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ABSTRACT

Aim: To study carbacetam effect on the mitochondria of hippocampal neurons in rats of different sexes simulating metabolic syndrome.

Materials and Methods: The experiments were conducted on non-linear laboratory albino male and female rats with the body weight of 0,220-0,250 kg. To
create the pattern, the rats were kept (60 days) on a high-fat diet (fat enrichment was provided by the addition of solid pork lard) with free access to fructose
solution (100 g/L). Carbacetam was injected into the peritoneum in the dose of 5 mg/kg once a day during 14 days.

Results: Simulated metabolic syndrome was found to manifest by a decreased light scattering and an increased relative rate of mitochondrial swelling in the
hippocampal mitochondrial fraction; increased free radical lipid and protein oxidation with more marked changes in males. When rats with metabolic syndrome
receive carbacetam during 14 days, in their mitochondrial fraction light scattering and relative rate of mitochondrial swelling decrease, both in males and
females. The content of products reacting with 2-thiobarbituric acid and protein oxidative modification decrease, and catalase activity in males and females
increases, superoxide dismutase activity increases in males only.

Conclusions: Thus, a decreased intensity of mitochondrial swelling and improved condition of the antioxidant system of the hippocampal mitochondria of
rats with metabolic syndrome irrespective of their sex is indicative of the effective correction of GABA receptors by means of carbacetam under conditions of

the experiment.

KEY WORDS: metabolic syndrome, carbacetam, lipid and protein peroxide oxidation, mitochondrial functional state

INTRODUCTION

Urbanization, associated sedentary lifestyle, and over-
eating are the main cause of current health epidemic
- metabolic syndrome [1, 2]. Excessive caloric intake
and reduced energy loss lead to lipid accumulation
and obesity. Accumulated toxic lipids inhibit insulin
signaling in the liver and skeletal muscles provoking
insulin resistance [3, 4]. Metabolic syndrome is a com-
plex and multifactorial disorder affecting a large part
of the world’s population and is characterized by a
group of interrelated conditions that increase the risk
of cardiovascular diseases, stroke and type 2 diabetes
mellitus. Although definite etiology of the syndrome re-
quires further investigation, the recent researches have
determined a crucial role performed by mitochondria
in its pathogenesis.

According to science mitochondria that today are
considered as keys to solve numerous mysteries play
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an important role in energy metabolism and oxidative
stress, which is one of the molecular mechanisms of
damaging different organs and tissues with metabolic
syndrome [5, 6, 71. Since the neurons are restricted in
glycolytic abilities, their functional activity depends on
mitochondrial energy production more than other body
cells. Accumulation of mitochondria in the synapses
is a well-known fact. They provide the mechanisms of
transmission of nerve impulses [8]. Therefore, mito-
chondrial dysfunction is one of the pathogenic links of
metabolic disorders. At the same time, mitochondria are
known to contain gamma-aminobutyric acid (GABA).
Its functional cycle is closely associated with glucose
metabolism [9]. Considering cerebroprotective effects
of GABA agents with functional and organic disorders
of the CNS, learning carbacetam effect as a modulator
of GABA-ergic system with metabolic disorders taking
into account sexual differences is of certain interest.
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AIM

To study carbacetam effect on the mitochondria of hip-
pocampal neurons in rats of different sexes simulating
metabolic syndrome.

MATERIALS AND METHODS

The experiments were conducted on non-linear lab-
oratory albino male and female rats with the body
weight of 0,220-0,250 kg, kept under standard vivarium
conditions with a natural change of day and night ata
temperature of 18-22 °C and relative humidity of 40-60
%. The study was conducted keeping to the main prin-
ciples of the European Convention for the Protection
of Vertebrate Animals used for Experimental and other
Scientific Purposes (Strasburg, 1986); the EU Directives
N2 609 of 24.11.1986 and the Order of the Ministry of
Health of Ukraine N2 690 of 23.09.2009.

All the rats were divided into two groups by random
sampling method: 1 - control group; 2 — group with
simulated metabolic syndrome. To create the pattern,
the rats were kept (60 days) on a high-fat diet (fat en-
richment was provided by the addition of solid pork
lard) with free access to fructose solution (100 g/L) [10].
The reproduction of the syndrome was confirmed by
determining the fasting blood glucose concentration
in the blood plasma and positive glucose tolerance
test. Rats with hyperglycemia lower than 7,0 mmol/L
were isolated from the experiment. After that, the
group of rats with syndrome (7 rats) was injected with
carbacetam into the peritoneum in the dose of 5 mg/
kg during 14 days. The groups of comparison including
the control one and rats with simulated pathology (7
ratsin each group) 0,9 % NaCl solution was injected in
the same way.

Euthanasia of rats was conducted under chloroform.
The brain was removed in the cold and carefully washed
with cool 0,9 % NaCl solution. The hippocampus was
isolated according to a stereotaxic atlas [11]. Then it was
washed with cool (2-4°C) 0,9 % KCI solution, grinded,
homogenized in a 10-fold volume of pH 7,4 buffer
(saccharose 250 mM, EDTA 1 mM, tris-HCl 10 mM) [12].

The mitochondrial fraction was isolated by means of
differential centrifugation of the examined structure
homogenates: 700 g during 10 min (4°C), supernatant
-11 000 g during 20 min (4°C). The sediment was re-sus-
pended in 5 ml of pH 7,4 buffer (without EDTA), then
it was centrifuged again under similar conditions. The
mitochondrial fraction (the sediment obtained) was
re-suspended in the same buffer and immediately taken
for the examination.

Mitochondrial swelling was registered according
their ability to extension-contraction and optic density
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changes. Mitochondrial suspension was placed into the
incubation pH 7,4 buffer (mmol/L): saccharose - 150, KCl
-50,KH2P0O4 - 2, succinate - 1, tris-HCl - 5 (final volume
of 3 ml). The optic density level of the mitochondrial
suspension with A 520 nm was registered during 60 min
of swelling with Ca2+ inductor (50 mcmol/L) available.
The change in the level of mitochondrial swelling was
determined as the difference between the rate of or-
ganelle swelling at 5, 10, 15, 20, 30, 40, 60 min relative
to the initial value. The mitochondrial suspension in
the incubation medium without the inductor was used
as the control followed by further registration of the
optic density during 60 min. Protein concentration in
the incubation medium was 0,4 mg/ml. The change of
E520 parameters in the incubation medium was used to
calculate a relative rate of mitochondrial swelling [12].

Lipid peroxide oxidation (LPO) in the mitochondria
was assessed according to the levels of thiobarbituric
acid active products (TBAAP) [13]; carbonylation of the
mitochondrial proteins — by the amount of 2,4-dinitro-
phenylhydrazone derivatives with the formation of car-
boxylphenylhydrazone (CPH). It was presented in nmol
of carbonyl derivatives per 1mg of protein [14]. The state
of the antioxidant defense system in the mitochondria
was estimated according to the enzymatic activity of
superoxide dismutase (SOD) and catalase [12]. Protein
contentin the mitochondria was determined by Lowreh
method [15].

The results of the study was statistically processed
by means of Student criterion. To confirm reliability
of the conclusions the non-parametric Mann-Whitney
comparison test was used that demonstrated similar
results of the calculations obtained by the Student cri-
terion concerning p value. Differences were statistically
reliable with p<0,05.

RESULTS

Participation of the mitochondria in various critical
processes within the cell is a well-known fact. These are
oxidative phosphorylation, tricarboxylic acid cycle, fatty
acid oxidation, calcium ion homeostasis, and apoptosis
regulation [16]. Although, their main function is ATP
production in order to obtain energy. Disorders of the
main mitochondrial functions is usually characterized
as mitochondrial dysfunction. Recently the scientists
have associated it with numerous diseases. Therefore,
many studies are being carried out in order to find how
mitochondrial dysfunction is connected with patholo-
gy of different diseases, for example, with metabolic
syndrome and GABA-receptors.

Results of our studies demonstrated in Fig.1 and Fig.2
show the dynamics of intensity changes of the hip-
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pocampal mitochondrial swelling in male and female
rats. Thus, light scattering level of the mitochondrial
suspension in the control group of male and female rats
from the 1t to the 15" minute increased, and after the
20 to 60t - decreased. Thereby, our results obtained
coordinate with literature data concerning physiolog-
ical role of the mitochondria in maintenance of their
own homeostasis due to their ability to maintain Ca2+
balance in the matrix.

Rats with metabolic syndrome in comparison with
those from the control group presented decreased
light scattering of the mitochondrial suspension after60
minutes of incubation by 45,71 % in males and 39,2 %
—in females (Fig. 1, 2). After a 14-day administration of
carbacetam rats with metabolic syndrome presented
gradual increase of light scattering both in males and
females — by 85,3 and 60,8 % respectively compared to
the simulated pattern of the pathology. Thus, simulation
of metabolic syndrome provoke more pronounced
mitochondrial lesions in male rats, but they respond
to carbacetam administration better.

Results of our studies showed (Fig. 3) that a relative
rate of mitochondrial swelling in rats with metabolic
syndrome decreased in comparison with the control
group both in males and females - by 50,0 % and 25,0
% respectively. It should be noted that after carbace-
tam administration, compared to the results obtained
from the group of simulated pathology, a relative rate
of mitochondrial swelling increased in both research
groups: by 59,5 % — in males and 16,0 % — in females.

That is, inn rats of both sexes with metabolic syn-
drome, the sensitivity of the mitochondrial pore to
the action of calcium ions increases, which is probably
related to the overload of these ions under pathological

Fig. 1. Intensity of mitochondrial swelling
in the hippocampus of male rats with
metabolic syndrome after carbacetam
administration during 14 days in the dose
of 5 mg/kg

Picture taken by the authors

conditions. A probable cause of these processes is a
disturbance of the membrane permeability. However,
administration of carbacetam to rats caused a decrease
in the level of mitochondrial swelling. It is possible that
the mechanism of carbacetam action is associated with
prevailing intensification of NAD-dependent oxidation,
which is one of the ways to increase the resistance of
the mitochondrial respiratory link [17].

In this respect, the next stage of our research was to
study the processes of lipid and protein oxidation in
the mitochondria. The results of our experiment are
presented in the Table 1. As we can see, the content of
products of lipid and protein peroxidation increases in
rats with metabolic syndrome. Thus, in rats with simu-
lated pathology the content of TBAAP increased in male
and female rats by 81,0 % and 97,6 % respectively. At
the same time, CPH content in these groups increased
as well. It was 56,3 % in males, and 41,9 % in females
compared to the control group of rats.

The results obtained are indicative of the activation of
lipid and protein peroxidation processes in both sexes
of rats with metabolic syndrome. At the same time, in
the research groups the activity of the major enzymes
of the antioxidant defense decreases. Thus SOD activity
32,6 % decreased in male rats with simulated pathology,
and the same tendency to decrease is found among
females. Catalase activity 21,5 % decreased in male rats
and 18,1 % in females.

Administration of carbacetam to rats promoted
a decrease in the content of TBAAP and CPH in both
groups, in comparison with the rats with simulated
pathology. Thus, inn male rats the content of TBAAP
and CPH decreased by 31,9 %, 21,3 %, and in female
rats by 27,3 %, 17,6 %, respectively. At the same time,
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Fig. 2. Intensity of mitochondrial
swelling in the hippocampus of female
rats with metabolic syndrome after
carbacetam administration during 14
days in the dose of 5 mg/kg

Picture taken by the authors

Fig. 3. Relative rate of mitochondrial
swelling in the hippocampus of

rats with metabolic syndrome after
carbacetam administration during 14
days in the dose of 5 mg/kg (M£m,
n=7)

Notes:* — reliability of differences
compared with the control group of
rats,

** — reliability of differences compared
with the group of rats with metabolic
syndrome

the activity of the antioxidant defense enzymes in-
creased. SOD activity increased by 24,1 % in males,
but among females only a tendency to increase the
enzymatic activity was found. Meanwhile, catalase
activity increased both in males and females - by 14,8
% and 11,2 % respectively.

Therefore, disorders of the mitochondrial func-
tional state and prooxidant-antioxidant imbalance
is found in both sexes with metabolic syndrome, but
more pronounced in males. Nevertheless, modula-
tion of GABA-receptors with carbacetam promotes
improved mitochondrial functional state and de-
creased processes of lipid and protein peroxidation
with activation of the antioxidant defense enzymes.
Male rats are exposed to the modulator effect better
than females.
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DISCUSSION

Ourexperimental dataare consistentwith the publications
of other scientists. In particular, it is believed that males
are more sensitive to oxidative stress than females [18].
First, this is due to increased leakage of superoxide
anion in the mitochondrial chain. In addition, they have
lower expression and activity of important antioxidant
enzymes, such as SOD and glutathione peroxidase. These
facts contribute to a greater accumulation of oxidative
damage over time in DNA, proteins and lipids, disrupting
the proper function of cells and tissues. Therefore, taking
into account sex differences in metabolic syndrome
will improve the understanding of pathogenesis and
contribute to the development of personalized medical
approaches to more effectively address the problems of
metabolic disorders.
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Table 1. Carbacetam effect on free radical lipid and protein oxidation in the mitochondria of the hippocampus of rats with metabolic syndrome

(M£m, n=7)
Indices LG Control Metabolic syndrome sl LIS LTS

groups carbacetam
The content of TBAAP, Males 11.6+0.66 21.0+1.14* 14.3+0.69* **
nmol/mg of protein Females 12.4+0.91 24.5+0.99* 17.840.59* **
The content CPH, Males 18.3+0.89 28.6+1.31% 22.5+0.79% **
nmol/mg of protein Females 22.4+0.66 31.8+0.73% 26.2+0.88% **

The activity of SOD, Males 0.43+0.039 0.29+0.008* 0.36+0.015%*

units / mg of protein Females 0.37+0.050 0.28+0.023 0.32+0.024

The activity Of Cata|asel MaleS 191.8+7.97 150.5+4.31* 172.7+3.17**
memol H202/ min of mg of protein ——, '~ 180.4+5.62 147.9+2.89* 164.4+2.21% **

Notes:* — reliability of differences compared with the control group of rats,

** — reliability of differences compared with the group of rats with metabolic syndrome.

Source: compiled by the authors of this study

In addition, the more pronounced sensitivity of GABA
receptors to the action of carbaracetam in males due to
theincreasein the activity of antioxidant defense enzymes
is probably due to a certain ratio of sex hormones. For
example, it is known that significant differences in GABA
concentrations are observed during the estrous cycle in
females. This indicates the relationship between the neural
system and sex hormones and their significant role in the
expression of feedback [19]. This assumption is based on
the data of other scientists, since in our experiment we did
not determine the levels of hormones, which is a prospect
for further research. After all, hormonal differences are
the main cause of behavioral and physiological changes
observed between individuals. At the same time, there
are few studies that show sex-related differences in
the functioning of the GABA-ergic system. Sex bias is
observed in many pathological mechanisms [19]. Taking
into account all the above, it confirms the importance
of this study to determine the relationship between
gender and GABAergic receptors observed in metabolic
syndrome. Understanding these processes will provide an
opportunity to influence the prevalence and progression
of the disease, and will serve as a basis for the development
of new preventive and therapeutic strategies.

Modulation of type A GABA-receptors, which regulate
permeability of chlorine channels, is a probable mecha-
nism of correction of the obtained changes [20]. Accord-
ing to the science, it is this type of receptors located in
the walls of the cerebral vessels. Their stimulation pro-
motes vasodilation and improvement of blood supply
to the brain [21]. Therefore, these processes improve
blood flow volume and brain oxygenation. In its turn,
it slows the intensity of lipid and protein peroxidation
processes. It results in a decreased generation of oxygen
active forms and insulin resistance [22, 23]. Accordingly,

the balance between energy production and its use is
restored leading to better cellular metabolism. Since
disturbed metabolism is the main cause of metabolic
syndrome, it is one of the possible mechanisms of its
prevention and treatment.

In addition, in our studies, we observe an increase in
the activities of antioxidant defense enzymes - SOD and
catalase when using carbaracetam. This indicates the
ability of this drug, through the modulation of GABA
receptors, to restore antioxidant defense when it is re-
duced, in particular - metabolic syndrome. Its binding to
these type A receptors causes conformational changes
in ion channels of cell membranes, due to which the
permeability of the central part of the channel for
chloride ions increases [24]. It provokes conformation
changes in the ion channels of the cellular membranes
due to which permeability of a central part of the chan-
nel for chlorine ions increases. Increased entrance of
chlorine ions causes hyperpolarization and metabolism
correspondence to the functional requirements of the
cells. At the same time, glutamate-calcium excitotox-
icity cascade is modulated and calcium-dependent
pathologic reactions decrease. The changes indicated
result in decreased formation of oxygen active forms,
LPO, and increased activity of the antioxidant protec-
tion enzymes.

One of the probable protective mechanisms of car-
bacetam action is increasing affinity of the nerve cells
to GABA-benzodiazipine receptor complex, which
decreases hyperexcitability of glutamate receptors and
glutamate excitotoxicity respectively [25]. It results in
decreased activity of NO-synthase, reduced production
of NO, increased content of reduced glutathione and
its enzymes. As a result, functional stability of neurons
increases [25].
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Scientific literary sources report that oxidative stress
and mitochondrial dysfunction participate in the pa-
thology of metabolic diseases, which is evidenced in our
studies [26]. Based on the obtained results, we observe
improvement of the functional state of mitochondria
in the hippocampus of rats after carbacetam adminis-
tration, which is indicative of an important value of GA-
BA-receptors in metabolic disorders. Meanwhile, further
studies are required to learn the role of GABA-receptors
in metabolic disorders and the ways responsible for the
mitochondrial function and sensitivity to insulin in the
human body.

CONCLUSIONS

1. When simulating metabolic syndrome in the mito-
chondrial fraction of the hippocampus of rats, light
scattering decreases and a relative rate of mitochon-

drial swelling increases; free radical oxidation of
lipids and proteins increases with more pronounced
changes in males.

. 14-day administration of carbacetam to rats with

metabolic syndrome promotes a decrease in light
scattering and a relative rate of mitochondrial
swelling in both males and females observed in
the mitochondrial fraction. The content of products
reacting with 2-thiobarbituric acid and protein ox-
idative modification decrease. Catalase activity in
both males and females increases, and superoxide
dismutase increases in males only.

. Adecreased intensity of mitochondrial swelling and

improved condition of the antioxidant system of the
hippocampal mitochondria of rats with metabolic
syndrome irrespective of their sex is indicative of the
effective correction of GABA receptors by means of
carbacetam under conditions of the experiment.

REFERENCES

1. Mozaffarian D. Perspective: Obesity-an unexplained epidemic. Am J Clin Nutr. 2022;115(6):1445-1450. doi:10.1093/ajcn/ngac075.

Dol

2. Jha BK, Sherpa ML, Imran M et al. Progress in Understanding Metabolic Syndrome and Knowledge of Its Complex Pathophysiology.
Diabetology. 2023;4:134-159. doi:10.3390/diabetology4020015. ‘pol&
3. Chandrasekaran P, Weiskirchen R. Cellular and Molecular Mechanisms of Insulin Resistance. Curr. Tissue Microenviron. Rep. 2024;5:79-90.

doi:10.1007/543152-024-00056-3. “or&

4. Li M, Chi X, Wang Y et al. Trends in insulin resistance: insights into mechanisms and therapeutic strategy. Sig Transduct Target Ther.

2022;7:216-221. doi:10.1038/541392-022-01073-0. “ore

5. Protasyuk L. Mitokhondrial'na farmakolohiya — maybutnye likars'koyi terapiyi. [Mitochondrial pharmacology — the future of drug
therapy]. PharmaMedia. https://thepharma.media/uk/medicine/30584-mitoxondrialnaya-farmakologiya-budushhee-lekarstvennoi-

terapii-20102022 [Accessed 29 April 2025] (Ukrainian)

6. Yuan Q, Zeng ZL, Yang S et al. Mitochondrial Stress in Metabolic Inflammation: Modest Benefits and Full Losses. Oxid Med Cell Longev.

2022;22;2022. doi:10.1155/2022/8803404. ‘boie&

7. Masenga SK, Kabwe LS, Chakulya M, Kirabo A. Mechanisms of Oxidative Stress in Metabolic Syndrome. Int. J. Mol. Sci. 2023;24:7898.

doi:10.3390/ijms24097898. (boi&

8. Faria-Pereira A, Morais VA. Synapses: The Brain's Energy-Demanding Sites. Int. J. Mol. Sci. 2022;23:3627. do0i:10.3390/ijms23073627.

DOl

9. Andersen JV, Schousboe A.. Milestone Review: Metabolic dynamics of glutamate and GABA mediated neurotransmission — The essential
roles of astrocytes. J Neurochem. 2023;166:109-137. doi:10.1111/jnc.15811. bol&
10. Gunawan S, Aulia A, Soetikno V. Development of rat metabolic syndrome models: A review. Vet World. 2021;14(7):1774-1783.

doi:10.14202/vetworld.2021.1774-1783. (pol&

11. Paxinos G, Watson Ch. The Rat Brain in Stereotaxic Coordinates. 7-th Edition. Academic Press. 2013, p.472.

12. Kmet OG, Filipets ND, Rohovyi YuYe et al. Assessment of carbacetam effect with cerebral mitochondrial dysfunction of rats with type 2
diabetes mellitus. Problems of Endocrine Pathology. 2020;3:16-24. doi: 10.21856/j-PEP.2020.3.02. (por&

13. Kushnir OYu, Yaremii IM, Shvets VI, Shvets NV. Influence of melatonin on glutathione system in rats skeletal muscle under alloxan induced
diabetes. Fiziolohichnyi zhurnal. 2018;64(5):54-62. doi: 10.15407/f264.05.054. (oi&

14. Kopylchuk GP, Voloshchuk OM. Peculiarities of the free radical processes in rat liver mitochondria under toxic hepatitis on the background
of alimentary protein deficiency. Ukr. Biochem. J. 2016;88(2):66-72. doi: 10.15407/ub;j88.02.066. ‘Dol

15. Zhukovska AS, Shysh AM, Moibenko 00. Effect of w-3 polyunsaturated fatty acids on the heart mitochondria respiration in experimental
diabetes mellitus. Int J Physiol Pathophysiol. 2012;3(4):363-370. doi: 10.1007/511010-013-1943-9. ‘bol&

16. Chen W, Zhao H, Li Y. Mitochondrial dynamics in health and disease: mechanisms and potential targets. Sig Transduct Target Ther.

2023;8:333-339. doi: 10.1038/541392-023-01547-9. (boi&

2024


https://doi.org/10.1093/ajcn/nqac075
http://www.doi.org/
https://doi.org/10.3390/diabetology4020015
http://www.doi.org/
https://doi.org/10.1007/s43152-024-00056-3
https://doi.org/10.1007/s43152-024-00056-3
http://www.doi.org/
https://doi.org/10.1038/s41392-022-01073-0
http://www.doi.org/
https://thepharma.media/uk/medicine/30584-mitoxondrialnaya-farmakologiya-budushhee-lekarstvennoi-terapii-20102022
https://thepharma.media/uk/medicine/30584-mitoxondrialnaya-farmakologiya-budushhee-lekarstvennoi-terapii-20102022
https://doi.org/10.1155/2022/8803404
http://www.doi.org/
https://doi.org/10.3390/ijms24097898
https://doi.org/10.3390/ijms24097898
http://www.doi.org/
https://doi.org/10.3390/ijms23073627
http://www.doi.org/
https://doi.org/10.1111/jnc.15811
http://www.doi.org/
https://doi.org/10.14202/vetworld.2021.1774-1783
https://doi.org/10.14202/vetworld.2021.1774-1783
http://www.doi.org/
https://doi.org/10.21856/j-PEP.2020.3.02
http://www.doi.org/
https://doi.org/10.15407/fz64.05.054
http://www.doi.org/
http://dx.doi.org/10.15407/ubj88.02.066
http://www.doi.org/
https://doi.org/10.1007/s11010-013-1943-9
http://www.doi.org/
https://doi.org/10.1038/s41392-023-01547-9
http://www.doi.org/

Assessment of carbacetam effect on the mitochondria of hippocampal neurons in rats of different sexes...

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Bennett CF, Latorre-Muro P, Puigserver P. Mechanisms of mitochondrial respiratory adaptation. Nat Rev Mol Cell Biol. 2022;23(12):817-
835. doi: 10.1038/541580-022-00506-6. (Dol &

Martinez de Toda |, Gonzélez-Sanchez M, Diaz-Del Cerro E et al. Sex differences in markers of oxidation and inflammation. Implications
for ageing. Mechanisms of Ageing and Development. 2023;211:111797. doi: 10.1016/j.mad.2023.111797. (boi&

Pandya M, Palpagama TH, Turner C et al. Sex- and age-related changes in GABA signaling components in the human cortex. Biol Sex
Differ. 2019;10(5). doi: 10.1186/513293-018-0214-6. (b0l &

Menzikov SA, Zaichenko DM, Moskovtsev AA et al. Phenols and GABAA receptors: from structure and molecular mechanisms action to
neuropsychiatric sequelae. Front. Pharmacol. 2024;15:1272534. doi: 10.3389/fphar.2024.1272534. (boi&

Kim HR, Martina M. Bidirectional Requlation of GABAA Reversal Potential in the Adult Brain: Physiological and Pathological Implications.
Life 2024;14:143. doi: 10.3390/life14010143. (pol&

Lushchak VI, Duszenko M, Gospodaryov DV, Garaschuk 0. Oxidative Stress and Energy Metabolism in the Brain: Midlife as a Turning Point.
Antioxidants (Basel). 2021:10(11):1715. doi: 10.3390/antiox10111715. (bor&

Salvagno M, Sterchele ED, Zaccarelli M et al. Oxidative Stress and Cerebral Vascular Tone: The Role of Reactive Oxygen and Nitrogen
Species. Int. J. Mol. Sci. 2024;25:3007. doi: 10.3390/ijms25053007. ‘poi&

Sallard E, Letourneur D, Legendre P. Electrophysiology of ionotropic GABA receptors. Cell. Mol. Life Sci. 2021;78:5341 - 5370. doi: 10.1007/
500018-021-03846-2. bol&

Khaitovich MV. GABA-ergic neuroprotection: clinical application. Medicines of Ukraine. 2016;1(197-198):33 — 38. doi: 10.37987/1997-
9894.2016.1-2(197-8).203393. (poi&

Masenga SK, Kabwe LS, Chakulya M, Kirabo A. Mechanisms of Oxidative Stress in Metabolic Syndrome. Int. J. Mol. Sci. 2023;24:7898.
doi: 0.3390/ijms24097898. (por&

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

Olha H. Kmet

Bukovinian State Medical University

2 Teatralna Sq., 58002 Chernivtsi, Ukraine
e-mail: kmet.olga@bsmu.edu.ua

ORCID AND CONTRIBUTIONSHIP

Olha M. Pryzhbylo: 0009-0006-1427-5955 A 8 ¢
Olga G. Kmet: 0000-0003-0336-1103 A (F

Tamara |. Hrachova: 0000-0001-9142-6696 F
Natalya M. Fundiur: 0000-0002-5336-0355 (E

Iryna D. Vizniuk: 0000-0002-5879-4574 &

A —

Work conceptand design, ‘B —Data collection and analysis, ‘¢ —Responsibility for statistical analysis, ' —Writing the article, ‘e —Critical review, ‘F — Final approval of the article

RECEIVED: 10.10.2024
ACCEPTED: 28.08.2025 CREATIVE COMMONS 4.0

2025


https://doi.org/10.1038/s41580-022-00506-6
http://www.doi.org/
https://doi.org/10.1016/j.mad.2023.111797
http://www.doi.org/
https://doi.org/10.1186/s13293-018-0214-6
http://www.doi.org/
https://doi.org/10.3389/fphar.2024.1272534
http://www.doi.org/
https://doi.org/10.3390/life14010143
http://www.doi.org/
https://doi.org/10.3390/antiox10111715
http://www.doi.org/
https://doi.org/10.3390/ijms25053007
http://www.doi.org/
https://doi.org/10.1007/s00018-021-03846-2
https://doi.org/10.1007/s00018-021-03846-2
http://www.doi.org/
https://doi.org/10.37987/1997-9894.2016.1-2(197-8).203393
https://doi.org/10.37987/1997-9894.2016.1-2(197-8).203393
http://www.doi.org/
https://doi.org/10.3390/ijms24097898
https://doi.org/10.3390/ijms24097898
http://www.doi.org/

