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Abstract

Introduction: Neuroprotection is a promising area of adjuvant therapy of ischemic brain lesions. At the same time,
among potentially effective neuroprotectors, herbal remedies are distinguished due to their high efficiency and safety of
use. In this work, some aspects of the neuroprotective effect of 40% ethanol extract of black walnut bark were investi-
gated in comparison with its major component juglone.

Materials and methods: The work was performed on male Wistar rats, which were simulated with cerebral ischemia
by irreversible occlusion of the middle cerebral artery. The acute toxicity of the extract was preliminarily evaluated.
During the work, the following parameters were determined: changes in the behavior of animals in the Morris water
maze, cerebral blood flow, brain necrosis zone area, the activity of mitochondrial complexes, citrate synthase activity,
lactic, pyruvic, and ATP concentrations. The activity of the studied extract was compared with juglone in a concentra-
tion of 1 mg/kg (per os).

Discussion: The study showed that the use of black walnut bark extract in conditions of cerebral ischemia contributed
to an increase in the activity of mitochondrial complexes I-V, citrate synthase, which in turn led to the normalization of
aerobic-anaerobic metabolism reactions. The increase in the activity of respiratory complexes is probably mediated by
the antioxidant properties of juglone, which is a major component of the test extract of black walnut bark.

Conclusion: Thus, the test extract can be a potentially effective neuroprotective agent and requires further study.

Keywords
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Intr oduction More than 50 million cases of ischemic stroke are repor-

ted annually. More than half are fatal in the acute phase
According to the latest statistics from the World Health  of the disease (Guzik and Bushnell 2017). Stroke is more
Organization, ischemic brain lesions and, in particular, common in the elderly, while the incidence rate is higher
ischemic stroke, remain one of the main causes of death, among women, and the mortality rate, on the contrary,
with a high level of primary disability in the population.  is higher in males. At the same time, ischemic stroke in
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the last decade has shown a dramatics tendency to shift
to younger age groups and this pathological condition is
increasingly observed in the cohort of the population under
55 years of age, among whom the mortality rate is 10-20%
higher than in the elderly (Putaala 2020). Ischemic stro-
ke, being a heterogeneous disease, is represented by many
clinical variants, among which stroke caused by occlusi-
on of large vessels is the most severe and is registered in
20-40% of cases (Martha et al. 2019). Morphologically,
a stroke is represented by a formed area of necrotic tissue
— ”ischemic nucleus”, which occurs almost immediately
after vessel occlusion and is resistant to pharmacological
intervention. The “ischemic nucleus” is surrounded by a
functionally active site with reduced metabolic and bioe-
lectric activity — the “ischemic penumbra” zone (Thirug-
nanachandran et al. 2019). In the absence of reperfusion,
neurons located in the "penumbra” area are also subject to
irreversible changes, leading to their death. At the same
time, in contrast to the necrotic pyroptotic process of cell
destruction that occurs in the ”ischemic nucleus”, mediated
by the activation of caspase-1 (Shi et al. 2017), the death of
“penumbra” cells proceeds mainly along the path of apop-
tosis, as caspase-dependent, and caspase-independent (Ra-
dak et al. 2017). Apoptosis is known to be directly related
to the disruption of mitochondrial bioenergetic processes,
accompanied by a decrease in ATP synthesis. Comelli et al.
(2003) found that inhibition of ATP-synthase by oligomy-
cin and subsequent ATP deficiency activates the apoptotic
cascade of cell death, with an increase in caspase activity
and production of free oxygen radicals. At the same time,
the synthesis of high-energy phosphates is directly related
to the intensity of electron transport reactions in the mi-
tochondrial respiratory chain and, accordingly, the activity
of the respiratory complexes [-V (Fink et al. 2017). In this
regard, it can be assumed that a targeted influence on the
reactions occurring in the electron transport chain may be a
promising direction of neuroprotection in ischemic stroke.

Juglans nigra L. of the Juglandaceae family is a
widespread deciduous tree that grows mainly in temperate
climates. In ethnomedicine, the leaves of Juglans nigra L.
are used as an antispasmodic and antidiarrheal agent. Recent
studies have shown that extracts derived from Juglans nigra
L. raw materials are characterized by a broad spectrum
of pharmacological activities, including antimicrobial,
antioxidant, and anti-inflammatory properties (Ho et al.
2019). Most authors associate the high activity of Juglans
nigra L. extracts with the presence of naphthoquinones and,
in particular, juglone in their composition (McCoy et al.
2018), which can be a potentially effective neuroprotector
(Sanchez-Cruz et al. 2010). In this regard, it has been
hypothesized that an extract obtained from the black walnut
bark containing juglone as a major component (Dayronas
and Zilfikarov 2015) will have a protective effect on brain
neurons in case of ischemic damage.

Aim of the study: To evaluate the neuroprotective
potential of an ethanolic extract of black walnut bark on
a model of permanent occlusion of the middle cerebral
artery in rats.

Materials and methods

Animals

The work was performed on 80 male Wistar rats weig-
hing 200-220 grams, 3 months old, and 8 sexually
mature male Balb/c mice weighing 20-22 grams. The
animals were obtained from the Rappolovo Nursery
(Leningrad region, Russia) and during the experiment
were kept under controlled conditions in the Laborato-
ry of Living Systems at Pyatigorsk Medical and Phar-
maceutical Institute. The conditions of animal housing:
ambient temperature of +22+2 °C, relative humidity of
60+5%, with a 12-hour dar-light cycle. The rats were
housed by 5 animals in macrolon cages with granular
cellulose bedding with free access to water and food.
The study was carried out according to the recommen-
dations of Directive 2010/63/EU of the European Par-
liament and of the Council on the protection of animals
used for scientific purposes, of September 22, 2010, and
ARRIVE guidelines (Percie du Sert et al. 2020). The
study was approved by the local ethics committee (Mi-
nutes No. 20 dated 05.16.2020).

Test-objects

As a test object, we used a standardized extract of black
walnut bark obtained by extraction with 40% ethanol in
a Soxhlet apparatus for 48 hours, followed by evapora-
tion in a vacuum evaporator. The resulting dry residue
was dissolved in purified water. Walnut bark was collec-
ted in the autumn in the Caucasian Mineral Waters regi-
on (44°3'13"N, 43°5'18"E), herbarium sample No. 217.
The test extract was obtained and standardized according
to the scheme described in patent RU 2 608 026 CI and
characterized by the content of berberine, juglone, juglan-
din, vitamin C, sitosterol, and betulin. As a comparison,
juglone (Sigma-Aldrich) at a dose of 1 mg/kg (Peng et al.
2015) was used. The dose of the test extract was selected
during the study, based on the data obtained in the assess-
ment of acute toxicity.

Study design

At the first stage of the study, the toxicity of the test extract
was evaluated in an acute experiment, according to the
protocol of the experimental procedure “Up and Down”
in the Balb/c mice. Next, the neuroprotective potential of
the black walnut bark was assessed on the model of per-
manent occlusion of the middle cerebral artery in rats. At
the same time, the following experimental groups were
formed: SO — sham-operated animals (without patho-
logy); NC — negative control group (with cerebral ische-
mia, but lacking pharmacological support), and the group
of rats receiving juglone and test-extract. The number of
animals in a group was 20. Black walnut bark extract and
juglone were administered per os 30 minutes after the si-
mulation of ischemia and then once a day for 3 days. On


https://pubchem.ncbi.nlm.nih.gov/compound/Juglone
https://pubchem.ncbi.nlm.nih.gov/compound/Juglone
https://pubchem.ncbi.nlm.nih.gov/compound/Ethanol
https://pubchem.ncbi.nlm.nih.gov/compound/Ethanol
https://pubchem.ncbi.nlm.nih.gov/compound/Berberine
https://pubchem.ncbi.nlm.nih.gov/compound/Juglone
https://pubchem.ncbi.nlm.nih.gov/compound/Juglanin
https://pubchem.ncbi.nlm.nih.gov/compound/Juglanin
https://pubchem.ncbi.nlm.nih.gov/compound/Ascorbic-acid
https://pubchem.ncbi.nlm.nih.gov/compound/Sitosterol
https://pubchem.ncbi.nlm.nih.gov/compound/Betulin
https://pubchem.ncbi.nlm.nih.gov/compound/Juglone
https://pubchem.ncbi.nlm.nih.gov/compound/Juglone
https://pubchem.ncbi.nlm.nih.gov/compound/Juglone

Research Results in Pharmacology 8(2): 59-68

61

the 4 day, the rats were tested in the Morris water maze,
and the changes in the cerebral blood flow rate were as-
sessed. After that, the rats were decapitated under chloral
hydrate anesthesia (350 mg/kg intraperitoneally), venous
blood and brain were taken and used as the analyzed bio-
material. In 10 animals from the group, the size of the
brain necrosis zone was determined, in 10 remaining ani-
mals, changes in the activity of mitochondrial respiratory
complexes, citrate synthase, and ATP level were assessed.
The study design is shown in Fig. 1.

Biomaterial preparation

Fresh citrated venous blood was centrifuged at 1000 g for
15 minutes to obtain serum, in which the concentrations
of two parameters (lactic and pyruvic acids) were
determined. The right hemisphere (ischemic) was cut off
from the brain and homogenized in 10 animals from the
group in phosphate-buffered saline (pH=7.4) in a ratio
of 1:7 and used to assess the change in the size of the
necrosis zone. In the remaining 10 animals, the right
hemisphere was homogenized in an isolation medium
(1 mmol EGTA + 215 mmol mannitol + 75 mmol sucrose
+0.1% BSA solution + 20 mmol HEPES, with pH of 7.2).
For mitochondrial isolation, the resulting homogenate
was centrifuged at 1100 g for 2 minutes. The resulting
supernatant in the amount of 700 pl was transferred into
Eppendorf tubes and mixed with 75 pl of 10% percol and
centrifuged at 18000 g for 10 minutes. The precipitate
was resuspended in 1 ml of the isolation medium and
centrifuged for 5 minutes at 10000 g. This supernatant was
used to determine changes in the activity of complexes
of the mitochondrial respiratory chain, citrate synthase
activity, and ATP concentration.

Acute toxicity determination

The study of the toxicity of the extract was carried out using
the available method for studying the oral toxicity of chemi-
cal substances in an acute experiment — the ”Up and down”
procedure. According to this protocol, two tests were con-
ducted: limit testing and basic testing. The analysis and the
LD, calculation corresponded to the OECD Guidelines for
the Testing of Chemicsla No. 425. According to these gui-
delines, the range of administered doses for the test-com-
pounds was: 1.75; 5.5; 17.5; 55; 175; 550; 1750; 5000 mg/
kg with a dose extension coefficient 3.2. The administration
of the compounds was carried out fractionally with 1 hour
time interval until the required dose was reached, accor-
ding to the following scheme: the first animal receives the
test objects at a dose of 1.75 mg/kg, if the animal survives,
the administration of the compound continues in increasing
order of doses until the 1* case of death is reported. After
registering a fatal outcome, the next animal receives a lo-
wer dose of the test compounds than the previous one. The
criteria for stopping the experiment were:

consecutive deaths of 3 animals;

inverting the administered dose 3 times in 4 consec-
utive animals;

no death of 4 consecutive animals when administer-
ing one dose, after reaching a fatal outcome.

Cerebral ischemia model

Cerebral ischemia was simulated by the method of ir-
reversible occlusion of the middle cerebral artery. The
course of the operation was the following: in anesthetized

Acute toxicity
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Figure 1. Study design.
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animals (chloral hydrate 350 mg/kg, intraperitoneally),
on the depilated area below and to the right of the eye,
the skin was dissected and the muscles were moved apart.
Then the process of the zygomatic bone was removed and
the skull was exposed. Next, a burr was used to make a
trepanation hole above the intersection of the middle cere-
bral artery and the olfactory tract; the dura mater was re-
moved, and the artery was electrocoagulated and then cut
to avoid vessel recanalization, and the wound was sutured
in layers. The suture was treated with an antiseptic soluti-
on Benzyldimethyl [3-myristoilamine propyl] ammonium
chloride monohydrate (0.01% solution). Animals were
left under a heating lamp until emergence from anasthesia
(Tamura et al. 1981).

Morris water maze test

The Morris water maze device is a water arena with a
diameter of 150 cm with a wall height of 60 cm and a mo-
vable platform with a diameter of 10 cm (Open science,
Russia). During the study, the unit was filled with water
to the level of 50 cm, after which the water was stain-
ed. Before cerebral ischemia simulation, the rats were
trained through the testing procedure: within 2 minutes,
the animals were allowed to find a platform, provided
no complete of the task; after that, the rats were moved
to the platform for 10 sec., and the testing was repeated.
The training lasted for 5 days. After simulating ischemia
in similar conditions, the test was repeated. The latency
period of reaching the platform in seconds and the dis-
tance that the animal covered until finding the platform
in meters were recorded. The experiment was recorded
and processed using the Minotaur software (Neurobiotics,
Russia) with infrared monitoring of activity (Vorhees and
Williams 2006).

Assessment of changes in the rate of cerebral blood flow

The cerebral blood flow rate was assessed in the middle
cerebral artery basin in animals anesthetized with chloral
hydrate (350 mg/kg, intraperitoneally). In rats, in the pa-
rietal region, the cranium was opened with the removal
of the dura mater and arachnoid meninges, after which
the ultrasonic Doppler sensor UZOP-010-01 with an ope-
rating frequency of 25 MHz was installed. A contact gel
was used as a sound-conducting medium. The change in
the rate of cerebral blood flow was determined in cm/sec
using the MM-D-K-Minimax Doppler v.1.7 software.
(Saint-Petersburg, Russia).

Necrosis zone evaluation

The size of the necrosis zone was determined by the trip-
henyltetrazolium method. The brain was removed, with
the cerebellum cut off, and divided into the hemispheres.
Both hemispheres were weighed, then separately homo-
genized and placed in cups with 10 ml of a 1% soluti-
on of triphenyltetrazolium chloride in phosphate buffer

(pH=7.4). The sample was placed in a water bath for
20 minutes at 37 °C. Tne samples were centrifuged at
5000 rpm/10 min. Next, 3 ml of cooled chloroform was
added to the supernatant and incubated for 15 minutes at
40 °C with periodic stirring. The resulting mixture was
re-centrifuged, and the optical density of the chloroform
extract of formazan was measured at 492 nm against pure
chloroform. The calculation of the necrosis zone was ex-
pressed as a percentage of the total mass of the hemisphe-
res by formula (1) (Pozdnyakov et al. 2019):

My +e,M,
81(M1 + M2)

x=100— X100 ),
where x is the size of the zone of necrosis as a percenta-
ge of the total mass of the brain; ¢, is the optical density
of the sample with an intact hemisphere; ¢, is the optical
density of the sample with a damaged hemisphere; M, is
the mass of the intact hemisphere; M, is the mass of the

damaged hemisphere.

Assessment of the activity of mitochondrial complexes

The activity of the mitochondrial respiratory chain com-
plexes I, II, IV, and V was studied by adding the corres-
ponding oxidation substrates to the analyzed medium:
pyruvate — 10 mmol/ml; malic acid — I mmol/ml; succinic
acid — 10 mmol/ml; ascorbate — 2 mmol/ml; adenosin-
ediphosphate — 1 mmol/ml; and N, N, N °, N’ tetramet-
hyl-1,4-phenylenediamine (TMPD) — 0.5 mmol/ml (Con-
nolly et al. 2018). The complex I activity was investigated
by the difference in oxygen consumption when malate/
pyruvate was used as an oxidation substrate. The com-
plex II activity was investigated by the difference in oxy-
gen consumption rate (OCR) when succinate was used as
an oxidation substrate and oligomycin was added to the
medium. The activity of complex IV was defined by the
difference in OCR after adding the mixture of rotenone/
TMPD/ascorbate as an oxidation substrate. The activity of
complex V was defined by the difference in OCR after the
introduction of rotenone and ADP to analyze the medium.
The activity of complex III was assessed spectrophotome-
trically based on an increase in the optical density of the
incubation medium with 1 M succinate solution + 0.5 M
cytochrome C solution + 0.2 M KCN solution + 10 mM
rotenone solution and 10 pl of the analyzed sample at
550 nm (Spinazzi et al. 2012). Oxygen consumption was
determined in ppm and expressed in terms of protein con-
centration in the analyzed sample. Protein content was es-
timated using the Bradford method (Carlsson et al. 2011).

Measurement of citrate synthase activity

Citrate synthase activity was determined according to
the method described by Shepherd and Garland (1969).
The method is based on the determination of the colo-
red degradation products of 5.5’-di-thiobis- (2-nitroben-
zoic acid) in the presence of acetyl-CoA and oxaloace-
tate. The reaction mixture contained: 100 mM solution,
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5.57-di-thiobis- (2-nitrobenzoic acid); 100 mM acetyl CoA
solution; 0.1% Triton-X solution; 4 ul of the analyzed su-
pernatant and Tris-HCI buffer solution with pH = 7.8 to
100 pl. The optical density of the mixture was recorded at
412 nm for 3 minutes. The citrate synthase activity was de-
termined by the change in the optical density of the medi-
um and was expressed in U/mg of protein. Protein concen-
tration was determined according to the Bradford method.

Determination of lactic acid concentration

The concentration of lactate in blood serum was deter-
mined by the enzymatic reaction with the formation of
quininomine, the concentration of which is proportional
to the content of lactic acid in the sample. Incubation
medium: phosphate buffer (pH 6.8), Pipes 50 mmol/L,
4-chlorophenol 6 mmol/L, AAP4 0.4 mmol/l, 2000 U/L
lactoxydase, and U/L peroxidase. The volume of the test
sample was 10 pl. Sampling was carried out at 500 nm.
Calculation of the lactic acid content was carried out ac-
cording to the formula (2) (Pozdnyakov et al. 2019):

EX
C=—=x3,34umol /L

= @

where Ex is absorbance of the test sample; E is absorban-
ce calibration sample.

Determination of pyruvic acid concentration

The content of pyruvic acid in blood serum was determin-
ed by a decrease in NADH in the lactate dehydrogenase
reaction. Incubation medium: Good’s buffer 1000 pL,
NADH 200 uL, and LDH (2000 U/L) 20 pl. The volume of
the sample was 600 ul. Samples were measured at 340 nm.
Calculation of the pyruvic acid concentration was carried
out according to the formula (3) (Pozdnyakov et al. 2019):
EX
=—x1,25uu oML 3),
Eo
where Ex is absorbance of the test sample; E is absorban-
ce calibration sample.

Determination of ATP concentration

The ATP content in the brain supernatant of animals was
assessed by enzyme-linked immunosorbent assay using
species-specific reagent kits. Reagents were provided by
Cloud Clone Corp. (USA). The assay progress was con-
sistent with the kit manufacturer’s recommendations.

Statistical analysis

Statistical processing of the obtained results was per-
formed using the STATISTICA 6.0 application software
package (StatSoft, USA). Data were expressed as M (me-
an)+SEM. Comparison of means groups was carried out
by the method of one-way analysis of variance with post-
processing Newman-Keuls test.

Results

Assessment of acute toxicity of the test extract

While testing the maximum permissible dose, it was
found that when the extract of black walnut bark at a dose
of 5000 mg/kg was administered to the animals, there was
no death of mice. At the same time, no significant devi-
ations of the general condition of the animals from the
control group (n=4) were found. In this regard, based on
the OECD Guidelines No. 425, the main testing was not
started and the LD, value of the test extract was accepted
as a value of 5000 mg/kg (orally). At the same time, based
on the literature data, it can be assumed that the effective
dose for the test extract will be a dose of 1/100 of the
LD, which is 50 mg/kg (Pozdnyakov et al. 2019).

Evaluation of the effect of the test extract on changes in
the behavior of animals in the Morris water maze test

While assessing the effect of the test extract on the change
in the behavior of animals in the Morris water maze, it was
found that in the NC group of rats, compared with the SO
animals, there was an increase in the latency time of platform
search (Fig. 2B) by 2.6 times (p<0.05) and in the distance
covered (Fig. 2A) by 2.3 times (p<0.05). The use of juglo-
ne contributed to a decrease in the time for completing the
task in the research maze concerning the NC group of rats
by 35.7% (p<0.05) and in the distance covered by 39.1%
(p<0.05), whereas when administering the investigated
extract, these indicators decreased by 40.1% (p<0.05) and
49.2% (p<0.05), respectively. At the same time, no statisti-
cally significant differences were found between the groups
of animals that received the studied extract and juglone.

Evaluation of the effect of the test extract on the chan-
ge in the cerebral blood flow rate, the size of the brain
necrosis zone, and the concentrations of lactic and py-
ruvic acids in the blood serum of rats

While carrying out this block of experimental work, it
was found that in the NC group of rats, the rate of cere-
bral blood flow (Fig. 3) was lower than that in the SO of
animals by 84.1% (p<0.05). At the same time, against the
background of administering juglone and the test extract,
there was an increase in the level of cerebral blood flow
in comparison with the NC group of rats by 2.8 times and
3.4 times (both p<0.05), respectively.

At the same time, there was an increase in the con-
centration of lactate in the blood serum of NC animals
and a decrease in the content of pyruvate (Table 1) when
compare to those in SO rats by 5.7 times (p<0.05) and
by 47.5% (p<0.05), respectively. Against the background
of the use of juglone, there was a decrease in the lacta-
te concentration in the blood serum of animals by 38.2%
(p<0.05), accompanied by an increase in the concentrati-
on of pyruvate by 32.3% (p<0.05). It should be noted that
when rats were treated with the black walnut bark extract,
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Figure 2. Influence of the test extract of black walnut bark and juglone on changes in animal behavior in the Morris water maze test.

Note: SO — sham-operated animals, NC — negative control, J — a group of animals that received juglone, JN — a group of animals
that received the studied extract of black walnut bark, # — statistically significant relative to SO rats (Newman-Keuls test, p<0.05);
* — statistically significant relative to NC rats (Newman-Keuls test, p<0.05).
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Figure 3. Influence of the test extract and juglone on changes
in cerebral blood flow rate in rats. Note: SO — sham-operated
animals, NC — negative control, J — a group of animals that re-
ceived juglone, JN — a group of animals that received the studied
extract of black walnut bark, # — statistically significant relative
to SO rats (Newman-Keuls test, p<0.05); * — statistically signifi-
cant relative to NC rats (Newman-Keuls test, p<0.05).

where as the content of lactic acid compared with the
same indicator of the NC group of animals decreased by
47.1% (p<0.05), the content of pyruvic acid, on the con-
trary, increased by 40.7% (p<0.05). At the same time, the
area of brain necrosis in the animals that were treated by
juglone and the test extract decreased in comparison with
the NC group of animals by 19.4% (p<0.05) and 30.9%
(p<0.05), respectively (Table 1).

Table 1. Influence of the test extract of black walnut bark and
juglone on the change in the concentrations of lactic and pyruvic
acids in the blood serum of rats and brain necrosis zone area

Evaluation of the effect of the test extract on the chan-
ge in the activity of the complexes of the mitochondrial
respiratory chain, citrate synthase, and the concentra-
tion of ATP in the brain of rats

Evaluating the change in the activity of mitochondrial
complexes (Fig. 4) in the NC group of rats, it was found
that in this group of animals relative to the SO rats, the
activity of complexes I-V decreased by 67.6%; 74.1%;
61.2%; 60.5% and 43.8%, respectively (all indicators
p<0.05). In the animals that were treated by juglone, an
increase in the activity of mitochondrial complexes was
observed, while the activity of complex I increased by
92.4% (p<0.05); complex II — by 165.9% (p <0.05); com-
plex III — by 43.3% (p<0.05); complex IV — by 34.6%
(p<0.05) and complex V — by 87.5% (p<0.05). When
using the test extract of black walnut bark, there was an
increase in the activity of respiratory complexes [-V con-
cerning the NC group of rats by 57.8%; 126.7%; 49.1%;
54.4%, and 67.3% (all indicators p<0.05).

The activity of citrate synthase and the concentration
of ATP (Table 2) in the NC group of animals were lower
than those in the SO of rats by 56.1% (p<0.05) and 56.6%
(p<0.05), respectively. At the same time, in animals recei-
ving juglone, the activity of citrate synthase increased by
38.9% (p<0.05) in comparison with the NC group of rats,
with an increase in ATP content by 38.3% (p<0.05). The

Table 2. Influence of the test extract of black walnut bark and
juglone on changes in the citrate synthase activity and ATP con-
centration in the brain in rats

Group Lactic acid, Pyruvic acid, Necrosis zone Group ATP concentration, Citrate synthase activity,
mmoles/L pmoles/L area, % pg/ml U/mg of protein
SO 1.2+0.04 125.6+8.27 0 SO 1594.24+78.645 4.1£0.659
NC 6.8+0.05#  65.9+13.29# 35.9+2.469 NC 691.4+90.622# 1.8+0.142#
J, 1 mg/kg 4.240.06* 87.2+14.88* 28.7+£2.971* J, 1 mg/kg 956.4+54.005* 2.540.821*
JN, 50 mg/kg 3.6+0.05* 92.7+13.92* 24.6+3.225% IN, 50 mg/kg 1002.4+93.285* 2.9+0.287*

Note: SO — sham-operated animals, NC — negative control, J — a group
of animals that received juglone, JN — a group of animals that received
the studied extract of black walnut bark, # — statistically significant rela-
tive to SO rats (Newman-Keuls test, p<0.05); * — statistically significant
relative to NC rats (Newman-Keuls test, p<0.05).

Note: SO — sham-operated animals, NC — negative control, J — a group
of animals that received juglone, JN — a group of animals that received
the studied extract of black walnut bark, # — statistically significant rela-
tive to SO rats (Newman-Keuls test, p<0.05); * — statistically significant
relative to NC rats (Newman-Keuls test, p<0.05).
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Figure 4. Influence of the test extract of black walnut bark and juglone on changes in the mitochondrial respiratory complexes ac-
tivity in the brain of rats. Note: SO — sham-operated animals, NC — negative control, J — a group of animals that received juglone,
JN — a group of animals that received the studied extract of black walnut bark, # — statistically significant relative to SO rats (New-
man-Keuls test, p<0.05); * — statistically significant relative to NC rats (Newman-Keuls test, p<0.05).

use of the test extract of black walnut bark promoted an
increase in the concentration of ATP and the activity of
citrate synthase by 45.0% (p<0.05) and 61.1% (p<0.05),
respectively, relative to the NC of the group of animals.

Discussion

To date, ischemic stroke remains one of the main pro-
blems of modern healthcare with a high level of disa-
bility and mortality. It has been found that it is possible
to reduce the negative consequences of stroke through
the use of neuroprotective agents (Rajah and Ding 2017).
At the same time, one of the promising approaches to
neuroprotective therapy may be the use of metabolic
agents that restore metabolism in the brain tissue by nor-
malizing mitochondrial function (Yang et al. 2016). The
present study investigated the neuroprotective properties
of a standardized black walnut bark extract compared to
juglone, which is the major component of this extract.
The study showed that the use of black walnut bark ex-
tract in conditions of cerebral ischemia contributed to an
increase in the activity of mitochondrial complexes I-V,
citrate synthase, which in turn led to the normalization
of aerobic-anaerobic metabolism reactions. The increase
in the activity of respiratory complexes is probably me-
diated by the antioxidant properties of juglone, which is
the major component of the extract of black walnut bark.

It has been established that juglone has chelating proper-
ties relative to bivalent ions, and in particular, against
Fe? " and thereby suppresses the production of reactive
oxygen species (ROS), mediated by an increase in the
intensity of lipid peroxidation by Fenton reaction type
(Tamafo Fouegue et al. 2016). In turn, a decrease in the
generation of ROS leads to the stabilization of electron
transport at the level of complexes I-III, increasing their
activity and restoring the course of the reaction of ae-
robic metabolism. The intensity of aerobic metabolic
reactions can be judged by the number of formed inter-
mediates, for example, lactic and pyruvic acids, as well
as the end products of metabolism in the form of ATP
(Toth et al. 2020). During this study, it was found that the
administration of the test extract of black walnut to ani-
mals contributed to the elimination of hyperlactatemia,
accompanied by an increase in the content of pyruvate in
the blood, as well as an increase in the concentration of
ATP in the brain, which may indicate the restoration of
the optimal course of reactions of aecrobic metabolism. At
the same time, an increase in citrate synthase activity ob-
served with the use of black walnut bark extract suggests
an increase in mitochondrial biogenesis de novo, since
NADH dehydrogenase is a specific marker of changes
in the number of mitochondria (Kelley et al. 2002). An
effect on the level of cerebral blood flow is important
for achieving the neuroprotective effect of pharmaco-
logically active substances (Sutherland et al. 2011). It
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has been shown that juglone has vasodilating properties.
Ahmad et al. (2020a) found that juglone practically did
not cause vasorelaxation in vessels devoid of the endot-
helial lining, nor in cells pretreated with a non-selective
blocker of NO synthase, nitro-L-arginine methyl ester,
which suggests an endothelial mechanism of vasodilati-
on induced by juglone. It is also assumed that the activa-
tion of potassium channels plays a significant role in the
vasoactive potential of juglone, as indicated by Ahmad
et al. (2003b). In addition to vasodilation, in the imple-
mentation of the neuroprotective effect of juglone and,
accordingly, the extract of black walnut bark, an impro-
vement in the rheological properties of blood can play
a significant role. Kao et al. (2020) found that juglone
suppress platelet aggregation caused by the activation of
glycoproteins IIb/Illa, and also reduced the level of in-
tracellular calcium and the activity of protein kinase C.
As a result, elimination of energy deficit and restora-
tion of cerebral hemodynamics contributed to a decrease
in the area of brain necrosis and preservation of cognitive
functions in rats, which indicates a high neuroprotective
potential of the black walnut bark extract, comparable
to juglone. In addition, the test extract was characteri-
zed by low systemic toxicity with LD >5000 mg/kg,
while juglone (as an individual compound) is a rather
toxic compound. It has been found that juglone promo-
tes the activation of apoptosis, both by caspase-dependent
and caspase-independent mechanisms (Wu et al. 2017).
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permanent right-sided middle cerebral occlusion in rats.
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on of the activity of mitochondrial complexes I-V, citrate
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