
ISSN 0006-2979, Biochemistry (Moscow), 2026, Vol. 91, No. 5, pp. 733-769 © Pleiades Publishing, Ltd., 2026.

733

REVIEW

 Metabolic Reprogramming 

of Astrocytes and Microglia as a Driver 

and Therapeutic Target in Epileptogenesis 

  Maria V. Zakharova
1
, Anna A. Kovalenko

1
, Yuliy A. Gorgul

1
, 

Aleksandr P. Schwarz
1
, Olga E. Zubareva

1
, Adelia R. Kharisova

1
, 

Georgy P. Diespirov
1
, and Aleksey V. Zaitsev

1,a
*  

 1Sechenov Institute of Evolutionary Physiology and Biochemistry, Russian Academy of Sciences, 

194223 Saint-Petersburg, Russia
ae-mail: aleksey_zaitsev@mail.ru 

Received March 19, 2026

Revised April 18, 2026

Accepted April 21, 2026

Abstract— Metabolic reprogramming of astrocytes and microglia is considered a significant component of 

epileptogenesis, associated with the development of neuronal network hyperexcitability, neuroinflammation, 

and oxidative stress. This review analyzes key mechanisms of glial dysfunction, such as the shift toward 

aerobic glycolysis (the Warburg effect), mitochondrial disturbances, and generation of reactive oxygen spe-

cies. These processes are regulated by the Wnt/GSK3β and mTOR signaling cascades, forming a vicious 

cycle of energy deficit, NLRP3 inflammasome activation, and excitotoxicity. Particular attention is given 

to strategies for correcting glial metabolism. The greatest therapeutic interest lies in systemic approaches 

that correct metabolism (ketogenic diet, GLP-1 and PPAR receptor agonists) and high-precision technolo-

gies for selective modulation of glial functions (RNA therapy, nanodelivery). Targeted intervention in glial 

metabolism opens ways to the development of anti-epileptogenic drugs capable of modifying the disease 

course rather than merely alleviating the symptoms. However, translation of these approaches into clinical 

practice requires clarification of therapeutic windows for the intervention and development of biomarkers 

of glial status. 
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INTRODUCTION

Epilepsy is a group of chronic neurological dis-

orders characterized by recurrent, uncontrolled sei-

zures  [1]. Its development is driven by epileptogen-

esis  – a continuous, dynamic, multifactorial process 

conventionally divided into three phases: (i)  the initi-

ating phase, which occurs following brain injury (e.g., 

traumatic brain injury, infection, stroke, tumor) or 

arises from genetic predisposition or a combination 

of these factors; (ii)  the latent phase, during which 

compensatory and pathological rearrangements take 

place at the molecular, cellular, and structural levels; 

and (iii)  the chronic phase, characterized by the man-

ifestation of spontaneous recurrent seizures (SRSs). 

Recurrent seizure activity can exacerbate pathological 

changes, leading to disease progression and pharma-

coresistance  [2-4].

Traditional concepts attribute the development 

of epilepsy to an imbalance between the excitatory 

and inhibitory systems in the brain  [5,  6]. Most an-

tiepileptic medications aim to suppress the seizure 

activity by modulating ion channels or neurotrans-

mitter systems. However, such therapy mainly al-

leviates symptoms and does not prevent epilepto-

genesis  [7-9]. Reflecting this, the term “antiepileptic 
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drugs” is being increasingly replaced by “antiseizure 

drugs” in the current literature  [9]. Moreover, direct 

interference with neuronal pathways often caus-

es cognitive and psychoemotional side effects  [10]. 

These challenges highlight the need to identify new 

targets, with glial cells emerging as a promising 

avenue.

Recent studies confirm the key role of astrocytes 

and microglia in the pathogenesis of epilepsy, includ-

ing both epileptogenesis and progression of seizure 

activity  [11,  12]. In response to seizure episodes, glial 

cells undergo significant morphological and molecu-

lar changes  [13,  14]. Given the functional differences, 

glial reactive states have traditionally been classified 

as neurotoxic (M1 in microglia, A1 in astrocytes) and 

neuroprotective (M2 and A2, respectively)  [15,  16]. 

The M1/A1 phenotypes are associated with increased 

expression of proinflammatory cytokines and produc-

tion of reactive oxygen species (ROS) and reactive ni-

trogen species (RNS), whereas M2/A2 phenotypes are 

characterized by predominantly anti-inflammatory 

and trophic signaling. However, in recent years, this 

dichotomous model has been criticized due to the 

revealed diversity of glial reactive states  [15,  17,  18], 

which complicates their unambiguous classification 

as exclusively neurotoxic or neuroprotective  [11]. 

Accordingly, in this review, the designations M1/M2 

and A1/A2 were used solely as conventional descrip-

tors of signaling polarity, while the focus was on the 

evaluation of specific metabolic pathways that regu-

late glial functions and determine their contribution 

to epileptogenesis.

Metabolic reprogramming is a central component 

of abnormal glial activation in epileptogenesis. In as-

trocytes, it can include impaired lactate shuttling  [19], 

reduced oxidative metabolism, and a shift toward 

the synthesis of proinflammatory metabolites  [20]. 

In microglia, the switch to glycolytic metabolism di-

rectly fuels the proinflammatory phenotype  [21], en-

hancing the production of interleukin-1β (IL-1β) and 

other cytokines while simultaneously promoting ROS 

generation, which leads to oxidative stress and neu-

ronal damage. Collectively, these metabolic changes 

in glial cells form a vicious cycle linking hyperexcit-

ability, neuroinflammation, and neurodegeneration. 

Strategies aimed at reprogramming glial metabolism 

represent a promising avenue for disease-modifying 

therapy of epilepsy.

This review systematizes current knowledge on 

the metabolic reprogramming of astrocytes and mi-

croglia as a key driver of epileptogenesis, and evalu-

ates the potential of its targeted correction. We also 

examined pathological changes in glycolysis, oxida-

tive phosphorylation, ROS generation, and neuroin-

flammation and discussed experimental approaches 

for developing disease-modifying therapy.

ROLE OF GLIAL GLYCOLYSIS IN METABOLIC 
REPROGRAMMING DURING EPILEPTOGENESIS

Glucose is the main energy substrate of the brain 

under physiological conditions, necessary for main-

taining ion homeostasis and the transmembrane po-

tential of neurons. Metabolic interactions between 

astrocytes and neurons play a critical role in the en-

ergy supply of neuronal activity, mainly via the lac-

tate shuttle. According to this concept, the uptake of 

synaptic glutamate by astrocytes stimulates glycolysis, 

leading to lactate synthesis and release. Subsequent 

uptake of lactate by neurons and its oxidation in the 

tricarboxylic acid (TCA) cycle provide efficient energy 

supply, especially during periods of increased func-

tional load, because lactate oxidation involves fewer 

metabolic steps, as it bypasses the energy-consuming 

glycolysis and does not require prior phosphoryla-

tion, thereby accelerating the entry of carbon units 

into the TCA cycle  [22].

During epileptogenesis, this tightly regulated 

mechanism undergoes fundamental reprogramming. 

Periods of seizure activity are associated with a sig-

nificant elevation in the extracellular glutamate, lead-

ing to intensification of its uptake by astrocytes  [23]. 

This process, in turn, promotes glycolysis in astroglia, 

resulting in pronounced fluctuations in local glucose 

and lactate concentrations. Under the high energetic 

demands of seizures, lactate produced in astrocytes 

becomes a critical alternative energy source for neu-

rons  [24], thus fostering a state of pathological meta-

bolic dependence. This shift is similar to the Warburg 

effect, characterized by prioritization of glycolysis 

despite sufficient cellular oxygenation  [25]. It is im-

portant to note that although this metabolic shift was 

originally described for cancer cells, it can also occur 

in normal cells, such as T  helper cells, macrophages, 

actively proliferating stem cells, microglia, and astro-

cytes  [26]. Clinically, these alterations are reflected in 

temporal lobe epilepsy, where seizures are associated 

with increased glucose uptake and metabolism  [27], 

while interictal periods show decreased glucose uti-

lization  [28].

As mentioned earlier, the molecular basis of 

pathological metabolic reprogramming is the inten-

sification of glycolysis despite normal oxygen avail-

ability. A key role in this process is played by ca-

nonical Wnt signaling  [29]. Its activation leads to the 

inhibition of glycogen synthase kinase  3β (GSK3β), 

resulting in stabilization and accumulation of β-cat-

enin, as well as reduction in the activity of tuberous 

sclerosis complex  2 (TSC2)  [30]. Elevated β-catenin 

levels induce transcription of genes encoding key 

metabolic enzymes such as hexokinase  2 (HK2), pyru-

vate kinase  M2 (PKM2), and lactate dehydrogenase  A 

(LDHA), thereby shifting metabolism toward glycolysis 
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and  creating a Warburg-like effect. This phenomenon 

has been demonstrated in the pilocarpine mouse mod-

el  [29]. In that study, increased mRNA and protein 

levels of HK2 and PKM2 were observed on the third 

day after status epilepticus induction, indicating gly-

colysis activation. By the fifth day, LDHA expression 

was upregulated as well, suggesting that this stage 

of epileptogenesis was marked by a metabolic shift 

toward glycolysis, rather than a general increase in 

metabolic activity. Intensification of glycolysis leads 

to a decrease in intracellular AMP levels, which in-

hibits AMP-activated protein kinase (AMPK)  [31]. 

Concurrent inhibition of GSK3β and AMPK, together 

with reduced TSC2 activity, results in hyperactivation 

of the mTOR signaling pathway. Activation of mTOR 

signaling is a well-established pro-inflammatory and 

epileptogenic factor that increases the propensity of 

neuronal networks to generate seizure episodes  [32], 

thereby establishing a vicious cycle of metabolic re-

programming and hyperexcitability.

Such dynamics indicate that glial glycolysis is 

not merely an adaptive response to epileptic activi-

ty but may actively contribute to the maintenance of 

the neuronal network hyperexcitability (Fig.  1). Con-

sequently, the key glycolytic enzymes and regulatory 

pathways in glial cells represent potential therapeutic 

targets for modulating epileptogenesis and associated 

metabolic disturbances. However, because glycolysis 

is a universal cellular process, interventions target-

ing this pathway will face significant translational 

constraints. Targeting the key steps of glycolysis has 

been suggested as a strategy for metabolic control of 

epileptic hyperexcitability (Table  1). The most promis-

ing candidates for therapeutic targets are HK2, PKM2, 

and LDHA.

HK2 is expressed predominantly in the microglia 

and astroglia and plays an essential role in the regula-

tion of inflammation  [33]. In astrocytes, it participates 

in epileptogenesis by promoting glycolysis and lactate 

production – a key energy substrate in neurons during 

hyperexcitation  [34,  35]. This creates a pathological 

metabolic loop that sustains neuronal hyperexcitabil-

ity and propagation of epileptiform activity. Inhibi-

tion of HK2 (e.g., with 2-deoxyglucose, 2-DG) disrupts 

lactate shuttling and suppresses epileptogenesis  [36]. 

2-DG, a structural analogue of glucose, enters cells via 

glucose transporters (GLUT) and is phosphorylated 

by HK2 to 2-deoxyglucose-6-phosphate (2-DG6P)  [37]. 

This metabolite blocks glycolysis through two mecha-

nisms: competitive inhibition of phosphoglucose isom-

erase and allosteric suppression of HK2 via negative 

feedback  [38]. Additionally, 2-DG6P stimulates the pen-

tose phosphate pathway, enhancing NADPH synthesis 

and shifting metabolism toward antioxidant processes.

PKM2, the predominant pyruvate kinase iso-

form in glial cells, regulates epileptogenesis through 

Fig.  1. Pathological cycle of energy metabolism dysregula-

tion in astrocytes. Seizure-driven accumulation of extracel-

lular glutamate stimulates glycolysis in astrocytes. Wnt  ac-

tivation leads to the inhibition of GSK3β, resulting in the 

stabilization and accumulation of β-catenin and decreased 

TSC2 activity, which induces the transcription of key glyco-

lytic enzymes HK2, PKM2, and LDHA. Enhanced glycolysis 

leads to increased production of lactate. Lactate is shuttled 

to neurons, where it fuels the TCA cycle, thereby promoting 

neuronal hyperexcitability. Furthermore, intensified glycol-

ysis results in the inhibition of AMPK, which, together with 

GSK3β inhibition and reduced TSC2 activity, activates the 

proinflammatory mTOR signaling pathway, further exacer-

bating hyperexcitability. Upward red arrows indicate in-

creases in concentration, expression, or activity; downward 

red arrows indicate decreases; solid black arrows denote 

established mechanisms supported by the published reports; 

dashed black arrows represent interactions proposed based 

on literature analysis.
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Table 1. Effects of pharmacological regulation of key glycolytic enzymes in models of seizures and epilepto-

genesis

Treatment Seizure induction

Subject

Analysis time

Biochemical 

effects

Functional effects References

Effect on HK2

2-DG

10 mM

in vitro studies 

in  the hippocampus

P10-P17 

Sprague-Dawley rats

not studied significant reduction 

in  the  frequency of epileptiform 

discharges; 

suppression of  abnormal network 

epileptiform activity

[51]

2-DG

10 mM

in  vitro

P10-P13 or P28-P120 

Sprague-Dawley rats

not studied reduction of interictal epileptiform 

discharges

[52]

2-DG

L – 100  mg/kg

M – 250  mg/kg

H – 500  mg/kg

i.p. 30  min prior 

to  pilocarpine

pilocarpine-kindling

male C57BL/6 mice 

analysis at 4  h, 

and  1, 7, 30, 60  days 

after seizures

M and H 

enhanced the 

expression 

of Kir6.1 and 

Kir6.2 in the 

hippocampus

increased seizure latency, 

decreased seizure duration, and 

reduced seizure severity score. 

In  groups M and H, seizure 

latency was significantly longer, 

seizure duration was significantly 

shorter, and seizure severity score 

was significantly lower than 

in  the  seizure group

[53]

2-DG

300  mg/kg, i.p.

On days 20 through 

28 post-seizures

kainic acid 

(0.8  nmol, i.h.)

adult male 

NMRI  mice

immediately 

after  treatment

not studied partial recovery of behavioral 

impairments

[54]

Effect on LDHA

Stiripentol (300  mg/kg)

Isosafrole 

(100-300  mg/kg)

kainic acid

mice

not studied reduction of high-voltage spikes 

in  the hippocampus

[48]

Stiripentol 150, 250, 

350  mg/kg, i.p.

1  hour before seizures 

PTZ (100  mg/kg)

LiCl/pilocarpine 

(30  mg/kg)

male Wistar rats

P21 and  P75

not studied anticonvulsant properties 

in both models and both ages; 

more effective at  P21

[55]

Note. i.p., intraperitoneally; i.h., injection into hippocampus

switching metabolic pathways  [39]. Unlike the neuro-

nal PKM1 isoform, PKM2 controls glycolysis via oligo-

merization: PKM2 tetramers maintain glycolytic flux, 

whereas its dimers redirect metabolites into alterna-

tive pathways (pentose phosphate pathway, etc.), pro-

moting biosynthetic and antioxidant processes  [40]. 

Under pathological conditions, PKM2 triggers a cycle 

of self-sustained glial hyperactivity, as lactate accu-

mulation stimulates lactylation (a poorly understood 

intermediate post-translational modification  [41]) 

of histone H4K12, which results in the upregula-

tion of glycolysis-associated genes, e.g., those encod-

ing hypoxia-inducible factor-1α (HIF-1α), PKM2, and 

LDHA  [42], further amplifying neuronal hyperexcit-

ability  [43]. Experimental inhibition of PKM2 demon-

strated neuroprotective effects, including reduction 

of cognitive deficits and tissue damage in neurolog-

ical disorders  [44,  45]. Although no PKM2 inhibitors 

are used in clinic, the enzyme remains a promising 

target for epilepsy therapy. The suggested strategy 

is aimed but at modulating PKM2 oligomeric state 

(tetramer↔dimer) in order to correct pathological 
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metabolic and transcriptional programs in glial cells 

rather than complete suppression of its activity.

LDHA plays a key role in the lactate shuttle by 

catalyzing the interconversion of lactate and pyru-

vate  [46]. Inhibition of this enzyme leads to disrup-

tion of the lactate shuttle and consequently reduces 

ATP production  [47]. The resulting decrease in the in-

tracellular ATP content activates ATP-sensitive potas-

sium channels, leading to the efflux of intracellular 

potassium and hyperpolarization of neurons, thereby 

reducing their excitability  [48]. Among therapeutic 

agents targeting LDHA, oxamate  [48] and stiripen-

tol  [49] are the most promising. Oxamate, which is 

a pyruvate analogue, acts as a competitive inhibitor 

of LDHA  [50]; the molecular mechanism of action of 

stiripentol remains unclear.

OXIDATIVE STRESS IN EPILEPTOGENESIS 
AND TARGETED THERAPY STRATEGIES

ROS and RNS are generated as byproducts of 

cellular metabolism under physiological conditions. 

While they normally participate in cell signaling, 

their excessive production can lead to pathological 

outcomes  [56]. Under normoxic conditions, pyru-

vate primarily undergoes oxidative decarboxylation 

to form acetyl-CoA, which enters the TCA cycle to 

support oxidative phosphorylation. Although this 

process is essential for ATP production, it is also a 

major source of ROS and RNS  [57]. ROS comprise a 

group of partially reduced oxygen derivatives, includ-

ing superoxide anion (O2•−), hydroxyl radical (•OH), 

peroxyl radicals (ROO•), alkoxyl radicals (RO•), and 

hydrogen peroxide (H2O2). At physiological levels, 

these oxygen species modulate various physiological 

processes, including cell proliferation and differentia-

tion, immune responses, and apoptosis  [58]. However, 

when produced in excess, ROS can trigger patholog-

ical effects. In mitochondria, superoxide radicals are 

generated through the reduction of molecular oxygen 

during electron transfer. Although hydrogen peroxide 

(a byproduct of this reaction) is not a free radical, it 

can be converted into hydroxyl radicals, which are 

among the most dangerous forms of ROS. The reac-

tion between superoxide and nitric oxide (NO) leads 

to the formation of peroxynitrite (ONOO−), a highly 

reactive molecule capable of inducing lipid peroxida-

tion, protein nitration, and DNA damage  [56].

From a perspective of energy metabolism, ac-

tivation of astrocytes and microglia can lead to an 

additional increase in glucose utilization through 

two mechanisms. First, pyruvate, the end product of 

glycolysis, may be redirected from utilization in the 

TCA cycle toward lactate synthesis (Warburg-like ef-

fect, see the previous section). This shift is particu-

larly pronounced in proinflammatory glial activation, 

which is associated with the elevated production of 

proinflammatory cytokines and ROS/RNS. The second 

possible pathway is the intensification of TCA cy-

cle and oxidative phosphorylation in mitochondria, 

which is more typical of the anti-inflammatory state 

of glial cells associated with the activation of neuro-

protective mechanisms. In microglia, glycolysis acti-

vation is considered one of the earliest signs, as well 

as a trigger, of proinflammatory activation  [57]. How-

ever, in astrocytes, the relationship between metabol-

ic and transcriptomic profiles remains largely unex-

plored.

In resting microglia, unlike astrocytes, almost 

all pyruvate is funneled into the TCA cycle, where-

as upon proinflammatory activation in epilepsy, the 

activity of key enzymes of oxidative metabolism (ac-

onitase, malate dehydrogenase, and succinate dehy-

drogenase) is reduced. At  the  same time, the activity 

of glycolytic enzymes increases, resulting in the met-

abolic shift toward glycolysis, accompanied by lactate 

accumulation, downregulation of the TCA cycle, and 

succinate accumulation  [57,  59]. In the presence of ex-

cess succinate (a substrate for the electron transport 

chain complex  II), electrons transferred from succi-

nate reduce ubiquinone to ubiquinol. Electrons can 

then be transferred in reverse from ubiquinol back to 

complex  I, leading to NAD+ reduction to NADH. This 

reverse electron flow through complex  I is associat-

ed with increased ROS production, particularly at the 

flavin mononucleotide site of complex  I  [58].

Thus, the metabolic shift toward glycolysis and 

disturbances in mitochondrial metabolism contribute 

substantially to ROS accumulation. Also, many en-

zymes [lipoxygenases, cyclooxygenases, NO synthase 

(NOS), NADPH oxidase] upregulated during proin-

flammatory activation of glial cells or under the in-

fluence of proinflammatory cytokines also produce 

free radical intermediates or end products. Oxida-

tive stress in epileptogenesis has been confirmed in 

both experimental and clinical studies  [60]. ROS and 

RNS are generated in enzymatic and non-enzymatic 

reactions, as well as byproducts of aerobic metabo-

lism  [61]. Mitochondria are one of the main sources 

of ROS: mitochondrial DNA damage and increased 

H2O2 production have been demonstrated in the ka-

inate model  [62]. In acquired epilepsy models, inhibi-

tion of α-ketoglutarate dehydrogenase, mitochondrial 

aconitase, or complex I of the mitochondrial electron 

transport chain has been shown to further enhance 

radical generation  [63].

Antioxidants can mitigate mitochondrial oxida-

tive stress  [56]. Several experimental studies have 

demonstrated the efficacy of antioxidant administra-

tion during the latent phase of experimental epilepsy 

models or its ability to reduce animal susceptibility 
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to convulsants  [64-66]. While antioxidants effectively 

prevent memory impairment and neuronal death  [64, 

65, 67-70], they do not typically affect spontaneous 

seizures  [67,  68,  71]. Furthermore, when used as 

monotherapy, antioxidants may exhibit pro-oxidant 

effects under specific conditions  [72], suggesting that 

combination therapy may be a safer and more effec-

tive approach. Multicomponent antioxidant treatment 

regimens provide a broad spectrum of protective 

effects by reducing oxidative stress and modulat-

ing neuroinflammatory and neurotransmitter path-

ways  [56].

ROS generation by non-mitochondrial sourc-

es increases during seizure development, particu-

larly via activities of NADPH oxidase and xanthine 

oxidase  [73]. Administration of the NADPH oxidase 

inhibitor apocynin for 7  days prior to induction of 

status epilepticus by pilocarpine proved effective in 

reducing both ROS formation and neurodegenera-

tion  [64]. Kim et  al.  [74] demonstrated that apocynin 

administration following pilocarpine-induced seizures 

reduced ROS production and lipid peroxidation, as 

well as decreased neurodegeneration in the rat hip-

pocampus. Furthermore, this treatment reduced sei-

zure-induced disruption of the blood–brain barrier 

(BBB) and decreased neutrophil infiltration and mi-

croglial activation  [74]. Other studies have shown that 

kainate-induced NADPH oxidase activation closely 

paralleled microglial activation in the rat hippocam-

pus  [75], highlighting the important role of microglia 

in seizure-associated ROS production.

Another enzyme extensively studied in the con-

text of epilepsy is NOS. Neuronal NOS (nNOS) is the 

most studied isoform of this enzyme as a target for 

preventing neurodegeneration, whereas inducible 

NOS (iNOS) has recently emerged as a promising 

target in epilepsy treatment  [76]. Increased nNOS 

levels were observed in rat hippocampal astrocytes 

following electrically induced status epilepticus  [77]. 

Kainate-induced seizures led to elevated nNOS levels 

in neurons and iNOS in glial cells  [78]. Meskinimood 

et  al. demonstrated that both nNOS and iNOS con-

tribute to the anticonvulsant effect of morphine  [79]. 

Inhibition of NOS activity by NG-nitro-L-arginine in-

creased the seizure threshold in mice  [80], further 

supporting the role of NOS inhibition in the anticon-

vulsant effects. Aminoguanidine, an iNOS inhibitor, 

suppressed pentylenetetrazole (PTZ)-induced seizures 

and SRSs in the pilocarpine model of epilepsy in 

mice  [81]. The highly selective iNOS inhibitor 1400W 

significantly reduced the number of SRS episodes in 

the kainate model of epilepsy in rats  [82], as well as 

downregulated expression of astroglial and microg-

lial markers and ameliorated neurodegeneration in 

the hippocampus, amygdala, and entorhinal cortex 

in rats  [82].

Another important target is HIF-1α, which plays a 

key role in cellular adaptation to oxidative stress  [83]. 

Stabilization of HIF-1α in the epileptic focus integrates 

hypoxia, oxidative stress, and pathological metabolic 

reprogramming. Direct pharmacological inhibition of 

HIF-1α with PX-478 in a chronic PTZ-induced mouse 

model of epilepsy not only reduced seizure severity 

and duration but also exerted a neuroprotective ef-

fect. This protective effect was mediated by suppres-

sion of the HIF-1α/heme oxygenase-1 (HO-1) pathway, 

resulting in reduced oxidative stress and inhibition of 

ferroptosis in hippocampal neurons  [84]. Conversely, 

in the acute phase, HIF-1α may exert adaptive effects 

through activation of the Notch signaling pathway. Di-

rect interaction of HIF-1α with the Notch intracellular 

domain (NICD) stimulates neurogenesis, whereas inhi-

bition of HIF-1α (with 2-methoxyestradiol) and Notch 

(with DAPT) abolishes this beneficial effect  [85].

It is important to note that oxidative stress and 

neuroinflammation, another important pathogenetic 

mechanism of epileptogenesis, can mutually reinforce 

each other through both metabolic dysregulation and 

associated macromolecular damage, as well as through 

specific signaling pathways [86-88]. Accordingly, si-

multaneous suppression of neuroinflammation and 

oxidative stress may exert a more pronounced effect 

by acting on different components of interconnected 

pathophysiological cascades. However, most combina-

tion therapy strategies have been focused on pairing 

classical antiseizure drugs with antioxidants. In par-

ticular, in a PTZ-induced epilepsy model, therapy with 

valproate and the antioxidant astaxanthin produced 

a significant neuroprotective effect, accompanied by 

reduced oxidative stress, increased glutathione lev-

els, and decreased tumor necrosis factor (TNF) con-

tent  [89]. The combination of valproate and vitamin  E 

also demonstrated anti-inflammatory and antioxidant 

effects in a seizure model induced by PTZ and cyper-

methrin  [90].

It should be emphasized that generation of free 

radicals in glial cells is not inherently pathological. 

Under physiological conditions, astrocytes and mi-

croglia produce moderate amounts of superoxide 

and hydrogen peroxide that perform signaling func-

tions  [91,  92]. Furthermore, NO  released by neurons 

during glutamatergic transmission inhibits mitochon-

drial complex  IV in astrocytes, leading to glycolysis 

activation and release of lactate that can be taken 

up by neurons  [93]. Different types of ROS can exert 

vasodilatory or vasoconstrictive effects on cerebral 

vasculature  [94]. Consequently, excessive or non-se-

lective suppression of ROS/RNS (e.g., by high doses 

of classical antioxidants) may disrupt physiological 

neuro-glial signaling and impair metabolic support 

of neurons. For this reason, classical antioxidants 

are viewed as less promising therapeutic options than 
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Fig.  2. Mechanisms underlying neuroinflammation development in epileptogenesis. Both activated astrocytes and microg-

lia contribute to the development of neuroinflammation, with IL-1β signaling pathway serving as a key regulator of this 

process. Seizures induce the efflux of K+ and Cl−, along with the release of ROS and mitochondrial DNA, leading to the 

NLRP3 inflammasome activation. This initiates the autocatalytic activation of caspase-1, which cleaves pro-IL-1β into IL-1β, 

triggering a strong proinflammatory response. Concurrently, endogenous anti-inflammatory defense mechanisms are acti-

vated; however, they prove insufficient to suppress the pathological cascade during epileptogenesis, resulting in a vicious 

cycle of chronic neuroinflammatory activation and disease progression. Therapeutic strategies involve inhibition of this 

pathway using NLRP3 antagonists (CY-09, MCC950), blockade of the IL-1β receptor (anakinra), inhibition of mTOR (rapamy-

cin), and administration of anti-inflammatory cytokines (IL-1RA, IL-10, IL-4), thereby attenuating glial activation and seizure 

syndrome.

inhibitors targeting specific pathological sources of 

free radicals (NADPH oxidase, iNOS) and regulatory 

hubs (HIF-1α) that predominantly modulate induced 

rather than basal radical production.

Thus, targeting oxidative stress in epilepsy is a 

promising direction (Table  2), but it must go beyond 

a simple use of antioxidants. Interventions aimed at 

specific sources of ROS (e.g., inhibitors of NADPH 

oxidase or iNOS) and key regulatory hubs such as 

HIF-1α may not only reduce oxidative damage but 

also modulate fundamental mechanisms of epilepto-

genesis and treatment resistance. At the same time, 

even targeted inhibition of NADPH oxidase or iNOS 

requires caution, as both enzymes contribute to host 

defense against pathogens. Furthermore, the effects of 

HIF-1α inhibitors, as described above, depend on the 

epileptogenesis phase. In this regard, successful clin-

ical translation of these approaches requires careful 

estimation of the therapeutic window, development 

of isoform-specific inhibitors, and assessment of the 

benefit/risk ratio in long-term experimental models.

NEUROINFLAMMATION: 
FROM PROTECTION TO CHRONIC 

INFLAMMATION

Neuroinflammation is a complex process medi-

ated by various central nervous system (CNS) cells; 

it is critically important for protection against in-

fections and injury under normal conditions  [115]. 

Dysregulation of this protective function and the 

development of uncontrolled neuroinflammation are 

characteristic of several neurological disorders, in-

cluding epilepsy  [116]. Both astrocytes and microglia 

participate in this process and engage in bidirectional 
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communication: microglia can induce astrocyte acti-

vation, while astrocytes can initiate activation of mi-

croglia and regulate its cellular function (Fig.  2)  [117]. 

An important aspect of these interactions is the mutu-

al suppression of excessive microglial and astrocytic 

activation through various anti-inflammatory media-

tors [117].

Uncontrolled reactive gliosis can lead to increased 

production of proinflammatory factors and impaired 

glia-mediated regulation of ions and neurotransmit-

ters. These changes can contribute to the glutamatergic 

system, the hyperactivity of which underlies epilepsy 

[13,  118]. Both activated astrocytes and microglia con-

tribute to these pathological processes  [119]. A princi-

pal regulator of neuroinflammation is IL-1β signaling, 

which triggers a robust proinflammatory response. 

Experimental studies demonstrated its early activa-

tion in seizure-related brain regions following status 

epilepticus  [120]. NLRP3 (NOD-like receptor family, 

pyrin domain containing  3) inflammasome is a key 

complex responsible for the production of biologically 

active IL-1β  [121]. NLRP3 functions as an intracellular 

stress sensor: upon activation, it oligomerizes, binds 

to the adaptor protein ASC, and recruits procaspase-1, 

forming an active inflammasome  [122]. This leads 

to autocatalytic activation of caspase-1, which then 

converts pro-IL-1β and pro-IL-18 into their mature, 

biologically active forms. NLRP3 activation is trig-

gered by upstream signals, such as K+ and Cl− efflux, 

ROS production, and release of mitochondrial DNA 

[123], highlighting the interplay between neuroin-

flammation and oxidative stress. Status epilepticus 

has been shown to induce transcription of NLRP3 in-

flammasome components  [124]. Increased expression 

of this inflammasome has been observed both in pa-

tients with temporal lobe epilepsy and corresponding 

animal models  [125]. Accordingly, modulation of the 

NLRP3 inflammasome represents a potential thera-

peutic approach for epilepsy.

In the kindling experimental model, rapamycin, 

an mTOR inhibitor, delayed seizure onset and up-

regulated expression of antioxidant enzymes, while 

reducing expression of genes encoding IL-1β and 

NLRP3  [126]. Similarly, in a kainate induced epilepsy 

model, combined treatment with valproic acid and 

furosemide reduced protein levels of NLRP3 inflam-

masome components and attenuated seizure severi-

ty  [127]. Direct targeting of the NLRP3 protein by the 

compound CY-09 produced a pronounced anti-inflam-

matory effect  [128]. CY-09 slowed the progression of 

kindling, inhibited PTZ-induced neuronal loss, and 

attenuated astrocyte activation and NLRP3-depen-

dent neuroinflammation  [129]. The potent NLRP3 

inhibitor MCC950 suppressed IL-1β pathway signal-

ing  [123] and mitigated neuronal loss following spinal 

cord injury  [130], as well as in  vitro under conditions 

of increased NLRP3 inflammasome activity  [131]. 

PTZ-induced neuronal loss was significantly sup-

pressed in NLRP3-deficient mice compared to wild-

type animals  [131], confirming the key role of the 

NLRP3 inflammasome in seizure-associated neuro-

nal apoptosis. However, interpretation of these data 

should account for a significant heterogeneity of neu-

roinflammatory responses. Indeed, in two classical 

models of temporal lobe epilepsy  – the pilocarpine 

and kainate models  – different patterns of NLRP3- 

dependent signaling activation have been observed, 

raising questions about the reproducibility of inhib-

itor effects across experimental models  [124]. Thus, 

the caspase-1 inhibitor CZL80 effectively terminated 

kainite-induced status epilepticus, but failed to do so 

in the pilocarpine model  [132].

Along increased NLRP3 inflammasome activity, 

levels of proinflammatory cytokines such as IL-1β, 

TNF, and interleukin-6 (IL-6) have been consistently 

reported elevated in patients with epilepsy and in 

the brains of experimental animals across various 

models of epilepsy or acute status epilepticus  [133]. 

Glia-derived proinflammatory proteins, in particular 

IL-1β and TNF, have been shown to lower the sei-

zure threshold in acute seizure models  [134,  135], 

contribute to the development of chronic epileptic 

processes in the brain  [136,  137], and promote epi-

lepsy-related behavioral impairments  [138]. Various 

anti-inflammatory therapeutic approaches have 

demonstrated high efficacy in suppressing sponta-

neous seizures in different experimental models of 

both genetic and acquired epilepsy (Table  3) [139]. 

In particular, blockade of IL-1β receptors led to a 

marked reduction in CNS pathomorphological chang-

es in the kainate and lithium–pilocarpine models of 

temporal lobe epilepsy  [140]. Experiments conducted 

in our laboratory have demonstrated that adminis-

tration of anakinra, a recombinant form of the IL-1β 

receptor antagonist, during the latent phase of the 

lithium–pilocarpine model significantly reduced the 

duration and frequency of SRSs in the chronic phase, 

as well as exerted the neuroprotective effect  [136]. 

Furthermore, anakinra treatment upregulated ex-

pression of the Slc1a2 gene encoding the glutamate 

transporter EAAT2, in the rat hippocampus, which 

may contribute to the observed neuroprotective ef-

fect of this drug. However, complete blockade of the 

IL-1β pathway carries potential risks and represents 

a significant limitation, as IL-1β plays an important 

physiological role in the CNS immune defense, and 

its long-term inhibition may increase susceptibility 

to infections, impair tissue remodeling after injury, 

and disrupt synaptic homeostasis. Moreover, the ef-

ficacy of IL-1β blockade may be limited by the pres-

ence of compensatory proinflammatory mechanisms 

independent of this signaling pathway (e.g., TNF- 
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Table 3. Pharmacological modulation of neuroinflammation in models of seizures and epileptogenesis

Treatment Seizure induction

Subject

Analysis time

Biochemical effects Functional effects References

NLRP3 inhibitors

CY-09 PTZ kindling

mice

reduced 

NLRP3-dependent 

neuroinflammation

slowed kindling 

progression, reduced 

neuronal loss, 

attenuated astrocyte 

activation

[129]

CY-09 PTZ kindling

mice

suppressed NLRP3 

inflammasome 

activation and 

neuroinflammation; 

inhibition of the 

SGLT2/NHE-1/NLRP3 

signaling pathway 

mitigated oxidative 

damage by reducing 

ROS production and 

lipid peroxidation 

while enhancing 

antioxidant 

defense

reduced seizure 

severity, 

EEG  abnormalities, 

and  seizure duration; 

improved spatial 

learning and memory

[149]

siRNA NLRP3 cannula amygdala 

kindling-induced 

status  epilepticus

adult male 

Sprague-Dawley rats

reducing NLRP3 

levels decreased 

IL-1β and  IL-18 levels 

at  12  h after seizures

suppressed 

development and 

severity of SRSs 

in  the  chronic phase; 

reduced 

neurodegeneration 

in hippocampal 

CA1 and  CA3 areas 

at  6  weeks after 

seizures

[150]

Targeting the IL-1β pathway

Anakinra

100 mg/kg, i.p. 

for  5  days after 

seizures

50  mg/kg, i.p. 

until  days  6-10 

after  seizures

LiCl (127  mg/kg, i.p.)

Pilocarpine 

(fractionated 

10  mg/kg up to 40  mg/kg 

every  30  min, i.p.)

young male 

Wistar  rats

latent and chronic 

phases

increased expression 

of the Slc1a2 gene 

encoding EAAT2 

protein in rat 

hippocampus

suppressed duration 

and frequency of SRS; 

exerted 

neuroprotective effect 

in rat hippocampus

[136]

Anakinra

100  mg/kg, i.p. 

for  5  days after 

seizures

50  mg/kg, i.p. until 

day  7 after seizures

LiCl (127  mg/kg, i.p.)

Pilocarpine 

(fractionated 

10  mg/kg 

up to 40  mg/kg 

every 30  min, i.p.)

young male 

Wistar  rats

latent phase

reduced Il1b gene 

expression; restored 

Arg1 gene expression 

to control levels

not studied [151]
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Table 3 (cont.)

Treatment Seizure induction

Subject

Analysis time

Biochemical effects Functional effects References

Anakinra

VX-765

Administered 

for  5  or  7  days 

starting  3  h after 

electrical stimulation 

or 1  h after seizures

electrical stimulation

adult male 

Sprague-Dawley rats

LiCl/pilocarpine

adult female 

Sprague-Dawley rats

reduced IL-1β 

expression 

in  astrocytes

reduced cell loss 

in  rat  forebrain

[140]

IL-1RA (interleukin-1 

receptor antagonist)

25  mg/kg, i.p. 

2  h before electrical 

stimulation

electrical stimulation

young male 

Wistar  rats

2  h before 

lipopolysaccharide 

(LPS) 50  μg/kg, i.p.

not studied blocked kindling 

progression, 

restored reduced 

after  discharge 

threshold (ADT) 

and after discharge 

duration (ADD), 

and mitigated 

LPS-enhanced 

epileptogenesis

[152]

IL-1RA

3.5-35  μg/kg, i.v. 2  h 

before scopolamine 

and pilocarpine

scopolamine

1  mg/kg

pilocarpine

(320  mg/kg)

adult male 

Sprague-Dawley rats

not studied reduced incidence 

of  status epilepticus 

and BBB damage

[153]

VX-765

200  mg/kg, i.p. once 

daily for 3  days; on 

day  4 given 45  min 

before stimulation

electrical stimulation

adult male 

Sprague-Dawley rats

prevented increase 

in IL-1β levels in 

forebrain astrocytes

blocked kindling 

development; 

seizures could not be 

induced in rats for 

24  h after kindling 

and  drug withdrawal

[154]

Cyclooxygenase-2 (COX-2) inhibitors

Rofecoxib

10  mg/kg, i.p. 6-8  h 

after seizures twice 

daily for 3  days

kainic acid 

(10  mg/kg, i.p.)

adult 

Sprague-Dawley  rats

not studied reduced hippocampal 

cell loss

[155]

Parecoxib

10  mg/kg, i.p. 1.5  h 

after seizures twice 

daily for 18  days

LiCl/pilocarpine 

(20-50  mg/kg, i.p.)

female 

Sprague-Dawley  rats

not studied reduced SRS severity; 

exerted 

neuroprotection 

in  hippocampus 

and piriform cortex; 

caused moderate 

reduction in learning 

deficits and prevented 

motor hyperactivity

[156]

Celecoxib

0.2, 2, 20  mg/kg, p.o. 

once 1  h before PTZ

PTZ (60  mg/kg, i.p.)

adult male Wistar rats

not studied 2  mg/kg, 

anticonvulsant effect; 

0.2 and 20  mg/kg, 

no  anticonvulsant 

effect

[157]
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Table 3 (cont.)

Treatment Seizure induction

Subject

Analysis time

Biochemical effects Functional effects References

Anti-inflammatory cytokines

IL-10

1 and 10  ng/ml

10  min before hypoxia 

and throughout the 

episode

in  vitro 

hypoxia-induced 

epileptiform activity

adult male Wistar rats

not studied IL-10 (1  ng/ml) 

completely 

suppressed 

development 

of epileptiform 

activity, whereas 

its protective effect 

was less pronounced 

at 10  ng/ml

[143]

IL-4

100  ng/5  μl i.c.v.

traumatic brain injury;

PTZ kindling 

(35  mg/kg, i.p.) every 

48  h (3  injections)

adult male Wistar rats

suppressed TNF 

expression, 

upregulated TGF-β, 

IL-10 and ARG1 

expression

reduced lesion 

volume and number 

of damaged neurons; 

increased the 

number of Iba1/

Arg1-positive  cells

[145]

IFN-γ 

100  ng/rat, i.p.;

IL-4

100  ng/rat, i.p.;

Administered 

for  5  days

pilocarpine 

(345  mg/kg, s.c.)

Adult male 

C57BL/6J  mice

not studied reduced frequency, 

duration, and 

severity  of SRSs; 

improved performance 

in  the Morris 

water  maze

[158]

Note. i.v., intravenously.

or IL-6-mediated ones), which may sustain neuroin-

flammation and seizure activity even upon complete 

suppression of IL-1β.

Interleukin-10 (IL-10) is an anti-inflammatory cy-

tokine that, in combination with transforming growth 

factor beta (TGF-β), inhibits several proinflammato-

ry mediators, including IL-1β, TNF, and IL-6  [141]. 

In the rat model of traumatic brain injury, admin-

istration of exogenous IL-10 reduced CNS levels of 

proinflammatory IL-1β and TNF  [142]. In  vitro, ap-

plication of IL-10 to hippocampal slices suppressed 

hypoxia-induced epileptiform activity  [143]. IL-10 

has also been shown to inhibit IL-1β production and 

NLRP3 inflammasome activation in mice following 

picrotoxininduced seizures  [144].

Intracerebroventricular administration of anoth-

er anti-inflammatory cytokine, interleukin-4 (IL-4), 

exerted neuroprotective effects and suppressed TNF 

expression, while increasing TGF-β and IL-10 levels 

in rats in the epilepsy model induced by traumatic 

brain injury and PTZ administration  [145]. Collective-

ly, these findings suggest that the use of anti-inflam-

matory cytokines may significantly reduce neuroin-

flammation, which in turn may alleviate epilepsy and 

potentially slow down epileptogenic processes.

Despite these promising positive effects, the ther-

apeutic potential of anti-inflammatory cytokines re-

mains limited due to the pleiotropic action of these 

compounds. For example, along with anti-inflamma-

tory effects, IL-4, modulates synaptic plasticity  [146] 

and neurogenesis  [147]. In addition, delivery remains 

a key unresolved issue, as systemic administration of 

cytokines is hindered by their inability to effectively 

cross the BBB  [148], whereas intracerebroventricular 

administration, which is commonly used in experi-

mental studies, is difficult to implement in clinical 

practice.

It is important to note that the efficacy of anti-in-

flammatory interventions critically depends on the 

timing of administration: treatment during the latent 

period may produce effects that differ substantially 

from those observed in the chronic phase of epi-

lepsy. Furthermore, sex and age also affect the neu-

ro-inflammatory response. Sex-related differences in 

cytokine expression, glial activity, and seizure suscep-

tibility may influence sensitivity to anti-inflammato-

ry therapy  [159]. However, the majority of preclinical 

studies have been conducted in young male animals, 

limiting extrapolation of these findings to the hetero-

geneous population of patients with epilepsy.
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Therefore, neuroinflammation mediated by acti-

vated astrocytes and microglia plays a central role in 

epileptogenesis, contributing both to the generation 

of seizure activity and to the progression of struc-

tural and functional CNS abnormalities. Experimen-

tal studies have demonstrated that pharmacological 

modulation of the IL-1β pathway not only suppress 

seizure activity but also exert a neuroprotective ef-

fect, supporting the fundamental possibility of modi-

fying epileptogenesis through intervention at the glial 

level. However, critical analysis of data presented 

above reveals significant limitations, such as the lack 

of reproducibility across models, strong dependence 

on the timing of intervention, the absence of clinical 

validation for most compounds, and potential risks 

associated with long-term immunosuppression. Trans-

lation of these strategies into clinical practice will 

require standardization of preclinical study protocols 

to include animals of both sexes and different ages, 

development of biomarkers to identify patients with 

predominant NLRP3/IL-1β-dependent neuroinflamma-

tion, and conduction of well-designed randomized 

clinical trials to establish both efficacy and, no less 

importantly, long-term safety of therapies targeting 

innate immunity pathways in the CNS.

SYSTEMIC METABOLIC REPROGRAMMING

Molecular mechanisms of ketogenic diet: mod-

ulation of neuroinflammation and oxidative stress 

in glia in epilepsy. In addition to approaches that se-

lectively target individual glial components, a promis-

ing strategy is systemic metabolic reprogramming of 

the brain via dietary interventions. The most exten-

sively studied and clinically significant example is the 

ketogenic diet (KD), which has demonstrated efficacy 

in refractory and pediatric epilepsy [160-162]. Differ-

ent variants of KD exert a multifactorial, integrated 

effect that modulates systemic metabolic parameters: 

blood glucose levels and, accordingly, insulin levels 

decrease and stabilize, while the concentration of 

circulating free polyunsaturated fatty acids increases. 

Intensive oxidation of fatty acids leads to the devel-

opment of ketosis, characterized by the appearance in 

the blood of ketone bodies such as β-hydroxybutyrate 

(BHB) and acetoacetate, which become one of the pri-

mary energy sources for the body’s cells. This process 

is accompanied by an overall reduction in caloric in-

take and modulation of the gut microbiota  [163,  164].

The antiepileptic efficacy of KD is likely explained 

by the ability of ketone bodies, especially BHB, to 

comprehensively modulate epilepsy-associated alter-

ations in astrocytic and microglial metabolism. How-

ever, the strength of evidence supporting individual 

links in this chain varies considerably, ranging from 

direct experimental findings in epilepsy models to in-

ferences drawn from related research areas such as 

neuroinflammation and neurodegeneration.

The most compelling evidence, derived directly 

from experimental epilepsy models, pertains to the 

restructuring of energy metabolism, which constitutes 

the fundamental basis of the diet’s antiseizure action. 

For example, KD has been shown to induce coordi-

nated activation of genes involved in mitochondrial 

and metabolic pathways in the rat hippocampus, ac-

companied by mitochondrial biogenesis and increase 

in energy reserves (e.g., phosphocreatine)  [165]. These 

changes may contribute to stabilization of energy ho-

meostasis within the epileptic focus, thereby reducing 

neuronal excitability  [166].

In contrast, evidence regarding modulation of 

glial inflammatory responses is more heterogeneous, 

combining the data obtained directly in epilepsy mod-

els and insights from extrapolated from neurodegen-

erative disease studies. It has been hypothesized that 

BHB can interrupt the vicious cycle of neuroinflam-

mation that sustains hyperexcitability of neuronal 

networks, by modulating proinflammatory pathways 

in microglia. In  particular, BHB inhibits activation 

of the NLRP3 inflammasome in  vitro, a key initiator 

of the inflammatory cascade in microglia and mac-

rophages  [167]. In models of multiple sclerosis and 

Alzheimer’s disease, KD suppressed the proinflam-

matory TLR4/MyD88/NF-κB/NLRP3 and JAK1/STAT1 

pathways, resulting in reduced expression of cyto-

kines (TNF, IL-6), a shift toward an anti-inflammatory 

microglial phenotype, and reduction of microgliosis 

[168-171]. It  is  assumed that similar mechanisms also 

operate during epileptogenesis, which has been sup-

ported by a number of indirect findings. Thus, direct 

administration of BHB to rats with kainate-induced 

epilepsy led to a decrease in the astroglial marker 

GFAP  [172]. In mice with a genetic model of epilepsy, 

KD increased expression of PPARγ2 (peroxisome pro-

liferator-activated receptor gamma  2), which regulates 

genes involved in anti-inflammatory and antioxidant 

pathways, also indicating modulation of neuroinflam-

mation  [173]. In addition, in the kainate model of ep-

ilepsy, KD prevented upregulation of phosphorylated 

S6 protein  (pS6), a key marker of mTOR activation 

[174]. Nevertheless, the precise contribution of spe-

cific mechanisms of microglial reprogramming under 

KD in epilepsy requires further investigation.

Suppression of oxidative stress is widely consid-

ered a key component of the mechanism of action of 

KD. In the rat hippocampus, KD activates Nrf2 (nucle-

ar factor erythroid  2-related factor  2), which regulates 

expression of genes mediating antioxidant defense 

in glial cells  [175], and increases glutathione perox-

idase (GPX) activity  [176]. This is consistent with the 

reports on increased levels of the antioxidant GSH 
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under conditions of elevated BHB and KD in epilepsy 

models, suggesting improved redox status and mito-

chondrial protection  [172,  177]. However, it remains 

unresolved whether these effect arise directly from 

ketone metabolism in glial cells or result from the 

overall stabilization of neuronal activity.

The most direct evidence for KD-induced repro-

gramming of astrocyte metabolism comes from its 

effect on the adenosinergic system, a key endoge-

nous component of the anticonvulsant pathway. In 

a genetic mouse model of epilepsy, KD suppressed 

seizures by activating adenosine A1 receptors  [178]. 

This effect is linked to a downregulation of adenos-

ine kinase (ADK), the principal enzyme of adenosine 

metabolism in astrocytes. The significance of this 

mechanism is supported by observations of increased 

ADK expression in the hippocampus of patients with 

pharmacoresistant epilepsy [179].

Further support for KD-associated anticonvulsant 

mechanisms is provided by the antiseizure action of 

ketone bodies themselves, which has been demon-

strated in several genetic models of epilepsy  [173, 

180,  181].

Therefore, the therapeutic action of KD can be ex-

plained by a combination of interrelated mechanisms 

with varying degrees of evidentiary support. Well-es-

tablished effects include enhancement of brain energy 

metabolism and metabolic reprogramming of astro-

cytes. Another promising effect that requires further 

verification in epilepsy models is the modulation of 

neuroinflammation and oxidative stress in glial cells. 

Despite proven efficacy, the use of KD is limited due 

to contraindications in some patients, poor dietary 

adherence, and adverse side effects such as gastro-

intestinal disturbances and metabolic disorders  [162]. 

These limitations have driven ongoing efforts to im-

prove tolerability and accessibility, including the de-

velopment of more flexible dietary protocols (e.g., 

modified Atkins diet), the use of exogenous ketone 

supplements, and combination with conventional an-

tiepileptic drugs to enhance the therapeutic effect.

PPAR agonists as a tool for targeted metabol-

ic reprogramming of glia during epileptogenesis. 

Activation of peroxisome proliferator-activated recep-

tors (PPARs) is one of the key mechanisms underlying 

the neuroprotective effects of KD  [173]. The use of 

PPAR agonists in epilepsy therapy has been actively 

discussed in recent years  [182-184]. In this context, 

PPARs are viewed as promising therapeutic targets 

for correcting disrupted metabolism in astrocytes and 

microglia during epileptogenesis.

The PPARs family comprises nuclear transcription 

factors that regulate the expression of genes involved 

in core physiological processes such as carbohydrate 

and lipid metabolism, inflammatory responses, cellu-

lar differentiation, and apoptosis  [185]. The family in-

cludes three isotypes  – PPARα, PPARβ/δ, and PPARγ  – 

which differ in tissue distribution, ligand specificity, 

and functional roles  [185]. PPARs are expressed in 

neurons, oligodendrocytes, microglia, and astrocytes 

[186,  187]. Their presence in astrocytes and microglia 

underlies their capacity to serve as key regulators 

and targets for metabolic reprogramming of the glial 

network under pathological conditions.

The effects of PPAR agonists in different epilep-

sy models have been attracting increasing attention; 

among these compounds, PPARγ agonists are the most 

extensively studied. Pioglitazone (PPARγ agonist) has 

demonstrated anticonvulsant effects in a PTZ-induced 

seizure model  [188]. Another PPARγ agonist, rosigli-

tazone, was found to prevent hippocampal neuronal 

loss and the development of SRSs in the lithium–

pilocarpine model of temporal lobe epilepsy  [189, 

190]. At  the  same time, rosiglitazone reduced the 

number of GFAP-positive cells (a marker of astro-

gliosis) and decreased the number of IBA1-positive 

microglial cells in the hippocampus, indicating direct 

inhibition of reactive gliosis  [190,  191]. According to 

the results of our studies on the protective effects of 

PPARα and PPARβ/δ agonists during epileptogenesis, 

the PPARβ/δ agonist cardarine  [192] and the PPARα 

agonist fenofibrate  [193] attenuated behavioral distur-

bances characteristic of temporal lobe epilepsy. PPAR 

activation is not only involved in mechanisms medi-

ating therapeutic effects of KD, it might also contrib-

ute to the beneficial impact of certain probiotics on 

epileptogenesis, as reported by our group and other 

authors  [194,  195].

The accumulated evidence supports the use of 

PPAR agonists as tools for targeted metabolic repro-

gramming of glia. Their antiepileptogenic effects may 

be mediated by receptors expressed on astrocytes 

and microglial cells through several mechanisms, 

the most prominent of which involves the regulation 

of energy metabolism and lipid homeostasis in glial 

cells  [22]. As discussed above, epileptic brain is char-

acterized by profound disruptions of energy homeo-

stasis. During an epileptic seizure, energy demand 

rises sharply, and astrocyte-derived lactate becomes 

an important energy source for neurons. According-

ly, in temporal lobe epilepsy, glucose uptake and me-

tabolism increase during seizures, whereas interictal 

periods are characterized by hypometabolism  [196]. 

PPARγ agonists modulate glucose utilization and lac-

tate production in astrocytes  [197], and PPARα reg-

ulates mitochondrial fatty acid β-oxidation, thereby 

enhancing ATP synthesis  [198].

A major consequence of impaired energy me-

tabolism and mitochondrial dysfunction in astrocytes 

and microglia during epileptogenesis is the emer-

gence of a pathological metabolic state, in which 

glial cells lose their neuron-supporting functions 
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and become sources of ROS and proinflammatory 

signals  [22,  199]. PPAR agonists counteract this phe-

notypic shift by simultaneously restoring energy 

balance and suppressing oxidative stress and neu-

roinflammation  [60,  117]. In the lithium–pilocarpine 

model, the PPARγ agonist rosiglitazone reduced ROS 

generation and lipid peroxidation, increased SOD ac-

tivity and GSH levels, and decreased HO-1 expression, 

these effects being accompanied by reduced neuronal 

death in the hippocampus  [200].

The ability to restrain neuroinflammation has 

been demonstrated for all PPAR types  [201-203]. PPARα 

and PPARγ suppress the production of proinflamma-

tory cytokines in microglial  [204] and astrocytic  [205] 

cells. Moreover, the PPARγ agonist pioglitazone has 

been shown to influence microglial polarization by 

decreasing the expression of M1  markers and increas-

ing the expression of M2  markers  [206-208]. These ef-

fects may be mediated, at least in part, through in-

hibition of the proinflammatory transcription factors 

NF-κB and AP-1  [209-211], whereas PPARα directly 

upregulates expression of the anti-inflammatory cy-

tokine IL-1RA  [212].

It should be emphasized that many above-de-

scribed mechanisms of PPAR agonist action have 

been demonstrated in non-epileptic models. Although 

existing evidence strongly suggests that PPARs me-

diate glial reprogramming in epilepsy through these 

pathways, definitive confirmation will require studies 

specifically designed to investigate these mechanisms 

in astrocytes and microglia during epileptogenesis.

The above-described properties of PPAR agonists 

are also indirectly manifested in experimental models 

of epilepsy. In particular, the PPARγ agonist rosiglita-

zone reduced CD40 expression in activated microglia 

and suppressed TNF production in the hippocampus. 

These effects were abolished by the selective PPARγ 

antagonist T0070907, supporting a PPARγ-dependent 

mechanism  [190]. Our studies in the same epilepsy 

model showed that the PPARβ/δ agonist GW0742 at-

tenuated the epileptogenesis-induced upregulation of 

genes encoding the activated microglia marker (Aif1/

IBA1), as well as Nlrp3 and Il1rn genes, in the cortex 

[213], suggesting an effect on NLRP3-dependent neu-

roinflammation in glial cells. We also demonstrated 

that the PPARα agonist fenofibrate reduced the ele-

vated expression of Aif1 and Nlrp3 in the temporal 

cortex  [193]. Both compounds also affected the pro-

duction of the markers of proinflammatory  (Lcn2) 

and neuroprotective (Ptx3, Arg1) glial phenotypes, 

pointing to an ability to shift glial cells from one phe-

notype to another  [193,  213].

Despite compelling preclinical evidence, the clin-

ical use of PPAR agonists remains limited by adverse 

effects and low BBB permeability. Promising direc-

tions include the development of selective receptor 

modulators with improved safety profiles, the design 

of formulations and carriers for targeted delivery to 

the brain, and the search for strategies enabling se-

lective activation of PPARs in glial cells.

Overall, pharmacological activation of PPARs 

represents a promising strategy for correcting met-

abolic and inflammatory disturbances in the glial 

network during epileptogenesis. The data presented 

in this section indicate that PPAR agonists can shift 

astrocytes and microglia from proinflammatory to 

neuroprotective phenotypes. However, it is important 

to emphasize that many of the proposed molecular 

mechanisms have been validated primarily in other 

neuropathology models and require direct experimen-

tal proof in epilepsy-specific settings. Nevertheless, 

the accumulated evidence supports PPAR agonists as 

an attractive tool for targeted metabolic reprogram-

ming of glia, although their clinical translation will 

require addressing selectivity, delivery across the 

BBB, and thorough evaluation of long-term safety.

Multitarget effects of GLP-1 receptor agonists 

in the context of epileptogenesis. Glucagon-like pep-

tide-1 (GLP-1) receptor agonists are a class of drugs 

originally developed for the treatment of type  2 di-

abetes mellitus  [214]. Their mechanism of action is 

based on mimicking the biological activity of the 

endogenous hormone incretin. Activation of GLP-1 

receptors in tissues not typically associated with dia-

betes mediates neuroprotective, cardioprotective, and 

nephroprotective effects, opening up possibilities for 

repurposing these drugs  [215]. Depending on their 

molecular structure, GLP-1 receptor agonists are di-

vided into two main groups: human GLP-1 analogs 

(e.g., liraglutide, semaglutide, dulaglutide) and exen-

din-4 derivatives (exenatide and lixisenatide)  [216]. 

Their development has been primarily aimed at over-

coming an extremely short half-life of native GLP-1 

(1-2  min), which is due to rapid degradation by di-

peptidyl peptidase-4 and accelerated renal clearance.

Regardless of structural differences, all GLP-1 ag-

onists act through the same Gs  protein-coupled recep-

tor  [217]. Activation of this receptor triggers a canoni-

cal intracellular signaling cascade including adenylate 

cyclase stimulation, increase in cyclic AMP (cAMP) 

concentration, and subsequent activation of protein 

kinase  A  (PKA). In pancreatic β-cells, this pathway me-

diates insulin secretion in a strictly glucose-dependent 

manner. However, GLP-1 receptors are also widely ex-

pressed in other organs and systems, in particular, 

the CNS, cardiovascular system, and kidneys  [218]. 

Of  particular relevance to epileptogenesis is the 

ability of GLP-1 agonists to correct the imbalance 

between excitatory and inhibitory transmission at 

synapses, a key pathophysiological link in epilepsy. 

Wen et  al.  [219] used the PTZ kindling model to 

demonstrate that liraglutide induced a coordinated 
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remodeling of the hippocampal receptor profile. 

Liraglutide reduced the expression of ionotropic glu-

tamate receptor subunits (GluA1–4, GluN1, GluN2A/B), 

which are responsible for excitation, while simultane-

ously increasing the level of the GABAARβ2/3 subunit, 

which is necessary for inhibitory transmission  [219].

The anti-inflammatory effect of GLP-1 agonists 

is exerted at multiple levels of the inflammatory re-

sponse regulation, in which the transcription factor 

NF-κB plays a central role. NF-κB has a dual func-

tion by triggering both proinflammatory  [220] and 

anti-inflammatory programs  [221], which explains 

the multifaceted context-dependent action of GLP-1 

agonists. Rather than causing non-selective suppres-

sion of NF-κB, which could disrupt cellular homeo-

stasis, GLP-1 agonists ensure selective modulation of 

this transcription factor via the cAMP/PKA signaling 

pathway  [222]. Consequently, expression of the most 

pathogenic proinflammatory cytokines, including TNF, 

IL-1β, and IL-6, is reduced, whereas the anti-inflam-

matory components of the NF-κB-dependent response, 

for example those associated with IL-10, remain in-

tact or are even enhanced, resulting in a functional 

reprogramming of inflammation toward a less aggres-

sive phenotype rather than inhibition.

At the effector level, GLP-1 agonists inhibit NLRP3 

inflammasome activity  [125]. According to Wang 

et  al. [223], administration of semaglutide in the PTZ 

kindling model significantly reduced both mRNA and 

protein levels of NLRP3, which was accompanied by 

a decrease in the content of mature forms of IL-1β 

and IL-18. Hence, GLP-1 agonists act on the inflam-

masome already at the stage of expression of its key 

components, thereby limiting the production of the 

most potent proinflammatory mediators.

Of particular importance is the ability of GLP-1 

agonists to modulate the microglial phenotype. Wang 

et  al.  [224] demonstrated that semaglutide promoted 

the transition of microglia from the proinflammatory 

to the anti-inflammatory state: it increased the ex-

pression of M2 markers (Arg1, YM1) and downregu-

lated M1 markers (CD86, iNOS). This phenotypic shift 

interrupts the vicious cycles of chronic inflammation 

in the CNS.

Another fundamental neuroprotective mecha-

nism is the attenuation of oxidative stress. GLP-1 

agonists activate endogenous antioxidant systems, 

primarily through cAMP/PKA-dependent stimulation 

of the transcription factor Nrf2. This leads to in-

creased expression of antioxidant enzymes such as 

HO-1, SOD, CAT, and GPX  [225]. Simultaneously, mi-

tochondrial homeostasis is improved, likely through 

activation of PGC-1α (peroxisome proliferator-acti-

vated receptor gamma coactivator 1-alpha), a master 

regulator of mitochondrial biogenesis and oxidative 

metabolism  [226]. As  a  result, the efficiency of oxida-

tive phosphorylation is enhanced, the mitochondrial 

membrane potential is stabilized, and cytochrome c 

release is blocked, thereby preventing the initiation 

of the mitochondrial apoptotic pathway. Experimen-

tal data confirm these effects by demonstrating that 

therapy with GLP-1 agonists in epilepsy models leads 

to reduced levels of oxidative damage markers (e.g., 

MDA) and increased activity of antioxidant enzymes 

in the hippocampus  [227,  228].

MODERN STRATEGIES FOR CORRECTING 
EPILEPTOGENESIS: PHARMACOLOGICAL 
MODULATION OF METABOLIC SENSORS 

AND SELECTIVE TARGETING OF GLIA 
USING NANO- AND RNA-BASED THERAPIES

Because the key metabolic pathways (glycolysis, 

mTOR/AMPK signaling, oxidative phosphorylation) are 

conserved across cell types, their systemic modulation 

carries a risk of adverse effects. Therefore, correction 

of metabolic reprogramming in reactive glia requires 

targeted delivery that can rectify local disturbances 

without perturbing peripheral homeostasis.

One of the most promising approaches is tar-

geting of metabolic sensors, core regulatory proteins 

that detect and integrate energetic, metabolic, and 

oxygenation states of the cell. Central among them is 

the AMPK/mTOR axis, i.e., a pair of out-of-phase ki-

nases: a shift toward mTOR hyperactivation promotes 

gliosis and chronic neuroinflammation. Increasing ev-

idence demonstrates that this axis can be pharmaco-

logically steered to reprogram the glia. For example, 

the N-terminal peptide (Ac2-26) of annexin  A1 acti-

vates AMPK and inhibits mTOR in microglia via the 

FPR2/ALX receptor, promoting a transition toward 

the anti-inflammatory M2 phenotype and improving 

the outcomes, while reducing the BBB damage in the 

ischemia–reperfusion model  [229]. Importantly, in 

reactive astrocytes, mTOR-dependent modulation of 

autophagy regulates secretion of the LCN2 protein, 

a marker of the neurotoxic astroglial phenotype, 

and increases neuronal survival under inflammatory 

stress  [230]. Astrocytes subjected to ischemic stress 

transmit metabolic signals to neurons through nico-

tinamide phosphoribosyltransferase (Nampt)-enriched 

exosomes, thus activating AMPK, inhibiting mTOR, 

inducing autophagy, and exerting neuroprotective 

effects [231].

These mechanisms represent attractive targets 

for pharmacological intervention. Among available 

compounds, the AMPK activator metformin remains 

the most extensively studied tool for indirect mod-

ulation of the AMPK/mTOR axis, consistent with its 

broad anti-epileptogenic and neuroprotective profile. 

In a pilocarpine model of temporal lobe epilepsy, 
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metformin suppressed aberrant BDNF–TrkB signal-

ing, delayed seizure progression, and reduced mTOR 

activation  [232]. In  a  lithium–pilocarpine model of 

status epilepticus, metformin attenuated microglial 

and astroglial activation, suppressed the expression 

of proinflammatory mediators (IL-1β, COX-2) and 

NF-κB activity, and restored impaired hippocam-

pus-dependent memory  [233]. Prolonged treatment 

with metformin reduced the duration of SRSs in a 

chronic kainate model and decreased mortality in 

the acute PTZ-induced model  [234]. Notably, in the 

PTZ paradigm, the anticonvulsant and neuroprotec-

tive effects of this compound were accompanied by 

downregulation of NOS isoforms (nNOS, iNOS, eNOS) 

and decreased NO levels. Moreover, molecular dock-

ing analysis suggested potential direct interactions 

between metformin and these enzymes  [235].

Direct targeting of mTOR has received clinical 

validation. The mTOR inhibitors rapamycin (sirolimus) 

and everolimus are approved therapies for tuberous 

sclerosis and have demonstrated efficacy in reduc-

ing both seizure frequency and tumor volume  [236]. 

However, emerging evidence indicates that under cer-

tain conditions, mTOR activity may be required for 

neuroprotection. In particular, the ABCG2 transporter 

was found to provide protection during epileptogen-

esis through functional interaction with the mTOR 

pathway, as disruption of this process via ABCG2 

knockout worsened the outcomes and increased sei-

zure susceptibility  [237]. Furthermore, accumulating 

data suggest that mTOR activation during epileptogen-

esis may represent a consequence of earlier upstream 

disturbances, such as dysregulation of Wnt signaling 

and associated metabolic reprogramming, rather than 

a primary initiating event, as was shown in the ka-

inate and pilocarpine models  [29]. Collectively, these 

findings support a shift from indiscriminate mTOR 

suppression toward strategies that restore physiolog-

ical pathway dynamics or enable cell type-specific 

modulation within specific cell populations.

Achieving such selectivity requires post-transcrip-

tional regulatory tools capable of precisely modulat-

ing gene expression directly in reactive glia. Because 

metabolic shifts and neuroinflammation in reactive 

glia are governed by common mechanisms, RNA-

based therapy may be used for targeted correction 

of these dysregulated processes. A key post-tran-

scriptional regulator of neuroinflammation in glia is 

miR-146a. Suppression of its expression in a rat model 

of temporal lobe epilepsy not only reduced the levels 

of proinflammatory cytokines (IL-1β, IL-6, IL-18) and 

GFAP expression, but also exerted a neuroprotective 

effect via inhibition of the Notch-1 signaling pathway 

[238,  239]. More intricate regulatory networks involve 

noncoding RNAs. For instance, circRNA Hivep2 func-

tions as a competing endogenous RNA (ceRNA) for 

miR-181a-5p and suppresses microglial activation, 

while lncRNA H19 promotes activation of hippocam-

pal glial cells via the Stat3 pathway  [240,  241].

Efficient siRNA-mediated suppression of glia-spe-

cific mRNAs also supports the feasibility of RNA-me-

diated glial targeting. In a pilocarpine model of 

temporal lobe epilepsy, siRNA-mediated knockdown 

of the proinflammatory P2X7 receptor in microglia 

prolonged the latent period and reduced both the 

frequency and severity of SRSs  [242]. Similarly, in 

a kainate-induced status epilepticus model, siRNA 

against thrombospondin-1 (TSP-1), a key activator of 

the TGF-β pathway in astrocytes, effectively attenu-

ated the severity of acute seizures and suppressed 

astrogliosis  [243,  244].

Implementation of targeted correction of gli-

al metabolism requires delivery systems capable of 

crossing the BBB and providing selective uptake by 

target cells. Nanoscale carriers and biomimetic ap-

proaches enable local enrichment of therapeutic 

agents in regions of metabolic dysfunction, thus re-

ducing the risk of systemic effects. For example, bio-

mimetic macrophage membrane-coated nanoparticles 

(MA@RT-HMSNs) selectively accumulate at sites of 

neuroinflammation and enable efficient BBB pene-

tration and delivery of the death-associated protein 

kinase  1 inhibitor TC-DAPK6, thus demonstrating an-

ticonvulsant, neuroprotective, and anti-inflammatory 

effects in an epilepsy model  [245]. For selective cor-

rection of microglial metabolism, PB@ZIF nanoparti-

cles have been developed to reduce ROS levels and 

suppresses HIF-1α-dependent reprogramming, thereby 

alleviating the course of spontaneous seizures  [246]. 

The convergence of RNA therapy and nanotechnology 

is exemplified by the use of exosomes to protect and 

deliver therapeutic nucleic acids, such as the circRNA 

Hivep2  [240].

In experimental studies, selenium nanoparticles 

(SeNPs) have been proven as promising platforms 

due to intrinsic neuroprotective activity and ability to 

mitigate pathogenic alterations induced by PTZ  [247]. 

Prodigiosin-loaded SeNPs reduced seizure severity 

and duration, while concurrently suppressing oxida-

tive stress through activation of the Nrf2/antioxidant 

system, reduced neuroinflammation by downregulat-

ing IL-1β, TNF, and NF-κB), and inhibited apoptosis 

through modulation of Bax/Bcl-2 in the PTZ model 

[248]. Rutin-loaded SeNPs restored the neurotransmit-

ter balance and regulated proinflammatory cytokines 

(TNF, IL-6) via the Nrf2/HO-1 pathway  [249].

Another promising approach is the use of poly-

meric and lipid nanocarriers that can address the 

low bioavailability of many natural compounds. 

Thus, ellagic acid encapsulated in calcium alginate 

nanoparticles and a nanoformulation of berberine 

demonstrated superior anticonvulsant, antioxidant, 
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Fig. 3. Astrocyte and microglial remodeling in epileptogenesis and associated pathogenic interactions. Metabolic reprogram-

ming of astrocytes and microglia represents a key integrative pathogenetic link in epileptogenesis. The central process is 

energy metabolism shift toward glycolysis under normoxic conditions mediated by the activation of the Wnt/GSK3β and 

mTOR signaling cascades. This glycolytic switch accompanied by the decreased TCA cycle activity, leads to the accumulation 

of lactate and succinate, promoting stabilization of HIF-1α. Stabilized HIF-1α triggers the expression of proinflammatory 

proteins, resulting in the intensification of free radical processes and oxidative stress and establishment of a positive 

feedback loop associated with a widespread activation of proinflammatory signaling in tissues and further stabilization of 

HIF-1α. In turn, this promotes further metabolic shift toward glycolysis and exacerbates the pathology. Collectively, these 

mutually reinforcing processes result in the disruption of the glutamatergic system and ion homeostasis, leading to the 

development and exacerbation of neuronal hyperactivity. In the diagram, upward red arrows indicate increases in concen-

tration, expression, or activity; downward red arrows indicate decreased levels or activity.

and anti-inflammatory effects compared with their 

free forms in a PTZ model of epilepsy  [250,  251]. 

Likewise, crocin delivered using solid lipid nanocarri-

ers (SLNCs) ameliorated epilepsy-associated cognitive 

deficits, an effect that correlated with reduced neu-

roinflammation (NF-κB)  [252].

Integrating molecular biology approaches, gene 

regulation, and nanoengineering provides a strong 

foundation for developing targeted therapeutic strat-

egies designed to overcome the limitations of system-

ic metabolic modulation. However, several challeng-

es remain, including ensuring cell-type specificity of 

interventions, creating combination platforms (e.g., 

nanoparticles that deliver siRNA), and engineering 

“smart” carriers capable of releasing their cargo in 

response to biochemical markers of reactive glia. 

Although these strategies have shown promise in ex-

perimental models by modulating core mechanisms of 

epileptogenesis, their clinical translation will require 

confirmation of long-term safety, delivery specificity, 

and efficacy in chronic disease settings. Looking 

ahead, these approaches may contribute not only to 

seizure control but also to the development of truly 

anti-epileptogenic interventions aimed at preventing 

the onset of epilepsy.

CONCLUSION

Metabolic reprogramming of astrocytes and mi-

croglia represents a key integrative pathogenetic 

mechanism in epileptogenesis, linking disturbances 

in energy homeostasis, neuroinflammation, oxidative 

stress, and neuronal network hyperexcitability in a 

self-sustaining pathological loop (Fig.  3). A central 

process is the energy metabolism shift toward glycoly-

sis despite adequate oxygen availability (Warburg-like 

effect), mediated by activation of the Wnt/GSK3β 

and mTOR signaling cascades. Notably, this phe-

nomenon has been observed across various models 
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of epileptogenesis, and inhibition of glycolytic en-

zymes has been shown to directly suppress proin-

flammatory activation of microglia. According to a 

large body of evidence, the Warburg-like metabolic 

shift in glial cells initiates a pathophysiological cycle, 

in which enhanced glycolysis coupled with reduced 

TCA cycle activity promotes accumulation of lactate 

and succinate, leading to stabilization of the tran-

scription factor HIF-1α. Stabilized HIF-1α triggers the 

expression of a wide range of genes encoding proin-

flammatory proteins, resulting in intensification of 

free-radical processes and oxidative stress. This, in 

turn, establishes a positive feedback loop, in which 

activation of pro-inflammatory signaling cascades in 

tissues- and further stabilization of HIF-1α lead to a 

further shift toward the glycolytic phenotype, exac-

erbating the pathology. These mutually reinforcing 

processes disrupt glutamate homeostasis and ionic 

balance, ultimately inducing and amplifying neuronal 

hyperexcitability.

In this context, therapeutic interventions aimed 

at correcting these interconnected pathways hold 

significant promise. Modulation of individual tar-

gets (mTOR, HIF-1α), as well as systemic approaches 

(KD, PPAR agonists, GLP-1 receptor agonists) that af-

fect these targets and processes they regulate, have 

demonstrated anti-epileptogenic and neuroprotec-

tive potential in experimental studies. However, the 

greatest therapeutic efficacy is likely to be achieved 

through combination approaches that simultaneously 

target multiple components of the pathological net-

work.

The translation from experimental models to 

clinical practice faces several limitations. First, the 

temporal dynamics of metabolic changes in glial 

cells at different phases of epileptogenesis remain 

insufficiently characterized. It is critically important 

to define precise therapeutic windows for targeting 

metabolic pathways, given the context-dependent role 

of certain regulators. For example, HIF-1α may exert 

adaptive functions during the acute phase but con-

tribute to pathological remodeling in chronic epilepsy 

Second, because glycolysis and oxidative phosphory-

lation are universal metabolic pathways, targeting 

them requires the development of cell-specific ap-

proaches and strategies allowing to bypass the BBB 

to minimize systemic adverse side effects. In this 

context, targeted nanodelivery and RNA therapy hold 

significant promise. The creation of biomimetic nano-

systems capable of crossing the BBB and selectively 

accumulating in reactive glia opens up possibilities 

for targeted correction of pathological metabolic 

pathways while limiting systemic exposure. Particu-

larly important is identification of biomarkers of glial 

metabolic status (e.g., lactate levels and expression of 

glycolytic enzymes in cerebrospinal fluid) to enable 

the development of personalized therapies and eluci-

dation of therapeutic windows for intervention. From 

a fundamental perspective, future advancements in 

cell-specific intervention require an integrative re-

search strategy that will combine the knowledge of 

the diversity of functional states of glial cells in  vivo 

with detailed analysis of accompanying metabolic 

rearrangements during epileptogenesis, since most 

current studies are focused on metabolism without 

taking into account the cell specificity.

Metabolic reprogramming of glial cells opens 

new prospects for developing anti-epileptogenic ther-

apy. Successful clinical translation of these strategies 

requires interdisciplinary integration of metabolom-

ics, neuroimmunology, and nanomedicine approaches, 

enabling the creation of therapies that will not only 

control seizures but also modify epilepsy progression 

through the restoration of glial homeostasis.

Abbreviations

2-DG 2-deoxyglucose

2-DG6P 2-deoxyglucose-6-phosphate

ADK adenosine kinase

AMPK AMP-activated protein kinase

ARG1 

(Arg1 gene)

arginase-1

ASTA astaxanthin

BBB blood-brain barrier

BHB β-hydroxybutyrate

CNS central nervous system

EAAT2 

(Slc1a2 gene)

excitatory amino acid transporter  2

GFAP glial fibrillary acidic protein

GLP-1 glucagon-like peptide-1

GSH glutathione

GSK3β glycogen synthase kinase  3β

HIF-1α hypoxia-inducible factor  1α

HK2 hexokinase  2

HO-1 heme oxygenase-1

IL interleukin

IL-1RA interleukin-1 receptor antagonist

KD ketogenic diet

LDHA lactate dehydrogenase  A

MDA malondialdehyde

NAC N-acetylcysteine

NLRP3 Nod-like receptor family pyrin domain 

containing  33

PKA protein kinase  A

PKM2 pyruvate kinase  M2

PPAR peroxisome proliferator-activated 

receptor

PTZ pentylenetetrazole

RNS reactive nitrogen species

ROS reactive oxygen species

SFN sulforaphane

SOD superoxide dismutase



ZAKHAROVA et al.756

BIOCHEMISTRY (MOSCOW) Vol. 91 No. 5 2026

SRS spontaneous recurrent seizures

TCA tricarboxylic acid

TGF-β transforming growth factor-β

TNF tumor necrosis factor

TSC2 tuberous sclerosis complex  2
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