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ABSTRACT
Epilepsy occurs in 35–95% of patients with low-grade malignant cerebral gliomas and in 29–71% of patients with high-
grade gliomas. Seizures can be the first manifestation of a malignant cerebral glioma or may develop in the postopera-
tive period and during chemoradiation therapy. This necessitates the use of antiepileptic drugs that can control seizures, 
ensure seizure prevention, and provide secondary seizure prophylaxis without reducing the effectiveness of anticancer 
therapy or the patient’s quality of life. The processes of epileptogenesis and oncogenesis are closely interrelated through 
common developmental mechanisms, with glutamate playing a key role. Increased glutamate secretion is accompanied 
by elevated expression and activation of its receptors, which raises seizure susceptibility. This is associated with in-
creased levels of brain-derived neurotrophic factor, the number of synapses between peritumoral neurons and glioma 
cells, and the expression of various growth factors, all of which contribute to tumor progression. In this context, special 
attention is given to perampanel, a glutamate receptor antagonist and third-generation antiepileptic drug, in the treat-
ment of epilepsy in patients with malignant cerebral gliomas. It has been shown that perampanel not only effectively 
controls seizures in patients with malignant cerebral gliomas but also suppresses tumor progression. Perampanel 
can dose-dependently enhance apoptosis and disrupt cell migration in malignant glioma cell lines. A synergistic effect 
of perampanel in combination with temozolamide has been identified. During chemoradiation therapy, perampanel ex-
erts a protective effect on healthy peritumoral tissues. Adverse drug reactions associated with perampanel use are 
infrequent and mild. Further research is needed to investigate the anticonvulsant and antitumor efficacy of perampanel 
for the treatment of epilepsy in patients with malignant brain tumors.
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АННОТАЦИЯ
Эпилепсия встречается у 35–95 % больных злокачественными глиомами головного мозга низкой степени злокаче-
ственности и у 29–71 % больных глиомами высокой степени злокачественности. Судороги могут быть как первым 
проявлением злокачественной глиомы головного мозга, так и появиться в постоперационном периоде и в процессе 
химиолучевой терапии. Это требует применения противоэпилептических препаратов, которые способны купировать 
судорожный синдром, обеспечить контроль и вторичную профилактику судорог, не снижая эффективности противо-
опухолевой терапии и качество жизни пациента. Процессы эпилептогенеза и онкогенеза тесно взаимосвязаны между 
собой посредством общих механизмов развития, ключевую роль в которых играет глутамат. Повышенная секреция 
глутамата сопровождается увеличением экспрессии и активацией его рецепторов, что повышает судорожную готов-
ность. Этому сопутствует повышение уровня нейротрофического фактора роста головного мозга, числа синапсов между 
перитуморальными нейронами и клетками глиомы, увеличение экспрессии ряда ростовых факторов, что способствует 
опухолевой прогрессии. В связи с этим особое внимание в лечении эпилепсии у больных злокачественными глиомами 
головного мозга занимает перампанел — блокатор рецепторов глутамата, противоэпилептический препарат III по-
коления. Показано, что перампанел не только эффективно контролирует судороги у пациентов со злокачественными 
глиомами головного мозга, но и подавляет опухолевую прогрессию. Перампанел способен дозозависимо усиливать 
апоптоз, нарушать миграцию клеток в клеточных линиях злокачественной глиомы. Выявлен синергетический эффект 
перампанела в комбинации с темозоламидом. В условиях химиолучевой терапии перампанел оказывает защитное 
действие на здоровые перитуморальные ткани. Нежелательные лекарственные реакции при применении перампа-
нела возникают нечасто и являются незначительными. Необходимы дополнительные исследования для дальнейшего 
изучения противосудорожной и противоопухолевой эффективности перампанела для лечения эпилепсии у больных 
злокачественными опухолями головного мозга.

Ключевые слова: перампанел; эпилепсия; злокачественные глиомы головного мозга; глиобластома; противоопухолевая 
активность; темозоламид.
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INTRODUCTION
Malignant brain gliomas (MBGs) account for approxi-

mately 60%–80% among primary brain tumors and are 
characterized by an aggressive clinical course and high 
mortality [1–3]. More than 70% of MBGs are accompa-
nied by epilepsy, the treatment of which is one of the 
most important challenges of modern neuro-oncology 
[2, 4, 5]. Epileptic seizures may be the first symptom of 
the tumor [6] or occur during its evolution after surgical 
treatment [7] or during chemoradiotherapy [8–10].

Glutamate and activation of α-amino3-hydroxy5-
methyl4-isoxazolpropionic acid receptors (AMPA-gluta-
mate receptors) play a pivotal role in the epileptogenesis 
and tumor progression in brain tumor-related epilepsy 
(BTRE) patients [11–13]. In this regard, perampanel 
(PER), an AMPA-receptor antagonist, a highly effective 
third-generation antiepileptic drug (AED) with a minimal 
range of side effects, is a promising candidate for the 
treatment of epilepsy in MBG patients [6, 14, 15].

The review was based on a comprehensive literature 
search conducted up to November 2023 across PubMed, 
Embase, and Cochrane Library databases using the key-
words “злокачественные глиомы головного мозга” 
(“malignant brain gliomas”), “глиобластома” (“glio-
blastoma”), “эпилепсия” (“epilepsy”), “перампанел” 
(“perampanel”), and “противоопухолевая активность” 
(“anti-tumor activity”). The review was prepared in ac-
cordance with PRISMA (Preferred Reporting Items for 
Systematic reviews and Meta-Analyses) reporting guide-
lines [16].

MALIGNANT BRAIN GLIOMAS 
AND EPILEPSY

MBGs are tumors originating from glial or glial pre-
cursor cells and include astrocytoma, oligodendroglioma, 
ependymoma and other rare gliomas [2, 3]. In recent 
years, there has been an increase in the incidence of 
MBGs, which can be attributed to increased life expec-
tancy and the use of new diagnostic methods. Addition-
ally, there has been an increase in the incidence among 
younger patients [17–19].

MBG is characterized by a high risk of recurrence, 
high mortality (with a median survival of ≤24.5 months), 
and a significant decrease in the quality of life [12, 20]. 
The clinical presentation of MBG is primarily comprised of 
neurological disorders resulting from tumor progression, 
including headaches (50%), neurocognitive disorders 
(30%–40%), paresis and paralysis (10%–40%), seizures 
(20%–50%), etc. [21–23].

BTRE plays a special role in MBG patients, occurring 
in 35%–70% of cases, including 46%–95% of patients with 
low-grade gliomas (Grade I and Grade II) [24–26], 42%–
71% of patients with Grade III gliomas, and 29%–60% of 

patients with Grade IV gliomas [21, 22, 27]. At the time of 
diagnosis, BTRE is detected in more than 40% of patients 
with MBG, with an even higher prevalence at later stages 
of the disease [13, 28]. BTRE contributes to cognitive and 
psychiatric disorders and reduces the patient quality of 
life [9, 29]. The BTRE severity is influenced by several 
factors, including tumor size, extent of tumor resection, 
residual tumor size, and a history of preoperative sei-
zures [7, 30].

HIGH-GRADE MALIGNANT BRAIN 
GLIOMAS

Glioblastoma (GBM) is the most aggressive type 
of MBG with a median survival ranging from 12 to 
25 months (a mean of 14.6 months) [12, 31, 32]. Epilepsy 
(glioblastoma-related epilepsy, GRE) occurs in 30%–62% 
of patients with GBM [23, 33, 34]. The studies report that 
GBM is less epileptogenic than lower-grade gliomas, 
which is likely attributed to the shorter life expectancy 
of GBM patients and the presence or absence of muta-
tions in isocitrate dehydrogenase (IDH) 1/2 [5, 27, 35]. 
In 40%–45% of GBM patients, seizures are the first symp-
tom [18, 36, 37], although they may occur at different 
stages of the disease [30, 38].

The treatment of MBG patients is surgery and chemo-
radiation therapy [22, 39]. Surgical excision of the tumor 
has been demonstrated to result in a reduction in tumor 
size, the rate of tumor growth, and the incidence of sei-
zures, improves the patient condition, and increases the 
overall survival [7, 28, 40]. However, surgery and a his-
tory of preoperative seizures may increase the risk of 
BTRE in the postoperative period [28].

A number of authors have demonstrated a correlation 
between the tumor epileptogenic potential and its growth 
rate [39]. The BTRE/GRE recurrence in the postoperative 
period or after first-line anti-tumor therapy may be at-
tributed to tumor progression [30, 41]. Thus, the occur-
rence of seizures within 30 days post-surgery is a predic-
tor of unfavorable outcome in GBM patients [42].

TREATMENT OF BRAIN TUMOR-
RELATED EPILEPSY

The occurrence of BTRE in MBG patients requires the 
use of AEDs for seizure control, management, and sec-
ondary prevention [29, 39]. Patients with untreated BTRE 
tend to have a lower overall survival [14, 39]. Typically, 
a single AED is sufficient for the treatment of BTRE. How-
ever, in approximately 30% of cases, the administration 
of two or more AEDs is necessary, which increases the 
risk of adverse drug reactions, drug interactions, and, in 
some cases, BTRE resistance to treatment, thereby fur-
ther reducing the quality of life [14, 22, 39]. The elevated 
risk of epilepsy relapse often requires the prolonged use 
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of AEDs in BTRE patients [39]. The choice of AEDs for 
each BTRE patient is individualized, based on a compre-
hensive assessment of efficacy, tolerability, dose regi-
men and titration, pharmacokinetics, comorbidities, and 
the potential for drug interactions [43].

The potential for drug interactions between AEDs 
and chemotherapeutics represents a significant concern, 
particularly in light of the potential for decreased effi-
cacy of anti-tumor therapy and/or increased toxicity [44]. 
The preferred AEDs are those that have no significant 
drug interactions, do not affect the liver monooxygen-
ase system (MOS) activity, and do not have hematotoxic 
or immunosuppressive effects [26, 39]. The use of AEDs 
for the treatment of BTRE should be accompanied by 
a low risk of neurotoxicity, since the majority of MBG 
patients present with some degree of cognitive disorders 
[39, 45].

Valproic acid (VPA), phenytoin (PHT), carbamazepine 
(CBZ), and levetiracetam (LEV) are commonly used to 
treat BTRE [26, 39, 46]. However, VPA is known to be as-
sociated with hepato- and neurotoxicity, the risk of bleed-
ing, suppression of hematopoiesis in the bone marrow, 
hormonal imbalance, and liver MOS activity inhibition, 
which increases the risk of drug interaction [8, 43, 47]. 
PHT and CBZ have been demonstrated to induce liver MOS 
activity and cause a number of endocrine disorders, alter 
vitamin D metabolism, contributing to osteopenia, and 
are known to be engaged in significant drug interactions 
[8, 43, 47]. Both drugs are sodium channel blockers that 
have been associated with cardiotoxicity, rhythm distur-
bances, and QRS prolongation [32, 47]. Similarly to PHT, 
CBZ has a hepatotoxic potential, increases the risk of 
bleeding, and may cause urinary tract disorders. The use 
of PHT is associated with the risk of aesthetic defects 
[32, 39, 47].

In recent years, LEV and PER have been used for the 
treatment of BTRE, and their anti-tumor activity has been 
demonstrated [48]. However, the use of LEV is limited 
due to adverse drug reactions such as behavioral and 
thinking disorders, hostility, aggression, irritability, and 
psychotic disorders [49–51].

Glutamate and AMPA receptor activation play an im-
portant role in the BTRE occurrence, mediating both sei-
zure activity and tumor progression [12, 13, 52]. In this 
regard, great interest is focused on PER, a third-gener-
ation AED, a selective non-competitive AMPA receptor 
antagonist [53–55].

PERAMPANEL IN EPILEPSY 
TREATMENT

PER inhibits glutamatergic transmission, reduces 
intracellular Ca2+, and suppresses abnormal brain pul-
sations in epileptogenic foci [13, 32, 39]. Administered 
once daily, PER has linear pharmacokinetics, high 

bioavailability (100%), and long half-life (105–130 h) [39]. 
At therapeutic doses, PER does not affect liver MOS acti-
vity, and at high doses it is a weak inducer of CYP2B6 and 
CYP3A4/5 [10, 43].

The lack of significant effects on liver MOS, uridine di-
phosphate-glucuronosyltransferases and P-glycoprotein 
activities contributes to the low risk of PER drug interac-
tion [8]. PER is used for the treatment of focal and ge-
neralized epilepsy [56], including in combination therapy 
of drug-resistant epilepsy [21, 46, 57]. A pooled analysis 
of three large, placebo-controlled, phase III studies 
involving 1480 patients with drug-resistant epilepsy 
treated with AEDs that induce liver MOS activity [58, 59] 
showed that the addition of PER (at 4–12 mg) provided 
a two-fold reduction in seizures [60]. These findings 
suggest that AEDs, which induce liver MOS activity, re-
duce PER blood levels without altering its antiepileptic 
activity [61].

Sagar et al. [57] performed a retrospective multi-
center study involving 387 patients with drug-resistant 
epilepsy. A ≥50% reduction in seizure frequency was 
observed in 41.3% of patients, while 14.7% of patients 
exhibited complete seizure freedom. The side effects in-
cluded neuropsychiatric disorders (18.86%) followed by 
dizziness (13.7%) and drowsiness (5.68%).

The efficacy of PER often allows for the withdrawal 
of other AEDs, which improves patient’s cognitive func-
tions and quality of life [54, 62]. An analysis of 9 studies 
including 241 epileptic patients demonstrated that PER 
has a neutral cognitive profile [63]. At doses <4 mg/day 
or ≥8 mg/day, PER did not affect or slightly decreased the 
psychomotor speed, respectively [10]. In contrast to most 
AEDs, PER does not affect intracardiac conduction and 
does not cause ataxia, tremor, diplopia, or nystagmus 
[32, 39, 47].

The most common adverse drug reactions associated 
with PER administration are dizziness and drowsiness; less 
common ones include irritability and anger [54, 62, 64]. 
Adverse drug reactions caused by PER are dose-depen-
dent, which requires the initiation of therapy with low 
doses with a gradual dose increase until the clinical ef-
fect is achieved [64].

EXPERIMENTAL STUDIES OF 
PERAMPANEL EFFICACY IN EPILEPSY 
TREATMENT

The efficacy of PER for BTRE was first reported in 
2016, when Cunningham et al. [65] showed that the ad-
dition of PER reduces interictal activity in peritumoral 
slices ex vivo [65]. In 2019, PER was revealed to sup-
press voltage-dependent Na+ currents in U87 glioma 
cells, which may contribute to the anticonvulsant effect 
of PER [66]. A number of studies have shown that AMPA 
receptor inhibition increases the tumor cell response to 
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chemotherapy in lung cancer, astrocytoma, neuroblas-
toma, and rhabdomyosarcoma [12, 13]. This suggested 
that AEDs (AMPA receptor antagonists) might have anti-
tumor effects [12, 13].

A study of the anti-tumor activity of LEV, VPA, CBZ, 
and PER on 4 low-passage GBM cell lines and 3 brain 
metastasis cell lines showed that only PER inhibited cell 
proliferation [67]. This was accompanied by a decrease 
in glucose uptake, extracellular glutamate levels, and an 
increase in both GLUL (glutamine synthetase/glutamate-
ammonia ligase) activity and GLUL gene expression [67]. 
The findings led to the conclusion that PER has both anti-
convulsant and anti-tumor activity [67].

Analysis of the effect of PER and its combination with 
temozolomide on the growth of human U87, A172, U138 
GBM cell lines showed that PER exerted an anti-prolif-
erative effect in all investigated cell lines by enhancing 
apoptosis processes, and also increased the expression 
of GluR2/3 subunits in U87 and U138 cell lines. In combi-
nation with temozolomide, however, a synergistic effect 
was found in U87 and A172 cell lines [68].

Tatsuoka et al. [48] studied the effect of PER on pro-
liferation of 6 malignant glioma cell lines (A-172, AM-38, 
T-98G, U-138MG, U-251MG, and YH-13). The observed 
dose-dependent inhibitory effect of PER on the cell line 
viability was also attributed to the induction of apop-
tosis, which was enhanced in combination with temo-
zolomide. In contrast, U-138MG cells with high levels of 
PAI-1 (plasminogen activator inhibitor1) expression were 
resistant to PER. PAI-1 is known to play an important 
role in the angiogenesis processes in tumor tissue and 
tumor progression. When tiplaxtinin, a PAI1 inhibitor, 
was combined with PER, the U138MG cell viability was 
reduced [48].

In 2022, Yagi et al. [37] studied the anti-tumor activ-
ity of PER, CBZ, VPA, and LEV on 6 malignant glioma 
cell lines (A-172, AM-38, T-98G, U-138MG, U-251MG and 
YH13) at doses used for BTRE treatment [37]. PER, VPA, 
CBZ and LEV were found to suppress cell proliferation 
in 6, 4, 3, and 2 cell lines, respectively. A study of the 
effects of AEDs in combination with temozolomide on 
T-98G and U-251MG cell lines revealed that PER inhibited 
tumor growth and migration in both cell lines, LEV inhib-
ited tumor growth and migration in T-98G cells, and CBZ 
and VPA had no effect [37]. PER has been shown to de-
crease the expression of Rac1 and RhoA, which constitute 
the cytoskeleton that enables cell motility. The authors 
found decreased expression of N-cadherin, a mesenchy-
mal marker, which is involved in cell migration. This was 
accompanied by decreased expression of matrix metal-
loproteinase2 and increased expression of E-cadherin, 
which enhances intercellular adhesion and reduces cell 
motility. This may explain the PER-induced suppression 
of tumor cell migration. The findings suggest that PER 
may have a positive effect on MBG outcomes [37].

Moreover, Lange et al. [69] experimentally estab-
lished that PER, when added to chemoradiation therapy, 
can protect healthy peritumoral tissues by preserving the 
activity of their glutamatergic network.

In 2020, Mayer et al. [52], who studied the anti-con-
vulsant and anti-tumor effects of PER in vitro, found that 
PER reduced glucose uptake without affecting the level 
of extracellular glutamate. To study the effects of PER 
in vivo, they created a GRE model: C6 glioma cells were 
orthotopically injected into the neocortex of Wistar rats. 
It was shown that PER eliminated abnormal electrical 
activity in the GRE rat model, while no effect of PER on 
tumor size or animal survival was found.

CLINICAL USE OF PERAMPANEL 
FOR EPILEPSY TREATMENT

In 2015, PER was used in combination therapy for 
partial seizures in a patient with GBM multiforme with-
out IDH1 mutation and O6-methylguanine-DNA methyl-
transferase (MGMT) methylation [70]. The median over-
all survival in patients with this disease is 6.5 months. 
The administration of PER increased the median overall 
survival in the GBM patient by approximately one year, 
seizures did not recur, and the toxicity of temozolomide 
did not increase [70].

The use of PER in 12 patients with low- and high-
grade MBG and drug-resistant epilepsy provided a re-
sponse to therapy in 9 patients (75%), a 50% reduction 
in seizure frequency in 3 patients (25%), and seizure 
freedom in 6 patients (50%) [11]. In 6 patients (50%), the 
authors found improvement in cognitive functions, which 
may be attributed to a decrease in the number of AEDs 
used in combination with PER [11].

According to Izumoto et al. [71], PER provided seizure 
control in 10 patients (100%) with glioma and drug-re-
sistant epilepsy, of whom 6 (60%) had complete seizure 
freedom. Magnetic resonance imaging revealed sup-
pression of tumor growth and reduction of peritumoral 
edema, which correlated with plasma PER concentration.

Dunn-Pirio et al. [72] showed the efficacy of PER as 
an additional AED for focal seizure control in 6 (75%) of 
8 BTRE patients, with 3 (37.5%) showing a seizure reduc-
tion and the other 3 (37.5%) showing an improved seizure 
control. The authors noted that 5 patients had tumors 
with IDH1 mutation and 2 had wild-type IDH1 tumors, and 
all patients had MGMT hypermethylation.

A retrospective analysis of data from 11 patients with 
glioma and epilepsy who received PER for 12 months as 
adjunctive therapy revealed a response to therapy in 
9 patients (81.8%), with 5 patients (45.5%) experienc-
ing complete seizure freedom, 4 patients (36.4%) ex-
periencing a ≥50% reduction in seizures, and only 
2 patients (18.2%) experiencing no change in seizure 
frequency [73].
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Later, in 2020, Maschio et al. [74] studied the ef-
ficacy of PER (at a mean daily dose of 6.6 mg/day) 
in 26 BTRE patients, of whom 16 received chemotherapy 
and 11 received radiation therapy. The use of PER resul ted 
in complete absence of seizures in 8 patients (30.8%) and 
a ≥ 50% reduction in seizures in 15 patients (57.7%). How-
ever, 4 patients (15.4%) reported adverse drug reactions, 
which required PER dose reduction in 2  patients and drug 
withdrawal in 2 patients. No neuropsychological changes 
were detected. The authors found no significant differ-
ences in seizure control in patients with or without IDH1 
mutations and with or without MGMT methylation [74].

Chonan et al. [46] showed that the addition of low-
dose PER (2–4 mg) to LEV (500–3,000 mg) in 18 GBM 
patients with uncontrolled seizures provided complete 
seizure freedom in 17 patients (94.4%).

According to the PERADET prospective observational 
study, which included 36 BTRE patients with uncontrolled 
focal seizures, the efficacy of PER (at 2–12 mg/day) was 
90.4% (34 patients), with complete absence of seizures 
observed in 33.3% (12 patients) [15].

In 2021, Heugenhauser et al. [6] showed the efficacy 
of PER in 5 patients with refractory BTRE, 2 of whom 
had SMART (Stroke-like migraine attacks after radia-
tion therapy) syndrome. The response rate was 80%, 
and 2 patients with SMART syndrome showed a ≥50% 
reduction in seizure frequency. Rossi et al. [55] analyzed 
13 studies with a sample size ranging from 8 to 36 pa-
tients who received additional PER (at 4–7 mg/day) for 
BTRE. At 6–12-month follow-up, 75%–95% of patients 
showed seizure freedom or a ≥50% reduction in seizure 
frequency. However, 11%–52% of patients experienced 
dizziness, pruritus, anxiety, or irritability, and only 12.5% 
of patients had to discontinue PER due to adverse drug 
reactions. According to the authors, PER is an effective 
and safe drug for BTRE treatment [55].

POTENTIAL MECHANISMS OF 
PERAMPANEL EFFICACY IN EPILEPSY 
TREATMENT

A comprehensive study of BTRE pathogenesis allows 
identifying new treatment targets with a lower risk of ad-
verse drug reactions and drug interactions, improving the 
efficacy of therapy and the quality of life [13]. The onco-
genesis and epileptogenesis are complex, multifactorial, 
and interrelated processes [8, 75]. Glutamate and its ef-
fects on ion-metabotropic receptors, such as AMPA, kai-
nate, and NMDA receptors (N-methyl-D-aspartate) play 
an important role in epileptogenesis and progression of 
tumor growth in GBM [12, 13, 76]. AMPA receptors, which 
provide rapid excitatory transmission in the central ner-
vous system, were found in GBM cells [77–79]. Increased 
glutamate secretion in MBG is known to promote tumor 
progression, the onset of epilepsy, neurodegeneration, 

and cognitive disorders [80]. Thus, the increase in glu-
tamate secretion in MBG is accompanied by an increase 
in the expression and activation of AMPA receptors, 
enhancing seizure activity and neuronal excitotoxicity 
[15, 21, 80]. AMPA receptor activation increases the re-
lease of brain-derived neurotrophic factor (BDNF) and 
the number of synapses between peritumoral neurons 
and glioma cells, which contributes to tumor progression 
[12, 13, 80]. The latter is associated with activation of 
neuroligin 3 (NLGN3), which increases β3 integrin ex-
pression and GBM cell sensitivity to chemotherapy-
induced apoptosis [22]. The expression of epidermal 
growth factor receptor (EGFR), fibroblast growth factor 
(FGFR), and vascular endothelial growth factor (VEGFR) 
increases, which is accompanied by the progression of 
tumor growth and invasiveness [10, 22]. The formation 
of AMPA-receptor-dependent neuron-glioma synapses 
leads to their electrochemical interaction and the forma-
tion of single neural circuits, contributing to the progres-
sion of tumor growth [79]. This is confirmed by intra-
operative electrocorticography demonstrating increased 
excitability of the glioma-infiltrated cerebral cortex [79]. 
In vitro and in vivo studies have shown that AMPA re-
ceptor inhibition and/or mutations provide epilepsy con-
trol, suppress calcium-related tumor invasion and GBM 
growth [22, 78, 80].

Of note, glutamate is released by GBM cells via the 
cystine/glutamate transporter, solute carrier family 
7 member 11 (SLC7A11, or xCT) [21, 75, 81], the expres-
sion of which is often increased in GBM cells [82, 83]. 
High levels of xCT correlate with a high frequency of 
epi-seizures in GBM patients [45, 75, 80]. Glutamate, by 
reducing cystine uptake via xCT, decreases the production 
of endogenous antioxidants, exacerbating the damaging 
effects of reactive oxygen species [13, 21]. High levels 
of glutamate, affecting depolarization processes, lead to 
an abnormal increase in intracellular calcium and conse-
quently exacerbate excitotoxicity [12, 21, 75].

The astrocytic enzyme GLUL is known to convert glu-
tamate to glutamine, reducing the glutamate level in the 
cell, which is accompanied by a decrease in seizure activity 
[84]. GLUL deficiency leads to glutamate accumulation and 
the onset of seizures, as evidenced by lower GLUL levels 
in GRE patients compared to GBM patients without epilepsy 
[22, 85]. A GLUL expression pattern has been shown to cor-
relate with survival rates in GBM patients [22, 85].

The increase of Cl– ions in glioma cells and in peritu-
moral tissue is important in MBG-related epileptogenesis 
[45, 86]. Injection of GABA into peritumoral tissues after 
glioma removal is accompanied by a >140% increase in 
the expression of Na-K2Cl-cotransporter type 1 (NKCC1), 
which mediates the penetration of Cl– ions into neurons 
[45, 86]. Increased GABA levels around glioma cells 
may activate excitation rather than inhibition processes 
with increased epileptic activity in the peritumoral zone 
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[45, 86]. Increased Cl– levels in glioma cells, oxidative 
stress, hypoxia, and acidosis contribute to tumor pro-
gression [21, 45, 72]. Given the important role of gluta-
mate in tumor invasion and epileptogenesis in BTRE, PER, 
which inhibits AMPA receptors, is of particular interest 
[13, 47, 55]. It was shown that PER, by inhibiting the in-
tracellular penetration of Na+ and K+ ions and preventing 
depolarization of neurons and glioma cells, can not only 
effectively control seizures in BTRE, but also suppress 
tumor progression [12, 13, 54]. PER also decreases glu-
cose uptake, glutamate levels, and increases GLUL gene 
expression and activity [53, 67, 79].

The activation of apoptosis in malignant glioma cell 
lines, the ability to inhibit tumor cell migration, and the 
protective effect on healthy peritumoral tissues during 
chemoradiation are important aspects of the PER efficacy 
[37, 48, 69].

CONCLUSION
The experimental studies demonstrate that PER has 

the anti-tumor potential, does not reduce the efficacy 
of anti-tumor drugs and is even able to exhibit adjuvant 
properties in radiochemotherapy, which increases its im-
portance in the treatment of BTRE patients [48, 67, 69].

Clinical trials, despite their small number and lim-
ited samples, indicate the potential efficacy of PER either 
alone or as an adjuvant AED in the treatment of BTRE 
patients [15, 71, 74].

Different studies have shown that the number of BTRE 
patients who responded to PER therapy ranged from 75% 
to 100%, with complete absence of seizures observed in 
33.3%–94.4% and a ≥50% reduction in seizure frequency 
in 12.5%–57% of patients [11, 46, 72].

The efficacy of PER in BTRE patients with IDH muta-
tions/MGMT methylation remains inconclusive based on 
the available clinical data. Further studies are necessary 
to elucidate the potential benefits of PER in this patient 
population [13].

Data from most clinical studies indicate good toler-
ability of PER in BTRE patients, and the described adverse 
drug reactions are mild and do not require drug with-
drawal [87, 88]. In BTRE patients, PER may cause adverse 
drug reactions such as increased irritability or hostility; 
therefore, it is not used at all or used with caution in 
patients with serious mental conditions [87, 88]. Aggres-
sion predictors include high doses of PER (8 mg/day or 
higher), psychotic/depressive symptoms, and variations 
in glutamate levels in the amygdala, hypothalamus, and 
periaqueductal gray matter [64, 89]. Finally, aggression 
and anger, and a number of symptoms (headache, diz-
ziness, and anxiety) may be attributed to the tumor and 
its progression [43, 64]. It is essential to consider the 
time to the symptom onset and a PER dose administered 
[53, 88].

AED tolerance in BTRE patients may be influenced by 
chemoradiation, often exacerbating/provoking adverse 
drug reactions to AEDs [64].

The data available to date suggest that PER is an ef-
fective and safe drug that may be used as a new ad-
junctive treatment for controlling epi-seizures in BTRE 
patients, including those with refractory BTRE, and in 
patients with SMART syndrome.

Considering the significance of BTRE treatment, clinical ef-
ficacy and good tolerability of PER in BTRE patients, revealed 
anti-tumor effect, good compatibility with temozolomide, ra-
dioprotective effect on peritumoral tissues, further controlled 
studies involving a larger number of patients are needed to 
study in depth the mechanisms of the anti-convulsant and anti-
tumor efficacy of PER in the treatment of BTRE patients.
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