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Resume. Objective. Neurodestructive diseases are characterized by complex
pathobiochemical cascades in the neuron, which cause disturbances in energy
metabolism and the formation of mitochondrial dysfunction. The renin-angiotensin
system plays an important role in the physiological functioning of mitochondria, the
excessive activity of which increases the risk of neurodegenerative diseases of the
brain. Although angiotensin-converting enzyme inhibitors are now considered as
means of prevention and treatment of ischemic lesions of the central nervous system,
their corrective properties in the development of central neurodegeneration continue
to be refined. The objective of our study was investigation of enalapril effect, as an
angiotensin-converting enzyme inhibitor, in case of mitochondrial dysfunction of the
cerebral cortex and hippocampus of rats under conditions of scopolamine-induced
neurodegeneration reproducing development of Alzheimer’s disease in the
experiment.

Material and methods. Scopolamine hydrochloride (Sigma, USA) was injected in
rats through the peritoneum at a dose of 1 mg/kg for 27 days to simulate Alzheimer’s
disease. Starting from the 28th day of the experiment, enalapril was introduced
through the peritoneum at a dose of 1 mg/kg, once a day for 14 days.

Results. Under conditions of scopolamine-induced Alzheimer’s disease in the
mitochondrial fraction of the cerebral cortex and hippocampus of rats free radical
oxidation of lipids and proteins increases, and activity of Krebs cycle enzymes
decreases — a-ketoglutarate dehydrogenase and succinate dehydrogenase; light
dispersion decreases and a relative rate of mitochondrial swelling increases. After
enalapril administration for 14 days to rats with scopolamine-induced Alzheimer’s
disease the content of products reacting with 2-thiobarbituric acid and protein
oxidation modification decreases in the mitochondrial fraction of the cerebral cortex
and hippocampus; in both examined structures, the activity of catalase, a-
ketoglutarate dehydrogenase, succinate dehydrogenase increases, and superoxide
dismutase — only in the cerebral cortex; a gradual decrease of light dispersion and
relative rate of mitochondrial swelling occurs.

Conclusion. Improvement of the antioxidant system state and energy supply of
mitochondria, decreased intensity of mitochondrial swelling in the cerebral cortex
and hippocampus of rats with scopolamine-induced Alzheimer’s disease are
indicative of the protective properties of enalapril.
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Peztome. Mema pobomu. /[ HelipodecmpyKmuHUX 3ax60p106aHb XAPaAKMEPHUMU
€ CKIAOHI namoOioXiMiuHI KACKaoOu 6 HeUpoHi, AKI CAPUYUHSIOMb HOPYULeHHS
eHepeemu4Ho20 mMemabonizmy ma gopmysanus mimoxouopianvroi oucgyuryii. ¥V
Qizionoziunomy @QYHKYIOHYBAHHI MIMOXOHOPILL 8AJCIUBY pPOIb GIOICPAE PEHiH-
AHSIOMEH3UHOBA CUCmeMd, HAOMIDHA aKMUGHICMb AKOI niosuwye  pusux
HellpoOde2eHepamugHUX 3axX80pI06aAlb 20J1086HO20 MO3KY. Xoua cbo20OHi iHeibimopu
AH2IOMEH3UH-NEPEMBOPIOGATIbHOZ0  (hepMenmy — po32na0alombcs — AK — 3acoou
npoghinaxmuxu i 1iKy8aHHA IUEMIYHO20 YPAdICEHHS YeHMPalbHOL HepE06oi cucmemu,
ix KopeeysanvHi 61ACMUBOCMI NPU PO3GUMKY YeHmpaabHoi HelpodezeHepayii
nPOO0BAHCYIOMb YIMOUHIOBATNUCS.

Mema  Oocnidycenna —  GuBUeHHs — GNAUGY  [HIIOIMOpPY — AHSIOMEH3UN-
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nepemeopiosanbHo20 epmMeHmy eHanranpusy npu MimoxoHopianeHiu Ouc@ynxyii
KOpU 2071061020 MO3KYy Ma 2inoKamna wypié 3a yMO08 CKONOJIAMIH-IHOYKO8AHOT
Helipodecenepayii, aka  6I0MEOPIOE  pO3GUMOK  X80pobu  Anvyeeiimepa 6
eKxcnepumenmi.

Mamepian i memoou. Excnepumenmu npogoounu Ha HemHIUHUX 1AOOPAMOPHUX
oinux wypax-camysax macoro 0,18-0,20 xe. Mooenv xeopodu Anvyeeiimepa
CMEOPI0GANYU  GHYMPIUHbOOUEPEGUHHUM — YBeOeHHAM 27  OHi8  CKOROJAMIHY
eiopoxnopudy (Sigma, CILIA) ooszoro 1 wme/ke. Iloyunarouu 3 28-i 0obu
eKCHnepuUMeHmy, eHalanpui Y800unu eHYmpiiHb004epesuHHo 003010 1 me/ke, 0OuH
pas y oenv ynpoooedic 14 ouis.

Pe3ynomamu. Bcmanosneno, wo npu MOOemo8aHHi CKONONAMIH-IHOYKOBAHOT
x60pobu Anvyceiimepa 6 MimoxoHOpianvHill gpaxyii Kopu 20108H020 MO3KY ma
2INoKamna wypie nid8uUYEmMsCsi GLIbHOPAOUKAIbHE OKUCHEHHS JINnioie, OLIKie ma
3HUIICYEMbCA aKMueHicmy en3umie yukny Kpebca — o-xkemoanymapamoeiopozenasu
ma CyKyuHamoeziopoeenasu, 3HUNCYEMbCA PO3CIIO8ANHA CEIMAA Ma 3pocmae
8IOHOCHA WBUOKICMb HAOYXanus MmimoxoHOpit. Ilicna 14-Oennoco 6sedenms
eHananpuny wypam 3i CKONOJIAMIH-IHOYKOBAHOIO X60poboio Anvyeelivepa 6
MIMOXOHOPIanbHill pakyii Kopu 207108HO20 MO3KY MaA 2INOKAMRA 3HUNCYEMbCSL
emicm npodykmis, wo peazyloms i3 2-miobap6imypoeoio KUciomow md OKUCHOT
Moougpikayii Oinkie;, 8 060X O00CHIONCYBAHUX CMPYKMYPAX 3POCMAE AKMUBHICMb
Kamanasu, o-Kemoanymapamaoeziopozenasy,  CyKyunamoe2iopo2eHausu, a
CYnepoKcuoouUCMymasy — Juule 6 KOpi 2O0N06HO20 MO3KY, CHOCMEpicacmvCs
nOCMYnoGe 3HUICEHHA CGIMIOPO3CIIO6AHHA MA 3HUNCEHHS GIOHOCHOI WBUOKOCMI
HAbYXaHHsL MIMOXOHOPILL.

Bucnoeok. THoxkpawenns cmawy anmuoxcudaumnoi  cucmemu ma
eHepzo3abesneuents MimoxoHOPIil, a MAKOIHC SHUNICEHHS IHMEHCUBHOCI HAOYXaHH
MIMOXOHOPIU KOpU 20JI06HO20 MO3KY MA 2CINOKAMNA WYpi8 3i CKONOAAMIH-
iHOYKOBAHOIO X80p0OOIO Anbyeeliimepa 6KA3YE HA NPOMEKMUBHI BIACUBOCTI

EeHANanpuy.

Introduction.  Neurodestructive  diseases  are
characterized by complicated pathobiochemical cascades
in the neuron, which cause disorders of energy metabolism
and the formation of mitochondrial dysfunction.
Mitochondria are a primary source of reactive oxygen
forms that can regulate calcium balance, intracellular
oxidation-reduction processes and influence the cellular
signals. Since neurons are limited in their glycolytic
abilities, their functional activity depends on mitochondrial
energy production more than on other body cells. A
significant amount of mitochondria accumulates in the area
of synapses. They provide the mechanisms to transmit
nerve impulses. Therefore, mitochondrial dysfunction is
one of the main pathogenic chains of neurodegenerative
processes and Alzheimer’s disease in particular.

According to current scientific data renin-angiotensin
system (RAS) plays an essential role in the physiological
functioning of mitochondria. Excessive activity of the
system increases the risk of neurodegenerative diseases of
the brain. Nowadays, the existence of intra-mitochondrial
RAS is a well-known fact [1]. Though, in spite of the fact
that a considerable amount of results is indicative of the
participation of RAS components in  central
neurodegeneration, the efficacy of pharmacological
modulators of RAS remains a subject of scientific
investigations [2]. In case of cerebral ischemia, RAS
blockers and angiotensin-converting enzyme inhibitors
(ACEL), in particular, are known to decrease apoptosis in
the hippocampus and considerably improve spatial
learning and memory [3]. Although today ACEI are

considered as means of prevention and treatment of
ischemic injury of the central nervous system, their
correcting properties with the development of central
neurodegeneration are still being specified [4].

Objective. The objective of our study was to
investigate the enalapril effect as an angiotensin-
converting enzyme inhibitor in case of mitochondrial
dysfunction of the cerebral cortex and hippocampus of rats
under conditions of scopolamine-induced
neurodegeneration  reproducing  development  of
Alzheimer’s disease in the experiment.

Material and methods. The experiments were
conducted on nonlinear albino male rats with a bodyweight
of 0.18-0.20 kg, kept under standard vivarium conditions
with natural day and night changes. Scopolamine
hydrochloride (Sigma, USA) was injected into rats through
the peritoneum at the dose of 1 mg/kg once a day for 27
days to create Alzheimer’s disease model [5]. On the 28th
day of the experiment, a group of rats with Alzheimer’s
disease (7 rats) began a course of treatment (14 days) with
enalapril introduced through the peritoneum at the dose of
1 mg/kg. A solvent was introduced through the peritoneum
to the comparison groups in the same regimen: the control
rats and rats with simulated pathology (7 rats each).

Euthanasia of rats was conducted under light ether
narcosis. The brain was removed and washed thoroughly
with cooled 0.9 % NaCl solution. According to the
stereotaxic atlas, the hippocampus and the cerebral cortex
were isolated [6].

Mitochondrial fraction was isolated by means of the

51


http://e-bmv.bsmu.edu.ua/

ByKOBHHCBKHIA MeuaHui BicHUK. 2022. T. 26, Ne 2 (102)

OpuriHanbHI TOCITIHKCHHS

ISSN 1684-7903 http://e-bmv.bsmu.edu.ua

differentiation centrifugation method of homogenates of
the structures examined. For this purpose, the cerebral
cortex and hippocampus were washed with cooled (2-4°C)
0.9 % KCI solution, grinded and homogenized in 10-fold
volume of the buffer pH 7.4: sucrose 250 mM, ethylene
diamine tetraacetate 1 mM, tris-HCI 10 mM [7].

The state of lipid peroxide oxidation in the
mitochondria was evaluated by the levels of active
products of thiobarbituric acid (AP TBA); carbonylation of
mitochondrial proteins — by the amount of derivatives of
2,4-dinitrophenylhydrazone with the formation of
carboxylphenylhydrazone (CPH) and expressed in nmol of
carbonyl derivatives per 1 mg of protein [8]. The state of
the antioxidant protection system in the mitochondria was
evaluated by the activity of superoxide dismutase (SOD)
enzymes [EC 1.15.1.1] and catalase [EC 1.11.1.6] [9, 10].
The activity of enzymes of a-ketoglutarate dehydrogenase
(a-KGDH) [EC 1.2.4.2] and succinate dehydrogenase
(SDH) [EC 1.3.5.1] by means of the spectrophotometric
method was determined to assess the energy supply of the
mitochondria [11, 12]. Swelling of the mitochondria was
registered by their ability to extension-contraction and
changes in optic density [13, 14]. Changing of E 520
parameters in the incubation medium was used to calculate
a relative rate of mitochondrial swelling. This parameter
characterizes changes in the permeability of the organelle's
internal membrane (massive swelling and depolarization of
mitochondria) resulting from mitochondrial pore formation
due to the overloading of cells with calcium ions [15]. The
protein content in the mitochondria was determined by the
Lowry method [16].

The results of the study were statistically processed
using the Student criterion. The Mann-Whitney
nonparametric criterion of comparison was also used to
confirm the reliability of the conclusions. It demonstrated
similar results of calculations made applying the Student
criterion concerning the p value. Differences were
considered statistically valuable with p<0.05.

Results. The results of our investigations showed
(Table) that scopolamine-induced Alzheimer’s disease is
characterized by disorders of the prooxidant-antioxidant
balance in the mitochondria of the cerebral cortex and
hippocampus. 70.3 % increase in AP TBA content in the

cerebral cortex and 100.9 % increase in the hippocampus
were determined in comparison with the parameters of the
control group. CPH content in the mitochondria of both
examined structures was 46.5% increased. The data
obtained were indicative of the intensification of free
radical oxidation processes of lipids and proteins that
promoted injury of biological membranes. At the same
time, functional disorders of the antioxidant protection
enzymatic systems were found by the indices of SOD and
catalase activity.

Thus, SOD activity in the cerebral cortex 27.9 %
decreased, and only the tendency to its activity decrease
was found in the hippocampus. Catalase activity in both
examined structures decreased: 25.4 % in the cerebral
cortex and 45.6 % in the hippocampus. The data obtained
are first of all indicative of cerebral cortex injury in rats
with simulated Alzheimer’s disease. Second, they are
indicative of greater injury of the hippocampus as an
important chain in the development of neurodestructive
pathology.

Moreover, on the basis of the investigations conducted
decrease in dehydrogenase activity was found in the group
of rats with simulated pathology, which determines the
efficacy of the mitochondrial energy supply of the brain
(Fig. 1, 2). In fact, a-KGDH activity (NAD*-dependent
enzyme) 35.4 % decreased in the cerebral cortex and 43 %
— in the hippocampus. At the same time, the activity of
FAD*-dependent SDH in both examined structures was
63.6 and 54.8 % decreased, respectively. According to the
literary data, disorders of oxidation processes and
excessive formation of free radicals at the early stages of
the development of Alzheimer’s disease can result in the
irreversible opening of a mitochondrial pore, promoting the
apoptosis process [17].

Further investigations showed that after enalapril
administration the content of AP TBA 23.4 % decreased in
the cerebral cortex, and 33.9 % - in the hippocampus. At
the same time, the content of CPH in both structures
29.6 % decreased in the cerebral cortex and 31.1 % — in the
hippocampus. The results obtained are indicative of
inhibition of lipid and protein peroxidation processes.

A positive effect of enalapril on the activity of
antioxidant protection enzymes should be mentioned.

Table

Enalapril effect on free radical lipid and protein oxidation, energy supply in the mitochondria of the cerebral

cortex and hippocampus of rats with scopolamine-induced Alzheimer’s disease (M+m, n=7)
. Examined e Alzheimer’s
Indices Control Alzheimer’s disease | . .
cerebral structures disease + enalapril
The content of AP TBA, Cortex 12.78+1.251 21.77+1.502* 16.71+£0.872* **
nmol/mg of protein Hippocampus 11.63+0.652 23.34+1.301* 15.39+0.930**
The content CPH, Cortex 24.67+1.391 36.17+2.623* 25.54+1.182**
nmol/mg of protein Hippocampus 18.29+1.102 26.68+1.209* 18.42+1.011**
The activity of SOD, Cortex 0.428+0.0271  |0.307+0.0173* 0.497+0.0251**
units /mg of protein Hippocampus 0.379+0.0449  |0.257+0.0541 0.351+0.0462
The activity of catalase, Cortex 175.87+£10.576 [131.17+10.018* 184.57+15.898**
pmr‘;’::r'] HzOz/min of mg of | o campus 170.21410.990  [92.56+15.159* 157.29:10.547%*

Note. * — reliability of differences compared with the control group of rats; ** — reliability differences compared with the

group of rats with Alzheimer’s disease.
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nmol /min of mg of protein

Cerebral cortex
m Control

M Alzheimer’s disease

Hippocampus

m Alzheimer’s disease + Enalapril

Fig. 1. Enalapril effect on the activity of a-ketoglutarate dehydrogenase in the cerebral cortex and hippocampus of rats
with scopolamine-induced Alzheimer’s disease (M+m, n=7). Note. * — reliability of differences compared with the
control group of rats, ** — reliability of differences compared with the group of rats with Alzheimer’s disease

nmol /min of mg of protein

Cerebral cortex

E Control ® Alzheimer’s disease

Hippocampus
¥ Alzheimer’s disease + Enalapril

Fig. 2. Enalapril effect on the activity of succinate dehydrogenase in the mitochondria of the cerebral cortex and
hippocampus of rats with scopolamine-induced Alzheimer’s disease (M+m, n=7). Note. * — reliability of differences
compared with the control group of rats; ** — reliability of differences compared with the group of rats with
Alzheimer’s disease

Thus, activity of SOD and catalase in the cerebral 29
and 40.7 % increased. In the hippocampus 69.9 % increase
of catalase was found only, which confirms primary injury
of hippocampus with scopolamine-induced Alzheimer’s
disease. At the same time, increased activity of Krebs cycle
enzymes was found: a-KGDH and SDH activity 24.9 and
100 % increased in the cerebral cortex, and in the
hippocampus — 45.9 and 78.8 % respectively.

As it was mentioned above, synapses are the first
“indicator” of disorders in case of Alzheimer’s disease,
since they require considerable energy supply. Therefore,
we got interested in functional changes in mitochondria as
energy producing structures in the cerebral cortex and
hippocampus under conditions of neurodegeneration
development and assess enalapril effect on their functional
state.

Fig. 3a, b presents the dynamics of changes in the

mitochondrial swelling intensity of the examined brain
structures. In rats of the control group, after 60-minute
incubation of mitochondrial suspension of the cerebral
cortex and hippocampus, the level of light dispersion 1.1
times decreased. In rats with Alzheimer’s disease, light
dispersion of mitochondrial suspension 60 minutes later
1.2 times decreased in the cerebral cortex and 1.3 times —
in the hippocampus. Enalapril administration for 14 days
to rats with Alzheimer’s disease led to a gradual decrease
in light dispersion in the cerebral cortex and the
hippocampus — 1.0 and 1.1 times, respectively.

Further analysis of investigations showed that a relative
rate of mitochondrial swelling which is measured in
UN/min/mg of protein in rats with scopolamine-induced
Alzheimer’s disease increase in comparison with the
control group in the cerebral cortex from 1.6+0.014 to
1.9+0.008 and in the hippocampus — from 1.8+0.009 to
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2.1+0.012. Though after enalapril administration a relative
rate of mitochondrial swelling decreased in comparison
with the parameters of rats with stimulated pathology in
both examined structures: to 1.75+0.011 — in the cerebral
cortex and 2.0+0.007 — in the hippocampus.

Discussion. Thus, in rats with scopolamine-induced
Alzheimer’s disease the pore of non-specific permeability
of the mitochondria is activated, as it is a regulator of ion
and protein transport. Respectively, the intracellular Ca?*
pool increases and imbalance between the cytosolic and
mitochondrial ion levels occurs. These processes induce
disorders of prooxidant-antioxidant balance in the
mitochondria.

Under conditions of enalapril administration in rats
with Alzheimer’s disease the activity of the antioxidant
system enzymes and Krebs cycle increased, the content of
products of lipid and protein peroxidation and intensity of
mitochondrial swelling decreased. Inhibition of oxygen

reactive forms production is a probable mechanism of the
agent action, which is stimulated by angiotensin II. It
results in the decrease of AP TBA and CPH content and
increase of antioxidant enzymes activity both in the
cerebral cortex and hippocampus. The above processes
inhibit development of mitochondrial dysfunction due to
the blockade of NADN-oxidase of the endothelial cells and
inhibition of peroxinitrite formation, which promotes
improvement of the cerebral circulation and inhibits
ischemic-hypoxic effects on the central nervous system
[18].

One of the important mechanisms in enalapril action is
the fact that blockade of angiotensin Il stimulates K*-
mediated release of acetylcholine — one of the primary
neurotransmitters of the cholinergic system. Clinical signs
of Alzheimer’s disease are associated with the loss of
cholinergic innervation in the cerebral cortex [19], which
is confirmed by clinically evidenced efficacy of

- —e— Control

E/mg of protein

Alzheimer’s

= = disease
Alzheimer’s

disease + Enalapril

Time, min

Fig. 3a. Intensity of mitochondrial swelling in the cerebral cortex of rats with scopolamine-induced Alzheimer s disease
after enalapril administration during 14 days in the dose of 1 mg/kg.
Note. The resalts are represented as Me[min-max], n=7, p<0.05

—o— Control

- - Alzheimer's disease

E/mg of protein
1
1

Alzheimer's disease +
Enalapril

Time, min

Fig. 3b. Intensity of mitochondrial swelling in the hippocampus of rats with scopolamine-induced Alzheimer’s disease
after enalapril administration during 14 days in the dose of 1 mg/kg.
Note. The results are represented as Me[min-max], n=7, p<0.05
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anticholinesterase preparations of a central action [20].

Therefore, the results obtained are indicative of the fact
that enalapril under conditions of scopolamine-induced
Alzheimer’s disease in rats possesses a protective effect,
which is characterized by improvement of a functional
state and parameters of the mitochondrial energy
metabolism, increased activity of the antioxidant system in
the cerebral cortex and hippocampus.

Conclusion. Under conditions of scopolamine-induced
Alzheimer’s disease in the mitochondrial fraction of the
cerebral cortex and hippocampus of rats, free radical
oxidation of lipids and proteins increases, and activity of
Krebs cycle enzymes decreases — a-ketoglutarate
dehydrogenase and succinate dehydrogenase; light
dispersion decreases and a relative rate of mitochondrial
swelling increases.

After enalapril administration for 14 days to rats with
scopolamine-induced Alzheimer’s disease, the content of
products reacting with 2-thiobarbituric acid and protein
oxidation modification decreases in the mitochondrial
fraction of the cerebral cortex and hippocampus; in both
examined structures the activity of catalase, o-
ketoglutarate dehydrogenase, succinate dehydrogenase
increases, and superoxide dismutase — only in the cerebral
cortex; a gradual decrease of light dispersion and relative
rate of mitochondrial swelling occurs.

Improvement of the antioxidant system state and
energy supply of mitochondria, decreased intensity of
mitochondrial swelling in the cerebral cortex and
hippocampus of rats with  scopolamine-induced
Alzheimer’s disease are indicative of protective properties
of enalapril.

Prospects for further research. It is planned to study
the effect of enalapril on the morphological state of the
cerebral cortex and hippocampus under the conditions of
experimental neurodegenerations of different genesis.
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