidant activity by indirectly protecting neurons during seizures. Also modulates the electron density of the

chromene ring, influencing binding to GABA receptors. Halogens like Cl, F, Br improve lipophilicity and metabolic

stability, potentially enhancing CNS activity. Electron-withdrawing effects may increase receptor binding affinity.

Halogenation (especially fluorine) at C-8 position enhances BBB penetration and binding affinity. Small polar

substituents at C-8 improve solubility. Fusion with heterocycles like imidazole, thiophene, or benzothiazole increases

molecular rigidity and pharmacophoric complexity. These derivatives often exhibit multi-target action like GABAergic,

ion channels, and antioxidant activity. Incorporation of amino, hydrazone, or amide groups improves solubility in

physiological conditions, potential for forming hydrogen bonds with biological targets.and enhanced anticonvulsant

activity in some series56, 57.
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O

Mechanism of Action

Chromene derivatives enhance GABA neurotransmission. Positive allosteric modulation of GABAA receptors, leads to

increased chloride influx and neuronal hyperpolarization. Inhibition of GABA transaminase, prevents GABA

degradation and increasing its synaptic levels. Results in enhanced inhibitory neurotransmission, reducing seizure

propagation. Some chromene derivatives block Na⁺ channels, stabilizing the inactive state and preventing excessive

neuronal firing during seizures. Inhibition of T-type or L-type calcium channels, reducing calcium influx and

suppressing neurotransmitter release. Important in modulating burst firing in thalamic neurons, a mechanism linked to

generalized seizures. Chromenes with phenolic or methoxy groups scavenge ROS. Oxidative stress contributes to

neuronal damage and seizure susceptibility by reducing oxidative damage, chromenes protect neurons and stabilize

neuronal membranes. Some chromenes reduce glutamate release or antagonize NMDA/AMPA receptors, decreasing

excitatory neurotransmission. This balances the excitatory-inhibitory tone in the brain. Chromenes with anti-

inflammatory properties inhibit pro-inflammatory cytokines like TNF-α and IL-1β, indirectly reducing seizure

susceptibility. Some chromenes may inhibit enzymes such as acetylcholinesterase (AChE), indirectly modulating

neurotransmitter levels associated with seizure activity58.

 Benzofuran

O

1-Benzofuran

Benzofuran, a heterocyclic compound consisting of a fused benzene and furan ring. Due to its planar structure and the

presence of oxygen, it can interact with various biological targets, making it a versatile scaffold in medicinal chemistry.

Recent studies have highlighted the anticonvulsant potential of benzofuran derivatives in various in vivo models such as

the maximal electroshock seizure (MES) test and pentylenetetrazole (PTZ)-induced seizure models. These derivatives

show activity by modulating GABAergic transmission, blocking VGSCs, or inhibiting T-type Ca2+ channels, which are

common mechanisms targeted by current AEDs63.

Substitution at the C-2

1. Aromatic substituents enhances

lipophilicity, improves BBB

penetration.

Substitutions at C-3

1. Small alkyl chains help maintain lipophilic

balance.

2. Bulky aryl substitutions may enhance

receptor binding but reduce activity due to

steric hindrance.

Substitution at C-4

1. Carbonyl group or hydroxyl

group important for hydrogen

bonding with receptor/enzyme

targets

Substitutions at C-6 and C-7

1. Hydroxyl, methoxy groups increase

antioxidant activity

2. Halogens improve lipophilicity and

metabolic stability, potentially

enhancing CNS activity.

3. Electron-withdrawing effects may

increase receptor binding affinity.
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Structure–Activity Relationship (SAR)

The benzofuran nucleus is essential for activity, providing π-π stacking and hydrogen bonding interactions with

biological targets like GABA receptors, sodium channels, or calcium channels. Halogens (Cl, Br, F) or nitro groups at

the 5- or 6-position of benzofuran generally increase anticonvulsant activity, possibly by enhancing receptor binding.

Example: 5-chloro and 6-nitro substitutions often improve potency. Methoxy (-OCH₃) or hydroxyl (-OH) groups at the

6- or 7-position can also improve brain penetration and enhance GABAergic activity. Alkyl chains, amides, imines, or

other heterocycles 2nd position improve the interaction with various ion channels. Some derivatives with bulky or

lipophilic groups at this position show enhanced CNS penetration and anticonvulsant activity. Adding heterocycles

(such as piperazine, imidazole, or pyrrolidine) enhances receptor selectivity and may improve pharmacokinetic

properties. Small alkyl chains (methyl, ethyl) sometimes balance lipophilicity and activity. Optimal lipophilicity (LogP

~2–4) is required for blood-brain barrier (BBB) penetration. Excessive lipophilicity may cause off-target effects or

toxicity, whereas insufficient lipophilicity reduces CNS availability. Incorporation of amide or urea linkages connecting

benzofuran to pharmacophoric fragments has been reported to increase anticonvulsant potency, possibly by increasing

hydrogen bonding with target proteins64, 65.

O

Mechanism of Action

Benzofuran derivatives exhibit antiepileptic activity primarily through their interaction with key neurotransmitter

systems and ion channels that regulate neuronal excitability. Some benzofuran derivatives act as positive modulators of

GABAA receptors, enhancing GABAergic inhibitory neurotransmission. Results in the stabilization of neuronal

membranes & the suppression of hyperexcitability, which is a key feature in seizure disorders. These compounds have

been shown to inhibit voltage-gated sodium (Na+) and calcium (Ca2+) channels, that are essential for the propagation of

action potentials in neurons. By blocking these channels, benzofurans reduce neuronal firing rates and prevent seizure

propagation. Some benzofuran derivatives may antagonize NMDA (N-methyl-D-aspartate) or AMPA receptors,

reducing excitatory glutamatergic transmission. This helps in preventing excitotoxicity, a phenomenon often associated

with seizure activity. These compounds also possess antioxidant activity, which may protect neurons from oxidative

stress-induced damage that contributes to epilepsy pathology. Certain benzofuran analogs are suggested to open

potassium (K+) channels, promoting membrane hyperpolarization and reducing neuronal excitability64.

Recent Advances in Heterocyclic Anticonvulsants

Over the last decade, research into heterocyclic compounds as potential antiepileptic agents has intensified. Various

scaffolds, including oxadiazoles, triazoles, thiazoles, and indoles, have been modified to enhance efficacy, CNS

Substituents on the Benzene Ring

1. EWGs like halogens or nitro

groups at 5 or 6 increases

anticonvulsant activity.

2. EDGs like methoxy or hydroxyl

groups at the 6 or 7 can improve

brain penetration & enhance

GABAergic activity.

Substituents on the Furan Ring

1. Alkyl chains, amides, imines, or

other heterocycles improve the

interaction with various ion channels.

2. Derivatives with bulky or lipophilic

groups show enhanced CNS

penetration and anticonvulsant activity.

Heterocyclic or Alkyl Side Chains:

1. Adding heterocycles enhances

receptor selectivity & improve

pharmacokinetic properties.

2. Small alkyl chains balance

lipophilicity and activity

Journal Of Technology || Issn No:1012-3407 || Vol 15 Issue 9

PAGE NO: 196



20

penetration, and selectivity toward molecular targets such as GABAA receptors, sodium channels, or calcium

channels.

 Hybrid structures (e.g., triazole-indoles, benzofuran-thiazoles) improve multi-target interaction.

 Introduction of electron-withdrawing groups (Cl, NO2, CF3) enhances potency.

 Lipophilic substituents often improve blood-brain barrier permeability1, 66.

Current Challenges in Anticonvulsant Drug Development

Despite the significant progress in identifying heterocyclic compounds with anticonvulsant activity, several

challenges continue to hinder their clinical success:

1. Drug Resistance

A major limitation of existing antiepileptic drugs (AEDs) is the development of pharmacoresistance,

especially in patients with refractory epilepsy. About 30% of epilepsy cases do not respond adequately to

current therapies. This is often due to:

 Overexpression of efflux transporters at BBB.

 Mutations or alterations in drug targets (e.g., sodium channels, GABA receptors)

2. Central Nervous System (CNS) Penetration

Effective anticonvulsants must cross the blood-brain barrier (BBB) in therapeutic concentrations. However,

many promising heterocyclic compounds:

 Have poor lipophilicity or are too polar

 Are rapidly metabolized or effluxed by P-glycoprotein

 Structural modifications to enhance BBB permeability often compromise solubility, stability, or safety.

3. Neurotoxicity and Off-Target Effects

Toxicity remains a major concern, particularly with heterocyclic compounds that interact with multiple CNS

targets. Common side effects include:

 Sedation

 Cognitive impairment

 Hepatotoxicity and teratogenicity (e.g., valproic acid analogs)1, 66.

Future Perspectives and Emerging Strategies

1. In Silico Screening and AI-Assisted Drug Design

Computational approaches have become integral to modern anticonvulsant drug discovery:

 Molecular docking and pharmacophore modeling aid in predicting binding affinity and guiding scaffold

optimization.

 Machine learning (ML) and artificial intelligence (AI) are used to:

 Predicts ADMET properties

 Design novel heterocyclic libraries with CNS activity

 Identify lead compounds from big chemical databases (e.g., ZINC, ChEMBL)

2.Multi-Target Directed Ligands (MTDLs)

Hybrid molecules that act on more than one target (e.g., GABA modulators + sodium channel blockers) are

gaining interest for resistant epilepsy. Designing heterocycles that combine different pharmacophores offers

synergistic effects with fewer side effects.
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3. Green Chemistry and Safer Synthesis

Eco-friendly synthesis routes, including microwave-assisted synthesis and use of benign solvents, are being

adopted to reduce environmental impact and improve the sustainability of heterocyclic drug production.

4. Biomarker-Guided Therapy and Personalized Medicine

In the future, anticonvulsant therapy may be guided by individual genetic and metabolic profiles. Identifying

biomarkers associated with drug response could tailor the use of specific heterocyclic compounds to

individual patients66.

CONCLUSION

Epilepsy is a chronic neurological disorder that continues to pose significant medical and social challenges,

particularly due to drug resistance and the limitations of current therapies. Heterocyclic compounds, owing to their

structural diversity and capacity to modulate multiple molecular targets, have emerged as promising scaffolds in the

search for novel antiepileptic agents. Various heterocyclic classes, including azoles, benzodiazepines, thiadiazoles,

and chromenes, demonstrate potent anticonvulsant activity through mechanisms such as GABAergic enhancement,

ion channel regulation, and inhibition of excitatory neurotransmission. Structure-activity relationship studies

emphasize that targeted substitutions, electronic effects, and hybrid designs can markedly improve activity,

selectivity, and brain penetration. The integration of medicinal chemistry with computational drug design and high-

throughput screening is expected to accelerate discovery. Continued research on heterocyclic frameworks offers a

viable path toward developing safer, more effective, and personalized treatments, addressing unmet needs in epilepsy

management and improving patient quality of life.
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