Hay4HO-NpaKTU4eCKNit XypHan OPUTUHA/JIbHAA CTATbA

OAPMALINA N ' DRI
OAPMAKOJOIMS DOI: 10.19163/2307-9266-2023-11-3-211-227

‘ M) Check for updates ‘ G:C)

Neuroprotective properties of GABA and its derivatives
in diabetic encephalopathy in old animals

I.N. Tyurenkov?, D.A. Bakulin?, A.V. Smirnov?, M.R. Ekova’?, A.l. Bisinbekova?, G.L. Snigur'?,
Yu.l. Velikorodnaya'?, E.l. Morkovin'?, D.V. Verkholyak?, O.S. Vasilyeva?

1Volgograd State Medical University,

1, Pavshikh Bortsov Sq., Volgograd, Russia, 400131
2Volgograd Medical Research Center,

1, Pavshikh Bortsov Sq., Volgograd, Russia, 400131
3Herzen Russian State Pedagogical University,

48, Moika Embankment, St. Petersburg, Russia, 191186

E-mail: mbfdoc@gmail.com

Received 26 Dec 2022 After peer review 15 June 2023 Accepted 11 July 2023

The aim of the work was to evaluate the GABA neuroprotective properties and its structural analogues in old animals after
seven months of hyperglycemia.

Materials and methods. Diabetes mellitus was modeled in white outbred male rats (12 months old) by the administration
of a streptozotocin (65 mg/kg) and nicotinamide (230 mg/kg) combination. After 6 months, the animals with a postprandial
glycemia level between 11 and 18 mmol/l were selected for the study. After the groups had been formed, the animals were
administrated with GABA and GABAergic compounds (Compositions MPBA and PPC), respectively, for 1 month, the control
group animals were administrated with saline. After the treatment, an oral glucose tolerance test and a set of behavioral tests
aimed at studying sensory-motor (Open Field, Adhesion test, Rotarod) and cognitive functions (New Object Recognition and
Morris Water Maze), as well as the functional state evaluation of the endothelium were performed. Further on, sampling of
blood and brain tissues for a biochemical and enzyme immunoassay (the level of glucagon-like peptide-1 (GLP-1) and TNF-a
in serum and the level of Klotho protein, BDNF, Nrf2, NF-kB and malondialdehyd (MDA) in brain homogenates), as well as a
morphological analysis of changes in CA1 and CA3 neurons of the hippocampus and somatosensory cortex, was carried out.
Results. GABA and compositions with its derivatives had a pronounced neuroprotective effect in old animals with prolonged
hyperglycemia. The hypoglycemic effect of the studied compositions was accompanied by an increase in the production
of GLP-1. In the animals with DM, after 6 weeks of the test substances administration, higher rates of sensory-motor and
cognitive functions and a less structural damage to the sensory-motor cortex and the brain hippocampus were recorded.
These effects may be due to higher levels of the Klotho proteins, Nrf2 and BDNF, as well as lower levels of NF-kB, which may
underlie the suppression of the oxidative stress, the reduction of MDA and inflammation (TNF-a).

Conclusion. After 6 weeks of the administration, GABA and its compositions in old animals (19 months old) significantly
improved sensory-motor and cognitive functions, reduced negative structural changes in the hippocampus and somatosensory
cerebral cortex.

Keywords: GABA; Klotho protein; diabetes mellitus; streptozotocin; NF-kB; Nrf2; GLP-1; endothelium; hippocampus
Abbreviations: BDNF — Brain-Derived Neurotrophic Factor; eNOS — endothelial nitric oxide synthase; NF-kB — nuclear
factor-kB; Nrf2 — nuclear factor erythroid 2-related factor 2; STZ-NA — the streptozotocin-nicotinamide diabetes model;
TNF o — tumour necrosis factor alpha; vVWF — von Willebrand’s factor; KP — Klotho protein; GABA — gamma-amino-butyric
acid; GLP-1 — glucagon-like peptide-1; DI — Discrimination index (New Object Recognition test); ELISA — enzyme-linked
immunosorbent assay; CBF — cerebral blood flow; OF — Open Field; OGTT — oral glucose tolerance test; NOR — New Object
Recognition; DM — diabetes mellitus; CEC — circulating endothelial cells.
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Lenb. OueHUTb HeMponpoTeKTopHble cBoiicTBa TAMK © €€ CTpyKTYpHbIX aQHa/IoOfOB Ha CTapblX KMBOTHbIX Mocae
NPOAO/IKUTENbHOWN rMneprankemmm (7 mec).

Matepuanbl U metoabl. CaxapHblit AnabeT mogennpoBanu Ha 6enbix ayTbpenHbIX Kpblcax-caMuax B Bo3pacte 12 mec
NocpeACcTBOM BBEAEHMA KOMBWHaUMM cTpenTo3oToumHa (65 mr/kr) u HukoTMHamuga (230 mr/kr). Yepes 6 mec ana
nccienoBaHua 6bliv 0TOBPaHbl MUBOTHbIE C YPOBHEM MOCTNPaHAMANAbHON nKemun mexay 11 u 18 mmonb/n. Mocne
dopmupoBaHua rpynn, B TedeHne 1 mec KMBOTHble COOTBETCTBEHHO nonyvyann TAMK n TAMK-epruyeckme coeamHeHun
(komnosunuma MOBA n ®IIC), KOHTPObHAA rpynna noayyana GU3MoNorMYecknin pacteop. Mocne neyeHns 6bia BbINOAHEH
nepopasibHbIM TECT Ha TO/NIEPAHTHOCTb K [/IFOKO3e M KOMMJIEKC NOBEAEHYECKMX TEeCTOB, HaMpaBAEHHbIX Ha M3yyeHue
CEHCOPHO-MOTOPHbIX (OTKpbIToe none, AaresvBHbIN TecT, PoTapos) M KOTHUTUBHbLIX GYHKUMIA (Pacno3HaBaHMe HOBOroO
obbeKTa M BoaHbl N1abupuHT Moppuca), a TakKe NpoBeseHa OLeHKa GYHKLUMOHANbHOTO COCTOAHMA aHAoTenus. [anee
6b11 Npon3BeaeH 3abop 06pa3LOB KPOBU M TKaHewW rosoBHoro mosra (FV) ana 6MOXMMUYECKOTO U UMMYHOPEPMEHTHOTO
(ypoBeHb rntokaroHonogobHoro nentnaa-1 (FMMN-1) n dpakTopa Hekposa onyxonun anbda (PHO-a) B CbIBOPOTKE M YPOBEHDL
6enka Knoto, BDNF, Nrf2, NF-kB 1 manoHoBoro avanbaernga (MAOA) B romoreHatax M), a Tak:ke gna mopdonormyeckoro
aHanu3a nameHeHu HeipoHos CA1 1 CA3 30H rMnmnokamna U COMaTOCEHCOPHOM Kopbl.

Pesynbtatbl. TAMK ¥ KOMMoO3uuUuMM C €€ NPOM3BOAHBLIMW OKa3a/iM BbIPAKEHHOE HeNpOoNpPOTEKTOPHOE JeincTeue Yy
CTapbIX MBOTHbIX C MPOAO/INKUTENBHOW TUMNEPI/IMKeMUEN. [MNOIIMKEMUYECKOe LENCTBME UCC/IeAYyEMbIX KOMMO3ULUIA
COMpOBOXAanocb nosblweHnem npogykuuun [MM-1. Y xusoTHbix ¢ C[ nocne 6 Hen BBeAEHUA UCCAedyeMbIX BELLEeCTB
perucTpupoBanm 6onee BbICOKME MOKA3ATE/IM CEHCOPHO-MOTOPHbLIX U KOTHUTUBHbLIX QYHKLMIA U MEHbLUME CTPYKTYpHble
NOBPEKAEHUA CEHCOPHO-MOTOPHOM Kopbl M runnokamna M. 3Tu addekTbl MoryT bbiTb 06ycnoBaeHbl 6onee BbICOKUM
ypoBHem 6enka Knoto, Nrf2 u BDNF, a Takke 6onee HU3KMUM ypoBHeM NF-KB, UTO MOMKET /siekaTb B OCHOBE NOAABNEHUS
OKUCUTENbHOrO cTpecca, cCHuxkeHua MAA v BocnaneHus (TNF-a).

3aknoueHune. TAMK 1 eé KoMMNosnumm y cTapbiX XUBOTHbIX (19 mec) nocne 6 Hen BBeAEHUA 3HAYMTENbHO YAy4yllann
CEHCOPHO-MOTOPHbIE U KOTHWUTUBHbIE YHKLMK, YMEHbLIANM HEeraTuBHble CTPYKTYPHble WM3MEHEeHWA B TUMMnoKamne u
COMATOCEHCOPHbIN Kope M.

Kntouesble cnosa: TAMK; 6enok KnoTo; caxapHblii guabeTt; ctpento3oTouunH; NF-kB; Nrf2; FMM-1; sHgoTenui; rmnnokamn
Cnucok cokpaiweHuit: BDNF — HelipoTpodumuyeckuii ¢aktop mosra; eNOS — aHOoTenvanbHas CUMHTasa OKcuaa asoTa;
M — ronosHol mo3r; NF-kB — aaepHbiit dakTop Kanna B; Nrf2 — sgepHbiii GakTop, poACTBEHHbIV 3pUTpOMaHOMY GaKTopy 2;
STZ-NA — mogenb CTpenTo30TOUNH-HUKOTUHaMUAHOTo guabeta; PHO-a — dpakTop Hekposa onyxonu anbda; VWF — dpaktop
Bunnunbparta; BK — 6enok Knoto; TAMK — ramma-ammHomacnaHaa kucnorta; MMN-1 — mtokaroHonoaobHbiv nentua-1; U4, —
UHOEKC ANCKPUMMHALMMK B TecTe Pacno3HaBaHWA HOBOro obbekTa; MDA — uMmyHobepMeHTHbIW aHanus; MK — mo3rosoi
KpoBoTOK; Ol — oTKpbIiToe nose; NTTI — nepopanbHbIii TECT HA TOIEPAHTHOCTb K ItoKo3e; PHO — TecT Pacno3sHaBaHWe HOBOTO
06bekTa; CLl — caxapHbili guabet; LIK — umMpKyanpyroLLme sHA0TENNAbHbBIE KTETKU.

INTRODUCTION

Diabetes mellitus (DM) is the most common
and progressive endocrine pathology. According to
the International Diabetes Federation (IDF), among
the world’s population aged 20-79 years, there are
currently 537 million people with diabetes, and by
2030, the number will reach 643, and by 2045 — 783
million [1]. With an increase in the number of patients
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with diabetes, the prevalence of its complications,
which lead to an early disability and premature death,
is steadily increasing, as well as the cost of their
treatment [2, 3].

Hyperglycemia provokes and exacerbates many
pathological conditions in almost all organs and tissues.
Prolonged hyperglycemia plays a significant role in the
development of encephalopathy affecting psycho-
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especially in adults and the elderly [4-6]. It has been
established that patients with diabetes are more prone
to cognitive impairment [7-9]. Xue M. et al. (2019),
based on a meta-analysis of 122 studies, showed
that DM increases the risk of developing cognitive
impairment and dementia by 1.25-1.9 times compared
with people without DM [7]. Therefore, important tasks
in the treatment of DM are not only the normalization
of glycemia, but also the prevention and treatment of its
complications.

Prolonged hyperglycemia in DM provokes not only
gluco-and lipotoxicity, butalso enhances an oxidative and
nitrosative stress, inflammation and other pathological
processes, which can lead to accelerated apoptosis and
death of intensively functioning cells in various organs
and tissues, as well as accelerate the aging process.
Among all the organs, the most sensitive and vulnerable
to these pathological factors is the brain, especially such
structures as the hippocampus and cortex [10]. Based on
the above, the authors concluded that it is necessary to
investigate the encephalopathic effects associated with
hyperglycemia, while focusing on the hippocampus and
somatosensory cortex.

In recent years, understanding of the physiological
role of the GABAergic system, which was originally
considered as the main inhibitory system playing a
decisive role in ensuring various brain functions, has
radically changed. Currently, GABA receptors and the
GABA-synthesizing enzyme (glutamate decarboxylase)
are found in the tissues of the cardiovascular and
respiratory systems, in immunocompetent cells, the
gastrointestinal tract, etc. [11, 12]. In pancreatic {3 cells,
the density of GABA receptorsis comparable to thatin the
brain [13]. Numerous publications also reflect the effect
of GABAergic substances on the pancreatic function [11,
12, 14]. GABA derivatives are widely used in the clinic as
drugs with neuro- and psychotropic effects and continue
to be actively studied in experimental pharmacology.
Thus, since DM is associated with a decrease in the
cognitive function and structural changes in the
brain [4-6], it seems promising to search for agents for
the correction of diabetic encephalopathy caused by
long-term hyperglycemia in a number of substances
with a GABAergic effect.

During the preliminary screening, among the
derivatives of linear and cyclic GABA, the substances
with a pancreatic protective effect were isolated (Fig. 1).
The results obtained formed the basis for the selection of
these compositions to study their effect on the function
and structure of the brain in old animals with long-term
hyperglycemia.

THE AIM of the work was to evaluate the GABA
neuroprotective properties and its structural analogues
in old animals after seven months of hyperglycemia.

Tom 11, Beinyck 3, 2023

Model objects

All the experiments were performed in accordance
with the legislation of the Russian Federation and the
technical standards of the Eurasian Economic Union for
good laboratory practice (GOST R 53434-2009, GOST
R 51000.4-2011). The study design and protocol were
approved by the local ethical committee of Volgograd
State Medical University, Protocol No. 2022/116 dated
March 4, 2022 (registration number IRB 00005839 IORG
0004900 [OHRP]).

The experimental study was carried out on 50
outbred laboratory rats obtained from the nursery of
“Stolbovaya” (Moscow region, Russia) at the age of
4-5 months. Animals were kept in the vivarium of the
Scientific Center for Innovative Medicines of Volgograd
State Medical University at the temperature of 20—
22°C, the air humidity of 40-60%, the light regime of
12/12 h and a free access to drinking water and food
(GOST R 51849-2001) (LLC Laboratorkorm, Moscow,
Russia). By the beginning of the experiment, at the time
of the administration of streptozotocin, the animals had
reached the age of 12 months.

Test compounds

Composition MPBA (a composition of a linear
GABA derivative with L-arginine) exhibits pronounced
endothelioprotective properties [15, 16]. This also
indicates the expediency of its study as a means for the
prevention of DM vascular complications CD (Fig. 1).

Composition PPC (a composition of a 2-pyrrolidone
derivative with succinic acid) has a nootropic, neuro-,
cardioprotective effect [17, 18].

The both compositions were selected among various
GABA derivatives in preliminary screening studies to
research their pancreoprotective effect on the alloxan
model of DM in animal survival tests, a preservation
of B-cell mass, an ability to stimulate the production of
glucagon-like peptide-1 (GLP-1) and improve a glucose
utilization.

GABA was chosen as a reference substance for
comparison of pancreatic protective properties, which
are well reflected in the literature [12, 14].

Pathology modeling

DM was modeled by an intraperitoneal (ip)
administration of streptozotocin — 65 mg/kg with
a preliminary (15 min before) administration of
nicotinamide (230 mg/kg, i.p.). Streptozotocin was
diluted in cold citrate buffer (1 mM, pH 4.5); nicotinamide
was diluted in a NaCl solution (0.9%). After 3 days, blood
glucose levels were determined in all animals, and 50
individuals with a postprandial glycemia level of more
than 11 and less than 18 mmol/l were selected for
the experiment. Glucose levels were measured using
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a Contour TS glucometer and appropriate test strips
(Bayer). The blood for measurements was taken by
puncture of the hyoid vein.

Experiment design

Subsequently, 50 selected animals were under
constant observation for 6 months (after modeling DM)
in the vivarium of the Scientific Center for Innovative
Medicines of Volgograd State Medical University. Every
4 weeks, the level of glycemia was measured. During
this observation period, prolonged DM caused the
death of 6 (12%) animals, and 4 (8%) had a significant
increase in postprandial glycemia (>18 mmol/l) and they
were excluded from the study before the distribution
into groups. After 6 months, fasting glycemia (4 h after
food intake) was evaluated in rats and an oral glucose
tolerance test (OGTT) was performed, in which glucose
was administered at the dose of 4 g/kg (per os). Next,
the rats were randomly distributed into 4 equal groups
(n=10) with an average comparable level of glycemia
(from 7.5 to 9.5 mmol/I after 4 h of fasting). After that,
GABA, MPBA, and PPC were administered daily and
continuously at the dose of 1000, 20, and 50 mg/kg
(per os), respectively, for 30 days and then for another
2 weeks, during which the condition of the animals was
evaluated. The negative control group (DM+0.9% NaCl)
was similarly treated with saline (0.9% NaCl) in the
volume of 0.1 ml/100 g (n=10). For the positive control,
the rats without DM (intact) of the same age from the
same animal importation lot (n=10) were used.

After 30 days of the test substances administration,
the following manipulations were performed in turn for
12 days: on the 1% day an OGTT with the determination
of glucose and GLP-1 was carried out: on the 2"-3" days,
a sensory-motor function was assessed in the Open Field
(OP) tests, an Adhesion test, and a motor coordination
in the Rotarod test. On the 4" day, a NOR test was
performed; on the 5-9" days, a Morris water maze
test took place; on the 10-12* day after an endothelial
function testing, euthanasia was performed with blood
and brain sampling for a morphological study and an
enzyme immunoassay of homogenates.

Based on the studied parameters totality, a
comprehensive assessment of the morphofunctional
state of the brain in the old animals with prolonged
hyperglycemia, which had received GABA derivatives for
6 weeks, was made.

The developed study design is shown in Fig. 2.

Assessment of psychoneurological deficit

The motor and exploratory activity of the animals
was assessed in the OF test. The installation “Open
Field”, (Research and manufacturing complex “Open
Science”, Russia). The animal was placed in the center
of the arena and, using a webcam, its behavior was
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observed for 3 min, fixing the number of crossed
squares (the distance traveled) as an indicator of a motor
activity (MA). Herewith, the sum of “racks” acts and the
number of the examined holes — minks — were evaluated
as an exploratory activity (EA) of the animals.

An Adhesion test was used to assess a sensory
function and fine motor skills. As a foreign object,
stickers were placed on the volar surface of the forepaws
of the animal — square pieces of an adhesive tape on a
tissue basis (6x6 mm, Veropharm, Russia), and then
for 3 min., the detection time (a sensory function) and
the removal time of the sticker (a motor function) were
recorded.

Movement coordination was assessed in the Rotarod
test (a device manufactured by Neurobotics LLC, Russia),
in which the total duration of keeping the animal on a
rotating rod (25 rpm) was recorded in 3 attempts.

The New Object Recognition Test (NOR) is based on
the natural need of animals to explore new objects and
does notrequire the presence of external motivation. Itis
used to assess a cognitive function (the ability to identify
and compare the information stored in short-term
memory) and was performed in 2 stages: the 1% stage
was a familiarization in a home cage (545x395x200 mm)
with 2 identical objects (A1 and A2) for 3 min. Then,
60 min after the familiarization, the 2" stage was
performed, when the animal was placed in the same
cage for 3 min, but one of the old (studied) objects (A2)
was replaced with a new one (object B). Based on the
test results, the discrimination index (DI) — the time
spent on the study of a new object (B) minus the time
spent on the study of the old object (A) in the second
landing, was calculated.

After the treatment course, learning and retention
of long-term spatial memory were assessed in the Morris
Water Maze. The installation of “Water maze (Morris
test)” (RMC “Open Science”, Russia). The animals were
trained for 5 days (4 attempts per day) to search for a
flooded platform using landmarks on the wall of the
setup, placing the rat at different starting points relative
to the platform. In this study, the duration of the search
for a flooded platform during the first landing was
recorded for 5 days of the experiment.

Evaluation of functional state of cerebral

vessels endothelium

The functional state of the endothelium was tested
to determine the endothelium-dependent vasodilation
and an antithrombotic function, by the number of
desquamated endotheliocytes, by the level of the von
Willebrand factor (vWF) in blood serum.

An endothelium-dependent vasodilation was
assessed in the anesthetized animals (chloral hydrate
400 mg/kg) by relative changes in the flow level of
the cerebral blood in response to the intravenous
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administration of acetylcholine (0.01 mg/kg, Acros
Organics, USA; eNOS activator). The administration of
acetylcholine caused an increase in the NO production,
the endothelium-dependent vasodilation of blood
vessels and an increase in the cerebral blood flow, which
was determined in the projection of the middle cerebral
artery by Doppler ultrasound Minimax-Doppler_K
(LLC SP MINIMAX, Russia).

An antithrombotic function was assessed by the
time of a complete thrombosis development, i.e. the
blood flow cessation through the carotid artery when
applying an iron (lll) chloride solution to its adventitia.

The number of descaminated (circulating)
endothelial cells (CECs) in the blood was determined
by the method of Hladovec J [19]. An increase in the
number of CECs makes it possible to judge the severity
of an endothelial dysfunction, the degree of damage to
the endothelium and its reparative activity.

The Von Willebrand factor (vWF), which is produced
by the endothelium, was determined in the blood
serum by enzyme-linked immunosorbent assay (ELISA)
as a factor, with an increase in which one can judge
endothelial damage and an endothelial dysfunction. An
elevated vVWF level is observed in DM and is a predictor
of mortality from cardiovascular diseases [20].

The brain samples were homogenized in the lysis
buffer (1 ml lysis buffer per 50 mg tissue sample) in a
glass homogenizer on ice. The resulting suspension
had been sonicated with an ultrasonic disperser until
it became clear, then the solutions were centrifuged
for 5 min at 10000g. The resulting supernatant was
used for an enzyme immunoassay and a biochemical
analysis.

Carrying out biochemical

and enzyme immunoassay

The concentration of malonic dialdehyde (MDA) in
the homogenates was determined using the reaction
with thiobarbituric acid.

An ELISA was performed using ready-made kits
(Cloud-Clone Corp., USA) in accordance with the
manufacturer’s instructions. The supernatant of the
brain homogenates and blood serum were used for
the analysis. The optical density was measured using a
microplate analyzer SPECTROstar Nano (BMGLabtech,
Germany) at the wavelength of 450 nm.

Morphological study

For morphological studies, the brain was fixed for
24 h in 10% neutral buffered formalin (pH 7.4) at 22—
24°C. Then the samples were dehydrated in a battery
of ascending strength alcohols, clarified in chloroform
using a Cytadel 2000 histoprocessor (Shendon, UK), and
embedded in a Histomix paraffin medium (Biovitrum,
Russia). Paraffin blocks were cut on a rotary microtome
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HM340E (MICROM, Germany), the sections 5 um
thick were obtained and mounted on the glass treated
with poly-L-lysine (Menzel, Germany). The staining
was carried out with thionin according to the Nissl
method.

The structural changes in the brain cortex, a specific
number of hyperchromic neurons (a reversible damage)
and hyperchromic shriveled neurons (an irreversible
damage) were evaluated.

Histological sections were photographed with an
AxioCam 305 color digital camera (Carl Zeiss Microscopy
GmbH, Germany) based on an Axiolmager A2 microscope
(Carl Zeiss Microscopy GmbH, Germany).

Statistical processing

Statistical processing of the obtained results was
carried out by methods of descriptive and analytical
statistics using Prism 6 Software (GraphPad Software
Inc., USA). The distribution of quantitative indicators was
assessed using the Shapiro—Wilk test. The intergroup
differences were assessed using the Kruskal-Wallis test
and the Dunn’s post hoc test. The numerical values were
presented as the arithmetic mean and the standard
error of the arithmetic mean (Mtm). To express a
specific quantity of neurons in the pyramidal layer of the
hippocampus, the interquartile range Me (Q1; Q3) was
indicated, where Me is the median, Q1 is a 25 percentile,
Q3 is a 75 percentile. The differences were considered
significant at p <0.05.

RESULTS

Assessment of psychoneurological deficit

It is assumed that hyperglycemia in DM is the main
pathogenetic factor contributing to the deterioration of
cognitive functions, neurodegeneration, the progress of
aging, brain atrophy, and dementia [21]. The test suite
used was chosen to capture abnormalities consistent
with the clinical consequences for the brain as viewed
from long-term uncontrolled hyperglycemia.

In animals aged 19 months with prolonged
hyperglycemia (7 months) in the RD (relative density)
test, a lower motor activity and a significantly reduced
exploratory behavior were recorded in intact animals
of the same age. In all experimental groups receiving
treatment, higher rates of exploratory activity were
recorded. In the group that received the composition of
2-pyrrolidone derivative (PPC), a motor activity was also
significantly higher (Fig. 3A).

In the Adhesion test, in the animals with chronic
hyperglycemia without treatment, a sensory dysfunction
and a pronounced deterioration in fine motor skills were
observed compared with the animals of the intact group.
In the group treated with PPC, the time of detection and
disposal of a foreign object was significantly less than in
the animals of the control group (Fig. 3B).
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Figure 1 — Test compounds

Administration of OGTT?, group Evaluation of treatment
NA-STZ formation effectiveness, 12 days3
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Figure 2 — Experiment design

Note: 1 — 3 days after the administration of streptozotocin with nicotinamide (NA-STZ), animals with postprandial glycemia levels >11 and
<18 mmol/l were selected; 2 — after 6 months, an oral glucose tolerance test (OGTT) was performed and 4 groups were formed, comparable in
terms of glycemia; 3 — after the treatment, the following indicators were assessed:

Day 1. Assessment of carbohydrate metabolism (OGTT) and determination of GLP-1.

Day 2. Motor and exploratory activity (Open field), sensory-motor disorders (Adhesion test).

Day 3. Coordination disorders (Rotarod).

Day 4. Assessment of short-term memory (a New Object Recognition).

Day 5-9. Long-term memory assessment (Morris Water Maze).

Day 10-12. Assessment of an endothelium-dependent vasodilation and an antithrombotic function of the endothelium, euthanasia, sampling of
blood and brain for the morphological and enzyme immunoassay (ELISA).
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Figure 3 — Motor and exploratory activities in the Open Field test (A), average time of detection and removal
of the sticker in the Adhesion test (B), retention time on a rotating rod in the Rotarod test (C), Discrimination
index in the New Object Recognition test (D) and the duration of the search for a flooded platform

in the Morris Water Maze test (E)

Note: # — differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — differences are statistically
significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test); the data are presented as Mtm. In
the Open field test: YES — motor activity (left columns), the number of sectors crossed in 3 minutes, RA —research activity (right columns), the sum
of research acts. In the Adhesion test: t, —average time of sticker detection on the palmar surface of the forepaws (left columns), t - average
sticker removal time (right columns); in the Morris Water Maze test, the duration of the search for a flooded platform during the first landing

during 5 days of the experiment is shown.
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Figure 4 — Serum GLP-1 level (A), fasting blood glucose level (B) and area under glucose level-time curve (C)

Note: # — differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — differences are statistically
significant in comparison with the animals of the “DM+salin” group (p <0.05; Kruskal-Wallis and Dunn test); data are presented as M+m.
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Figure 5 — Relative increase in the rate of cerebral blood flow after the administration of acetylcholine (A),
the duration of thrombus formation in the carotid artery with the application of iron (lll) chloride (B),
the number of circulating endothelial cells (CECs) in plasma (C), the serum level
of von Willebrand factor (vWF; D)

Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are
statistically significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test); the data are presented
as M+m; MDA is malonic dialdehyde.

A 50 B 1000 C 15,
*
504 . * * 800
= 6004 _
404 S £
S~
o0 & 4004 ®
o =
201 2001
0- 0-
D 31 E 101 # F
#
c 84
‘©
— 2] * § 6
E S 5
b a0 ~
< g 4 )
o
g 24
c
0- 0
@ 'ntact [ DM+salin [ DM+GABA [ DM+MPBA [l DM+PPC

Figure 6 — The concentration of Klotho protein (A), BDNF (B), Nrf2 (C), Nf-kB (D), MDA (D) in brain tissues
and TNF-a in blood serum (F) in animals with experimental DM

Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are

statistically significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test); the data are presented
as M+m; MDA is malonic dialdehyde.
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Figure 7 — Morphological changes in pyramidal layer CA1 of hippocampus

Note (here and in Fig. 8): A — Intact; B — DM+salin; C — DM+GABA; D — DM+MPBA; E — DM+PPC. Stained with thionine according to the Niss|
method. Magn. x400.

Figure 8 — Morphological changes in pyramidal layer CA3 of hippocampus
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Figure 9 — Histological structure of the primary sensorimotor cortex of the studied animals

Note: A—Intact (the presence of single hyperchromic and hyperchromic shriveled neuronsin all layers); B—DM+salin (pronounced hyperchromatosis
in all layers, the presence of zones of “neurons loss”); C — DM+GABA (hyperchromatosis in the inner pyramidal layer); D — DM+MPBA (mild
hyperchromatosis); E — DM+PPC (presence in the outer granular, outer pyramidal and inner pyramidal layers of a significant number of shriveled
neurons with hyperchromatosis of the cytoplasm). White arrows are hyperchromic shriveled neurons. Black arrows are zones of neurons “loss”.
Stained with thionine according to the Niss| method. Magn.x200.
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Figure 10 — Specific number of hyperchromic, hyperchromic-shriveled neurons
in the primary somatosensory cortex of rats’ brain
Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are
statistically significant in comparison with the animals of the “DM+salin” group (p <0.05) (Kruskal-Wallis and Dunn test). The data are presented
as Mzm.
Table 1 - Specific number of neurons in pyramidal layer of hippocampus with hyperchromatosis
and shriveled neurons with hyperchromatosis

Hyperchromatic neurons Me (Q1-Q3), %

Hippocampus zone  Intact DM+salin DM+GABA DM+MPBA DM+PPC

CA1 0.8 (0-4.7) 11.6 (3.1-16.9) # 0 (0-0)* 0 (0-0)* 0 (0-0)*

CA3 0 (0-0) 17.5(2.8-27.9) # 2.6 (0-18.8) 0(0-5.9) * 0 (0-25.6)
Hyperchromic shriveled neurons Me (Q1-Q3), %

Hippocampus zone  Intact DM DM+GABA DM+PPC DM+MPBA

CA1 1.8 (0-4.4) 3.6 (0-9.2) 3.1(1.9-6.9) 5.5 (0-18.4) 2 (0-10.9)

CA3 4.4 (0-11.5) 2.3 (0-21.9) 0(0-7.8) 2.4 (0-31) 0(0-4.2)

Note: # — the differences are statistically significant in comparison with the animals of the “Intact” group (p <0.05); * — the differences are
statistically significant in comparison with the animals of the “DM+ salin” group (p <0.05) (Kruskal-Wallis and Dunn test); GABA — gamma-
aminobutyric acid; DM — diabetes mellitus.
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In the Rotarod test, in the animals of the negative
control group, the retention time was statistically
significantly less than in the intact animals, which
indicated an impaired coordination of movements. The
animals treated with GABA, MPBA, and especially PPC,
stayed longer on the rotating rod (Fig. 3C).

In the New Object Recognition test, a significant
decrease in the DI (impaired short-term memory) was
noted in the group of the animals with DM. A significantly
longer examination time of a new object was recorded
compared to the old object, i.e. the animals were
distinguished by a better ability to identify and compare
the information stored (for 60 min) about a previously
studied subject (Fig. 3E).

In the Morris Water Maze test, the preservation of
long-term spatial memory was assessed by the time it
took to search for a submerged platform for 5 days. In
the group of the animals with chronic hyperglycemia
without treatment, a violation of long-term memory
was noted: every day of the experiment, on the first
landing, they searched for a flooded platform longer
than the intact ones (Fig. 3E). In the groups treated
with GABA, MPBA, and especially PPC from the 3™
day in each first test session, the animals found the
flooded platform faster than in the control group, i.e.
the preservation of long-term spatial memory was
better.

Thus, in the animals with DM, in comparison with
the intact animals, there were especially pronounced
impairments in a cognitive function (New Object
Recognition, the Morris Water Maze, and an EA in the
OF) and fine motor skills (Adhesion test). A decrease in
the motor activity (OF), deterioration in coordination
(Rotarod) and a sensory function of the forelimbs
(Adhesion test) were also observed.

A course administration of GABA, its linear derivative
(MPBA), and especially its cyclic derivative (PPC)
contributed to the improvement of the functional state
of the brain, reducing the severity of cognitive, sensory
and motor impairments in the animals with prolonged
hyperglycemia.

Effect of GABA derivatives

on carbohydrate metabolism

At the time of assessing the functional state of the
brain, in the animals with DM, the level of GLP-1 in the
control group was significantly lower than in the intact
animals of the same age. In the animals treated with the
test substances, the level of GLP-1 in the blood serum
was comparably on average by 50% higher than in the
animals of the control group (Fig. 4A).

During the OGTT, against the background of the
course administration of MPBA and PPC compositions, a
normalization of carbohydrate metabolism was noted in
the animals. It was manifested in a decrease in the level
of glycemia (after a 4-hour fast) and the area under the
glucose level-time curve (Fig. 4B and 4C).
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Effect of test substances

on endothelial dysfunction

DM significantly increases the risk of developing
cardiovascular diseases, and the latter increase the
likelihood of developing vascular dementia [6, 22, 23].
At the same time, an endothelial dysfunction plays a
significant role in pathogenesis.

In the present work, after assessing the neurological
deficit in these animals, a study of the functional state
of the endothelium was carried out. In the animals
with DM without treatment, a pronounced decrease in
endothelium-dependent vasodilation was noted: a slight
increaseinthe level of the cerebral blood flow in response
to the administration of acetylcholine compared with the
animals of the intact group (Fig. 5A). In the animals that
were injected with GABA, PPC, and especially MPBA, a
significantly more pronounced increase in the level of the
cerebral blood flow than in the control group of animals,
was observed in response to the administration of
acetylcholine.

When evaluating the antithrombotic function of the
endothelium, it was found that when iron (lIl) chloride
was applied to the adventitia of the common carotid
artery, the time to stop a blood flow in the animals of the
control group was almost twice shorter than in the intact
ones (Fig. 5B). In the animals treated with MPBA, the
time of a thrombus formation was significantly longer
than in the animals of the control group.

To assess an endothelial dysfunction in the DM
animals, two more indicators were used: the number of
CECs and the von Willebrand factor (vWF). The amount
of CEC in control animals with DM was 4 times higher
than in intact animals, and in animals treated with
GABA derivatives (MPBA and PPC), the amount of CEC
was significantly lower than in the control group of
animals (Fig. 5C).

The level of VWF in the DM animals without
treatment was 68% higher than in the intact
animals (Fig. 5D). In the animals treated with the
composition of MPBA, the content of vWF in the blood
serum was significantly lower than in the animals of the
negative control group.

Thus, against the background of prolonged
hyperglycemia, a pronounced endothelial dysfunction
is formed, which may underlie structural and functional
changes in the brain. The studied GABA derivatives
(MPBA and PPC) improved the vasodilating and
antithrombotic function of the endothelium, which
may play an important role in adaptation and ensuring
an adequate blood flow in intensively functioning
structures.

Assessment of Klotho protein, BDNF, Nrf2, NF-kB,

TNF-a and MDA levels

The literature data [12, 24] indicate that GABA
increases the production of Klotho protein (KP),
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which affects a cognitive function [25, 26]. It has been
established that the main effects of KP are associated
with its influence on the expression of nuclear
transcription factors Nrf2 and NF-kB, which play an
important role in the development of DM and its
complications. In DM, along with a decrease in KP, there
is also a decrease in the expression of a brain-derived
neurotrophic factor (BDNF), which is expressed and
synthesized not only in the brain but also in the pancreas,
intestines, and other tissues, where it plays an important
role in cytoprotection [27, 28].

Compared with the intact animals, the untreated
DM animals had significantly lower levels of KP,
BDNF, and transcription factor Nrf2, higher levels of
transcription factor NF-kB, MDA, and higher serum levels
of TNF-a (Fig. 6). Against the background of a course
administration of GABA, PPC, and especially MPBA,
there was a normalization of the content of the noted
markers observed: KP, BDNF and transcription factors,
as well as the pro-inflammatory cytokine TNF-a and the
main product of lipid peroxidation, MDA.

Morphology of hippocampus

SD leads to the formation of structural and functional
changes in the brain. Some areas of the brain, primarily
the hippocampus, are particularly sensitive to prolonged
hyperglycemia, which is one of the causes of a cognitive
decline [29, 30]. At the same time, a relationship has
been proven between the degree and duration of
hyperglycemia and the risk of developing dementia in
people with DM [4].

In the CA1 zone of the old intact rats’ hippocampus,
most neurons in the pyramidal layer were characterized
by a close to rounded perikaryon with a centrally
located rounded light nucleus and, as a rule, a well-
defined nucleolus. There were sporadic areas of neuron
loss, neurons with focal chromatolysis, and shriveled
hyperchromic cells (Fig. 7A). In CA3, the pyramidal layer
neurons were more dispersed than in CA1, and had a
polygonal shape with a clearly visualized nucleus and
one nucleolus; single hyperchromic neurons, shriveled
neurons with hyperchromia, neurons with focal
chromatolysis, and single areas of neuronal loss were
found (Fig. 8A).

In the group of DM animals without treatment,
in CA1 of the pyramidal layer compared with intact,
some animals showed areas of neuronal loss, and
in the terminal sections of the CA1l pyramidal layer,
neurons with focal chromatolysis, hyperchromic and
hyperchromic shriveled neurons were found, which were
located in a group (Fig. 7B). In CA3 of the pyramidal layer,
neurons were located more loosely than in CA1 (Fig. 8B).
In all the animals there were areas of loss of neurons,
focal chromatolysis. Most animals showed neurons with
hyperchromic cytoplasm and hyperchromic neurons with
shriveled perikaryons. There was a significant increase in
the specific number of hyperchromic neurons by 10.8%
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in CA1 (p <0.05) and by 17.5% in CA3 of the hippocampus
(p <0.05), compared with intact animals (Table 1). At the
same time, there were no significant differences in the
change in the specific number of hyperchromic shriveled
neurons with CA1 and CA3 (p > 0.05) (Table 1).

In old DM rats, with a pharmacological correction
of GABA, PPC, and MPBA, most neurons in the
pyramidal layer were characterized by normochromic
cytoplasm. In some animals, neurons with cytoplasmic
hyperchromatosis and hyperchromic shriveled neurons
were found; these neurons were located in a group in
the terminal CA1 sections, and areas of neurocytes loss
were observed (Fig. 7C-7E; Fig. 8—8E).

During statistical processing of the data in the CA1
zone of the hippocampus with the use of GABA, PPC
and MPBA, a significant decrease in the specific number
of hyperchromic neurons (p <0.05), compared with the
DM group was found (Table 1). The use of MPBA also
demonstrated statistically significant differences in CA3,
a specific number of hyperchromic neurons decreased
by 17.5% (p <0.05) (Table 1).

Morphology of somatosensory cortex

Histological examination of the intact rats’
primary somatosensory cortex (Fig. 9) revealed single
hyperchromic and hyperchromic-shriveled neurons in
all layers. However, in some animals, loci of pronounced
hyperchromatosis were found in layers 2™, 3, and 5%,
where, along with unchanged neurons, there were
the neurons, the perikarya of which had an irregular
shriveled, elongated or twisted shape, the nucleolus
was not visualized. The pathological changes found in
the intact rats’ cortex, are associate with the age of the
studied rats.

In experimental modeling of DM in aging rats (aged
12-19 months), the most pronounced signs of damage
were found in neurons of layers 2", 3, and 5" of the
primary somatosensory cortex. Herewith, an increase in
the areas of neurons loss perikarya, revealed in layers
4, 5% of the primary somatosensory cortex, indicates
the development of atrophic changes in the cortex
of the rats’ brain, which is confirmed by a decrease in
cognitive functions.

After treatment in aging rats (at the age of
12-19 months), the least pronounced pathological
changes were found in neurons of layers 2, 31, 5t
of the primary somatosensory cortex in the MPBA
correction group; which indicates a protective effect of
the composition on the structure of the cortex of the
rats’ brain.

A morphological study of the somatosensory
cortex of DM rats’ brain without treatment showed a
significantly higher relative number of hyperchromic

shriveled neurons compared to the animals
without DM (Fig. 7).
In the MPBA pharmacocorrection group, a

statistically significant decrease in the specific number of
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hyperchromic-shriveled neurons in the inner pyramidal,
outer pyramidal, and outer granular layers was found
compared to the DM group without treatment.

In DM rats treated with GABA and PPC, a significant
decrease in the specific number of hyperchromic
neurons in the outer granular layer was found compared
to DM without treatment.

DISCUSSION

Under conditions of prolonged hyperglycemia,
Nrf2 is considered as a key factor counteracting an
oxidative stress, which activates the expression of genes
responsible for the expression of antioxidant defense
enzymes [31]. Therefore, the search for ways to activate
the Nrf2 system is considered a potential cytoprotective
strategy for the prevention and treatment of diseases
with the pathogenesis based on an oxidative stress,
including neurological pathologies [32-34].

The Nrf2 system and the NF-kB system are in an
antagonistic relationship. For example, when Nrf2 is
deficient, there is an increased NF-kB activity, and the
Nrf2 activation has anti-inflammatory effects in many
rodent models of inflammation. It has been shown that
Nrf2 suppresses the expression of pro-inflammatory
cytokine genes and has the ability to negatively affect
NF-kB by inducing an antioxidant response [35].

In order to increase the translational potential,
the present study was carried out on old animals with
experimental DM, which already have pronounced
functional and structural disorders in the brain. The vast
majority of studies aimed at studying antidiabetogenic
effects and diabetic complications, are performed
on young animals at the age of 4-6 months, and
the duration of modeled diabetes is limited to
12-16 weeks. Despite this fact, the development of age-
related changes is significantly aggravated by prolonged
hyperglycemia and an associated inflammation, glucose
and lipotoxicity, oxidative and nitrosative stress.

The study was of a complex nature with the
assessment of pathogenetic changes based on the
morphofunctional approach. It showed that in old
animals (19 months) with long-term (7 months)
hyperglycemia, there were pronounced impairments
of sensory and motor functions, coordination of
movements, as well as a pronounced decrease in short-
term, long-term and spatial memory. These cognitive
impairments are of great importance in the clinic, as
they reduce the quality of life of the patient, and in
case of profound impairments, they become a burden
for the family and society. The mitigation of cognitive
impairments in patients with DM remains an unresolved
task, even with the normalization of blood glucose levels.

Functional disorders are basically consistent with
the structural disorders noted at the next stage. In old
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DM rats, the most pronounced signs of damage were
found in pyramidal neurons in the CA1 and CA3 zones of
the hippocampus, the areas of neuron loss, a significant
increase in the specific number of neurons with signs of
reversible changes (neurons with hyperchromia of the
perikaryon cytoplasm without shriveling), an increase in
the number of shriveled hyperchromic neurons. These
are consistent with the data on progressive atrophic
changes, ultrastructural damage to neurons and
hippocampal synapses, which are accompanied by an
increased oxidative stress, neuroinflammation, neuronal
apoptosis, as well as cognitive deficits, learning and
memory impairments in DM [21, 36, 37].

In the present article, the use of GABA derivatives,
PPC and especially MFBA for pharmacological
corrections, contributed to a significant decrease in
signs of reversible disorders in pyramidal neurons
CA1 and CA3 in the hippocampus zones, a decrease
in the specific number of hyperchromic neurons
compared to the DM group without treatment.
At the same time, the drugs used did not have a
significant effect on the level of neurons with signs of
irreversible damage (hyperchromic shriveled neurons)
in the pyramidal layer in the CA1 and CA3 zones of the
hippocampus.

A comprehensive analysis of structural changes in
the primary sensorimotor cortex and hippocampus of old
rats with experimental DM showed the predominance
of signs of irreversible and reversible neuronal damage.
These changes were more pronounced in the outer
granular, outer pyramidal and inner pyramidal layers. The
damage to the neurons of the pyramidal layer of the CA1
and CA3 zones of the hippocampus was accompanied by
the appearance of areas of neurons loss and a decrease
in the absolute and relative areas of the perikarya of
neurons in the primary sensorimotor cortex of the brain,
which indicates the progression of atrophic processes.

Impairments of cognitive functions (an exploratory
activity, short-term and long-term spatial memory)
in rats with diabetes compared to intact animals of
the same age (19 months) were accompanied by the
development of morphological signs of neuronal damage
and atrophic changes in the primary sensorimotor
cortex and hippocampus. The use of GABA derivatives
as a pharmacological correction for 1 month contributed
to a decrease in the severity of sensory-motor and
cognitive impairments, a decrease in morphological
signs of neuronal damage and atrophic changes, which
may be based on the normalization of glucose levels,
improvement of the vasodilating and antithrombotic
functions of the endothelium. They are considered
leading pathogenetic factors in the development of
diabetic encephalopathy and angiopathy [21].

Damage to neurons and glia contributes to the
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combined effect of an increased oxidative stress,
neuroinflammation, neurotransmitter abnormalities,
respectively, the use of drugs that normalize the
above processes, promotes neuroprotection, reducing
neurodegenerative changes in the hippocampus and
cerebral cortex during the progression of diabetic
encephalopathy [38]. Therefore, close attention to
GABA, which stimulates the production of PK, is paid. In
this study, it was noted that the level of Klotho protein
in the brain increased under the influence of both GABA
and its derivatives, which had been used in much lower
doses. At the same time, KP is considered a reasonable
therapeutic target due to its ability to increase the
activity of various body defense systems under the
influence of a number of damaging factors: oxidative
and nitrosative stress, inflammation, mitochondrial
dysfunction, apoptosis and cell death, and to prevent
early aging processes [12, 39].

Particularly noteworthy is the fact that the detected
multiple heterogeneous signs of damage in the cerebral
cortex and hippocampus arose with a combination
of the implementation of age-dependent factors in
conditions of hyperglycemia in DM. Accordingly, the use
of drugs that have multimodal neuro-, geroprotective,
hypoglycemic effects is becoming the preferred therapy
strategy. Thus, it has been shown that aging and DM
are accompanied by a decrease in the production of KP,
expressed in the kidneys, brain, pancreatic beta cells
and other tissues [24, 40, 41], and the use of GABA
leads to pancreatic protective effects, increases the
level of circulating Klotho protein. GABA and KP inhibit
the activation of the NF-kB protein, which promotes
the stimulation of inflammatory reactions that trigger
beta-cell apoptosis [12, 39], which makes it possible
to consider GABA derivatives as a promising group
for studying their effects in the treatment of diabetic
encephalopathy in the elderly.

What underlies the neuroprotective action of GABA
and its derivatives (MPBA and PPC)? The answer to this
question is of fundamental importance. All of them
had a unidirectional effect, improving sensory-motor,
cognitive, and endothelial function in DM rats. This may
indicate a similar mechanism of action. Given the analogy
of the action of GABA and KP on pancreatic 3-cells. It has
been shown that the cytoprotective effect of GABA is
associated with an increase in the production and level
of KP [12]. In animals with KP knockout, the pancreatic
protective effect of GABA was significantly reduced.
Therefore, in this work, after a 30-day administration of
GABA, the content of KP in the brain was determined.
In DM animals that did not receive the test substances,
the content of KP in the brain was significantly lower
than in intact animals. In the animals treated with
GABA derivatives, the level of KP was statistically
significantly higher than in the animals of the control
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group. This action of the studied substances deserves
special attention, because its content in the brain, fluid
media, blood serum, urine, etc. can serve as a marker
of diabetic complications, aging, prognosis of dementia
and cardiovascular risks, as well as the assessment of
the severity course of various diseases, when its level
decreases [42]. KP deficiency plays an important role
in the pathogenesis of cognitive impairments [26] and
cardiovascular diseases [43].

At present, a wide spectrum of biological activity
of the anti-aging Klotho protein is presented in the
literature [12, 43, 44]. It has been established that in
many pathologies (cardiovascular diseases, DM, kidney
pathology, aging), its level decreases. Therefore, the
search and development of substances that stimulate
the production of KP is an important task. In relation to
the interpretation of the results obtained, its effect on
the expression of nuclear factors Nrf2 and NF-kB, which
play a key role in the development of complications of
DM, should be noted.

CONCLUSION

In old animals (aged 19 months) with long-term
(7-month) hyperglycemia, disturbances in sensory-motor
functions, coordination of movements, a pronounced
decrease in short-term and long-term memory, and a
significant deterioration in the vasodilating function
of the cerebral vascular endothelium were found.
These functional disorders were accompanied by the
development of morphological signs of neuronal damage
and atrophic changes in the primary sensorimotor
cortex and hippocampus. Compared with intact animals,
untreated DM animals had significantly lower levels of
Klotho protein, BDNF, and transcription factor Nrf2, as
well as higher levels of transcription factor Nf-kB, MDA,
and TNF-a in brain homogenates.

A course GABA administration, its linear and
cyclic derivatives (MPBA and PPC) contributed to an
increase in the GLP-1 production and normalization of
carbohydrate metabolism, a decrease in the severity of
cognitive and sensory-motor disorders, an improvement
in the vasodilating and antithrombotic function of the
endothelium, which was accompanied by a decrease in
morphological signs of neuronal damage.

The neuroprotective properties of GABA and its
derivatives in diabetic encephalopathy in old animals
can be explained by an increase in the levels of the anti-
aging PK, brain-derived neurotrophic factor (BDNF), the
level of the transcription factor Nrf2, which regulates
the activity of antioxidant defense enzymes, as well as a
decrease in the level of nuclear transcription factor NfkB
and TNF-a, which are responsible for the formation and
maintenance of inflammatory processes that underlie
the development of diabetes complications.
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