Igor F. Belenichev et al./ Elixir Pharmacy 76 (2014) 28286-28292

Available online at www.elixirpublishers.com (Elixir International Journal)

Pharmacy

Awaking b
to reality Fx
YN

5 f’.'\":“&‘;:"vw“r 4

New xanthine derivative B-YR-2 as antioxidant modulator of post-stroke

damage of sensorimotor cortex neurons in rats

Igor F. Belenichev', Katherine V. Aleksandrova?, Svitlana F. Nosach?, Sergey V. Levich?, Darja M. Yurchenko?, Andrey
V. Abramov?®, Nina V. Buchtiyarova®, Elina V. Suprun®
'Department of Pharmacology, Zaporozhye State Medical University, Zaporozhye, 69035, Ukraine.
Department of Biochemistry and Laboratory Diagnostics, Zaporozhye State Medical University, Zaporozhye, 69035, Ukraine.
*Department of Pathologic Physiology, Zaporozhye State Medical University, Zaporozhye, 69035, Ukraine.
*Department of General Pharmacy and Drugs Safety, National University of Pharmacy, Kharkov, 61002, Ukraine.

- Elixir Pharmacy 76 (2014) 28286-28292

vt

ARTICLE INFO
Article history:

ABSTRACT

| Acute ischemic stroke is a major cause of long-term disability and the second leading
Received: 2 September 2014; cause of mortality worldwide. One of main parts of it pathogenesis is production of
Received in revised form: reactive oxygen species. The goal of this study was to evaluate the neuroprotective effect
25 October 2014; of the new xanthine derivative B-YR-2 (hydrazide of 1,3-dimethyl-8-N-
Accepted: 4 November 2014; benzylaminoxanthinyl-7-acetic acid), which demonstrated high antioxidant qualities in
vitro, in comparison with thiotriazoline, mexidol and citicoline." Injection of B-YR-2
compound to the rats with experimental stroke had the most pronounced neuroprotective
effect. B-YR-2 increased number of glial cells and neurons in the cerebral cortex and
stimulated their morphofunctional activity.
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Introduction

Stroke is a major cause of long-term disability and the
second leading cause of mortality worldwide resulting in
approximately 6 million deaths every year [1,2]. The main
pathophysiological processes following ishemic stroke are
bioenergetic failure, loss of cell ion homeostasis, acidosis,
increasing of intracellular calcium levels, excitotoxicity, reactive
oxygen species-mediated toxicity, cytokine-mediated
cytotoxicity and activation of neuronal and glial cells [1,3].

Neurons have high content of oxidizable substrates and an
elevated metabolic rate, that's why neural tissues are highly
sensitive to reactive oxygen species (ROS) attack. An additional
release of ROS that takes place during reperfusion and
restoration of the blood flow, could cause a delayed neuronal
death [4-6]. Accumulation of ROS or oxidative stress plays a
pivotal role in neurodegeneration associated with ischemia and
other neurodegenerative diseases [7-11].

Among the activators of increased ROS-formation (from the
electron transport chain, NADPH oxidases etc) during cerebral
ischemia are Ca®* ions. The increased concentration of
intracellular Ca®* ions can activate nuclear and cytosolic
proteases such as endonuclease and calpains [1,12,13].

Abnormal accumulation of Ca®* ions perturbs the electron
transport chain of mitochondria, and causes electron leakage. In
turn, the electrons can react with oxygen to produce superoxide
anion (O%) [14,15]. The increase of cytosolic Ca®" can also
activate protein kinase C, which activates NADPH oxidase and
stimulates production of O anion [1,16-18]. Increased
production of O”" can lead to the formation of additional free
radicals: hydrogen peroxide, hydroxyl radical and peroxynitrite
(by reacting with nitric oxide produced by neuronal and
endothelial NO synthase) [19,20]. In addition, ROS can stimulate
transcription factors to cause neuronal and glial damage by
modulating  caspase-mediated  apoptosis  [21,22].  Thus,
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antioxidants (compounds able to decrease the level of ROS) can
be used as neuroprotectors during ischemic stroke.

Substituted xanthine derivatives represent an important class
of pharmacologically active compounds that are known to
exhibit various pharmacological activities, including antioxidant
properties [23,24]. The goal of this study was to evaluate the
neuroprotective effect of the new xanthine derivative B-YR-2
(hydrazide of 1,3-dimethyl-8-N-benzylaminoxanthinyl-7-acetic
acid, Fig.1), which demonstrated high antioxidant qualities in
vitro [25], in comparison with other neuroprotectors, such as
thiotriazoline [26], mexidol [27] and citicoline [28].
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Figure 1. Hydrazide of 1,3-dimethyl-8-N-benzylamino-
xanthinyl-7-acetic acid — B-YR-2

Materials and methods
Animals

The experiments were performed on white Wistar rats of
both sexes with the body weight of 150-200 g. Animals were
obtained from the nursery of the Institute of Pharmacology and
Toxicology of Ukraine. The duration of an acclimatization
period (quarantine) was 14 days for all objects. The behavior and
general condition of each animal was assessed every day. Twice
a day the animals were monitored for morbidity and mortality.
Animals not complying with the experimental criteria were
excluded from the study during the quarantine. Cages with
animals (6 rats per cage) were placed in separate rooms with the
natural day/night light cycle.



28287

Air temperature and relative humidity were monitored every
day and maintained between 19-25 °C and 50-70%, respectively.
The diet consisted of the cornmeal, bread, and root vegetables
(beets, carrots).

All experimental procedures and operative interventions
were done in accordance with WMA Statement on Animal Use
in Biomedical Research.

Acute toxicity

For definition of the median lethal dose of B-YR-2
compound we used Kerber method in Loit modification and K.
K. Sidorov classification [29,30]. Several doses of xanthine
derivative were injected intragastrically as a water suspension
through the metal catheter into 5 groups of laboratory animals (6
rats per group). Animals that survived the surgery were observed
during two weeks after injection.

Stroke model

In order to model the acute stroke we selected the global
incomplete cerebral ischemia model, which was shown to be the
most adequate in terms of clinical implications [31]. The acute
stroke condition was induced by bilateral ligation of common
carotid arteries performed under the ethaminal-sodium anesthesia
(40 mg/kg), with implication of surgical approach by means of
separation of carotid arteries and single-step silk deligation [31].

Animals were divided on 6 experimental groups and 11
subgroups: 1) group I, — animals with CVA without the
treatment (control group), which were gathered from the
experiment on the 4th day after the surgery (20 rats); 2) group Ig
— animals with CVA without the treatment (control group),
which were gathered from the experiment on the 18th day after
the surgery (25 rats); 3) group Il — animals with CVA treated
with thiotriazoline during 4 days following the surgery (10 rats);
4) group llg — animals with CVA treated with thiotriazoline for
18 days after the procedure (10 rats); 5) group I, — animals
with CVA treated with mexidol for 4 days after the surgery (10
rats); 6) group lllg — animals with CVA treated with mexidol for
18 days following the surgery (10 rats); 7) group IV — animals
with CVA treated with B-YR-2 compound for 4 days following
the procedure (10 rats); 8) group 1Vg — animals with CVA treated
with B-YR-2 compound for 18 days following the surgery (10
rats); 9) group V — animals with CVA treated with citicoline for
4 days following the surgery (10 rats); 10) group Vg — animals
with CVA treated with citicoline for 18 days following the
surgery (10 rats); 11) group IV was represented by the pseudo-
operated animals (intact group, 10 rats).

The compound B-YR-2 was injected once a day as a water
suspension intragastrically through the metal catheter. We used
100 mg/kg as the curative dose (1/10 LDsp) during the whole
experiment. Thiotriazoline was injected according to the same
schedule at a dose of 50 mg/kg intragastrically. Curative dose of
mexidol and citicoline was 100 mg/kg. Animals of control and
intact groups received physiological solution (saline) with the
Tween-80 according to the same schedule.

Neurological impairment

The neurological impairment was assessed by the scale
stroke-index by C.P. McGrow [32]. Severity of the condition was
defined by the sum of the relevant points as follows: 3 points — a
mild degree of impairment, 3 to 7 points — an average degree,
and 7 points or more corresponded to a severe degree of
impairment. During experimental observations of animals, we
recorded the following parameters as manifestations of
neurological deficit: paresis, paralysis of limbs, tremors, circling,
ptosis, side position, mobility and the ability to retain on a rod of
15 c¢cm in diameter rotating with a speed of 3 rev/min. The
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animals were tested daily and the number of points was recorded
during each assessment.
Morphometric analysis

For assessment of pharmacocorrection results we collected
brain tissue from experimental animals on the fourth day
(subgroups A) and on the eighteenth day (subgroups B) after the
surgery. Brain tissue was fixed with 10% Bouin's fluid for 24
hours, and was embedded in paraffin blocks. These blocks were
used for preparation of 5-micron frontal histological sections of
the postcentral gyrus (somatosensory cortex). To study the
morphological and functional state of neurons of IV-V cortical
layers and for specific detection of RNA, histological sections
were deparaffinized and then stained by gallocyanin - chrome
alum (Einarson’s Method) [33]. Images of the cerebral cortex
were obtained by microscope Axioskop (Zeiss, Germany), using
an 8-bit CCD-camera COHU-4922 (COHU Inc., USA) and then
were processed by the computer image analysis system VIDAS-
386 (Kontron Elektronik, Germany). Morphometric analysis of
brain cells was performed in an automatic mode using the
VIDAS-2.5 software (Kontron Elektronik, Germany) [34].

The following parameters were defined:

- density of neurons, glial cells, apoptotic and destructured
neurons (the number of cells per 1 mm? of area of cerebral cortex
section);

- surface area of cell bodies of normal, apoptotic and
destructured neurons (um?);

- RNA concentration in normal, apoptotic and destructured
neurons (absorbance units, Eqp), which was calculated as the
logarithm of the ratio of the optical density of the cell body to the
optical density of the intercellular substance.
Immunohistochemical determination of the quantity of c-Fos-
positive neurons

The brain tissue of experimental animals was fixed in
Carnoy's fluid for 24 hours and was embedded in paraffin blocks,
which were used for preparation of 14-micron histological
sections of 1\VV-V layer of the sensorimotor cortex.

For assessment of expression of early response genes c-Fos,
histological brain sections were deparaffinized, rehydrated, thrice
washed with phosphate buffer for 5 minutes (pH = 7.4) and
incubated with 2N hydrochloric acid solution for 30 minutes (T =
37 °C). Then sections were washed twice with phosphate buffer
for 5 minutes (pH 7.4), twice for 5 minutes with a borate buffer
by Holmes (pH = 8.4), four times for 5 minutes with the
phosphate buffer (pH = 7.4) and incubated with 0.1% trypsin
solution in the phosphate buffer for 30 minutes (T = 37 °C).
After incubation, sections were washed four times for 5 minutes
with phosphate buffer (pH = 7.4) and then incubated for 24 hours
in a humid chamber (T = 4-6 °C) with the primary rabbit
polyclonal antibodies IgC (1:500) to the c-Fos protein (sc-253-G)
manufactured by Santa Cruz Biotechnology, Inc. (USA). After
incubation, sections were washed four times for 5 minutes with
the phosphate buffer (pH = 7.4) and incubated for 1 hour (t = 37
° C) with the goat secondary antibody to a fragment of mouse
IgG, conjugated to a fluorescent dye (FITC, Sigma-Aldrich
company, cat. Ne F 2266). After the final wash with the
phosphate buffer (pH 7.4), sections were embedded in a
glycerol-phosphate buffer (9:1). Intensity of c-Fos expression
was determined by the density of c-Fos-positive cells in sections
with the camcorder COHU-4922 (USA) of the epifluorescence
microscope Axioskop (Ziess, Germany). Obtained material was
processed by the computer image analysis system VIDAS-386
(Kontron Elektronik, Germany).
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Statistical analysis
The statistical data analysis was carried out with the help of
the software STATISTICA® for Windows 6.0 (StatSoft Inc.
AXXR712D833214FANS) [35]. The data is presented as the
sample mean + the standard error of the mean. The fidelity of
differences between experimental groups was estimated with the
help of Student’s t-test and Fisher's exact test.
Results
The acute toxicity
Intragastric injection of B-YR-2 in a dose of 900 mg/kg
resulted in a 100% mortality of the animals within a day
following the treatment, whereas a dose of 100 mg/kg did not
cause death. Injections of intermediate doses (300, 500 and 700
mg/kg) caused death of 33.3%, 50% or 83.3% of animals
respectively (Table 1). The obtained experimental data showed
that the test compound did not show significant toxicity, and its
LDs, was 500 + 10 mg/Kkg.

Table 1. Results of acute toxicity test in rats following
intragastric injection of compound B-YR-2 after 2 weeks of
observation
Dose, mg/kg 100 | 300 | 500 | 700 | 900
Proportion of 100 | 66.7 | 50 | 166 | O
survived rats on the

14" day, %

Influence on survival and progression of neurological deficit

Double-sided common carotid arteries ligation caused
serious neurological changes in animals organisms, e.g.
paralysis, paresis, ptosis, with maximum manifestation on the
fourth day post-surgery. So, the average score of uncured group
of animals for this period corresponded to a serious degree of
neurological symptoms according to the C.P. McGraw scale
(Table 2).

Table 2. Influence of B-YR-2, thiotriazoline, mexidol and
citicoline on survival and progression of neuralgic deficit of
animal in different periods on time after CVA

Average score according to | Proportion of

C.P. McGrow scale survived

Group /operated
Subgroup A | Subgroup B rats on the

(4" day ) (18" day) 4™ day, %

| 17,66 + 2,02 4,3+0,33 (14/45) 31
1 7,16 + 0,59* 2,2+£047* (14/20) 70*
11 6,21 +0,47* 2,7+£0,11* (14/20) 70*
v 6,6 £ 0,6* 1,9 £0,28* (16/20) 80*
\Y 8,8 £0,8* 3,6+0,42 (10/20) 50
Vi 0,4+0,11 (10/10) 100

Remark: * - p<0,05 in relation to control

On the forth day of observation 31% of animals of the
control group survived and their average score by the McGrow
scale was 17.66, which corresponds to severe neurological
symptoms (Table 2). Treatments with B-YR-2 compound,
thiotriazoline, mexidol or citicoline had different neuroprotective
effects, with B-YR-2 compound demonstrating the most
significant effect. This xanthine derivative reduced the
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occurrence of neurological symptoms and mortality by
approximately 2.6 fold in B-YR-2-treated animals compared to
the untreated group.
Morphometric analysis

Ischemia resulted in a significant decrease of the neuron
density in the cortex compared to intact animals (Table 3, Figs
2,3). At the same time, there was a significant decrease in the
surface area of neuron cell bodies with an increase in their RNA
content compared to intact animals. Ischemia did not
significantly affect the density of glial cells in the cerebral
cortex, but caused a significant increase in the area of glial cells

K‘ ‘.U: g : . :( &. : . ;’ 1
Figure 2. Neurons of the sensorimotor area of the frontal
cortex of rats of intact group (group VI)

This was indicative of a compensatory increase in the
functional state of glial cells in response to ischemic brain
damage. In the cortex of animals in the control group the number
of apoptotic and destructed neurons was 3.8 fold higher than in
the cortex of intact group. It reached 17,45 + 0,8% of the total
number of cells on the 4th day (neurons and glial cells) and
14,36 = 0,74% on the 18th day post-sugrery (Table 5).

Quantity of c-Fos-positive heurons

Acute cerebral ischemia resulted in a decrease of the c-Fos
protein on the 4th day following the surgery (the number of the
c-Fos-positive cells was decreased by 3.6 fold) (Table 6, Figs.
4,5). On the 18th day of experiment we observed some recovery
processes. The number of c-Fos-positive neurons increased in the
IV-V layers of the sensorimotor cortex, but the c-Fos content
remained on the low level.

Figure 4. Content of c-Fos-positive cells in brain of rats of
intact group (group VI)
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Remark: * - p<0 05 in relation to control
g
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Table 3. Characteristic of neurons of 1V-V layers of cortex of brain of rats with ishemic stroke

Neuronal density, cell . 2 .
quantity Imm? Neuronal bodies area, pm RNA content in neurons, Egp
Group

Subgroup | Subgroup B Sub%roup A Subgroup B Sub%roup A Subgroup B

A (4" day) (18™ day) 4™ day) (18™ day) 4™ day) (18" day)

| 1065 + 27 1082 £ 19 64,19+0,9 62,12 +1,08 12,4+0,2 115+0,6
1 1081 + 29 1117 + 32* 62,97 +1,14 65,12 +0,94* | 11,26 +0,16* 11,19 £ 0,28
i 1182 +24* | 1235+18* | 67,78+1,13* | 68,67 +1,08* | 11,76+0,11* 11,23 £0,15
v 1278 £ 17* | 1307 +22* | 69,52+0,65* | 70,82+0,72* | 11,17+0,12* | 10,67 +0,17*
\% 1069 + 38 1163 + 26* 63,46 £ 0,8 68,71+0,93* | 11,37+0,18* | 11,03+0,23

VI 1281 +34 1292 +31 75,21+1,12 74,87 +£1,32 9,69 £ 0,15 9,72+0,14

Figure 3. Neurons of the sensorimotor area of the frontal cortex of rats of group I (A - subgroup A B - subgroup B)

Table 4. Characteristic of glial cells of V-V layers of cortex of brain of rats with ishemic stroke

Density of glial cells, cell . . 2 L
quantity. Jmm? Area of glial cell bodies, pm RNA content in glial cells, Eqp
Group

Subgroup A Subgroup B Subgroup A Subgroup B Subgroup A Subgroup B

(4" day) (18" day) (4" day) (18" day) (4™ day) (18" day)

| 396 + 11 410+ 11 21,2+0,11 218+0,17 4,05+ 0,02 4,03 £ 0,02
1 476 + 14* 493 £ 12* 22,5 £0,21* 23,9+0,21* 4,13 +0,02* 4,16 +0,02*
i 469 + 17* 485 + 15* 22,8 £0,14* 23,7+0,17* 4,11 +0,03* 4,14 +0,02*
v 465 + 12* 478 £ 11* 23,4 £0,15* 25,0 £0,14* 4,17 +0,03* 4,21 +0,01*
\% 497 + 19* 507 + 14* 21,7+0,28 24,9 £0,31* 4,25 +0,02* 4,29 +0,03*

VI 418 +21 421+ 14 20,5+0,19 20,7+0,24 3,34+0,07 3,31+£0,05

Remark: * - p<0,05 in relation to control
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Table 5. Density of apoptotic and destrucrted neurons of 1V-

V layers of cortex of brain of rats with ishemic stroke

Density of cells on 1 mm? Percentage ot’zpoptotlc cells,
Group Subg\roup Subgl]sroup Sub%roup A Subggoup B
tl i
(4th da.y) (18th day) (4 day) (18 day)
| 294 £ 18 287 £18 17,45+0,8 14,36 £ 0,74
1 162 £ 16* 112 + 10* 9,7+0,41* 7,5+0,49*
11 174 +11* 128 + 13* 7,8+0,51* 6,7 +0,35*
v 149 + 5* 107 £ 9* 6,8 £ 0,6* 5,7 +0,65*
V 438 = 29* 153 + 18* 16,3+ 1,7 6,4 +0,52*
VI 107+£9 110+ 7 4,5+0,53 4,3+0,61

Remark: * - p<0,05 in relation to control

Table 6. Content of c-Fos-positive cells in brain of rats with
ishemic stroke

Group Subgroup Content of c-Fos-positive
cells
I A (4" day) 40+07
B (18" day) 19,0 + 0,54
T A (4" day) 7,6 +0,5*
B (18" day) 25,8 +0,86*
i A (4" day) 8,2 +0,66*
B (18" day) 26,0 +0,7*
v A (4" day) 9,4 +0,66*
B (18" day) 273+0,7*
vV A (4" day) 5,2 +0,58
B (18" day) 19,2 + 0,66
VI - 15,4 + 1,07
Remark: * - p<0,05 in relation to control

B
Figure 5. Content of c-Fos-positive cells in brain of rats of
group | (A —subgroup A, B —subgroup B)

Discussion

The treatment of animals that underwent bilateral ligation of
common carotid arteries with B-YR-2, thiotriazoline, mexidol,
and citicoline resulted in a reduction of development of
neurological deficit. The treatments accelerated the restoration of
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the neurological status, improved
memory, and reduced mortality.

Experimental therapy of animals with stroke with citicoline
led to an increase of the neuronal density in the cortex by 1.5
fold on the 4th day of ischemia. In the prolonged periods of
ischemia, citicoline injection reduced the density of neurons and
their RNA content compared with the control group of animals.
However, the number of apoptotic and destructed neurons of
animals of V4 subgroup did not differ from the control group,
but in the long-term ischemia conditions citicoline treatment
significantly reduced the percentage of apoptotic neurons and
contributed to maintaining a high functional activity of glia.
Thus, citicoline has no neuroprotective effect in the acute period
of stroke. But in the recovery period, this drug significantly
increased the density of the neurons and glial cells, that led to an
increase in the total cell density by 1.5 fold relative to control
values, and reduced the percentage of apoptotic neurons by 2.2
fold.

Thiotriazoline caused an increase in the density and total
area of glial cells both in the acute and recovery phases. Also,
after thiotriazoline injection we observed an increase in the RNA
content of glial cells, which indicates an increase in gene
activation, protein synthesis, and functional activity of these
cells. Anti-ischemic action of thiotriazoline is based on its ability
to enhance the compensatory activation of anaerobic glycolysis,
to reduce the degree of inhibition of oxidative processes in the
Krebs cycle, and to maintain an intracellular ATP depot that
stabilizes the metabolism of neurons [26]. Thiotriazoline reduced
the production of reactive oxigen species in mitochondria by
utilizing the reduced forms of pyridine nucleotides and
presercing the oxidative energy production. Thiotriazoline
prevented oxidative modification of proteins, receptors, ion
channels, enzymes, and transcription factors by reducing
overproduction of peroxynitrite and superoxide radical.

An injection of mexidol had more pronounced
neuroprotective effect. The analysis of morphological parameters
of the experimental group that received mexidol revealed an
increase in density and surface area of neuronal cell bodies. An
increase in the RNA content of neurons after mexidol treatment
was indicative of the stimulation of gene activity and of the
activation of the translation process in neurons. Such effect of
mexidol was related to his activating influence on the antioxidant
enzyme system. Mexidol inhibited processes of lipid, protein and
nucleic acid oxidation, activated antioxidant enzymes, promoted
sparing consumption of an endogenous antioxidant a-tocopherol,
and contributed to maintaining the structural and functional
integrity of neuronal membranes.

In our study, B-YR-2 compound had the most pronounced
neuroprotective effect among the antioxidant compounds
analysed (Tablev‘3-5, Fi'g._6). e N A
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Figure 6. Neurons of the sensorimotor area of the frontal
cortex of rats of group IV (A — subgroup A, B — subgroup B)

Its action on glia during stroke manifested in an increase in a
number of glial cells and neurons in the cerebral cortex and
stimulation of their morphofunctional activity (an increase in the
RNA content). Such effect of this xanthine derivative is in
accordance with its antioxidant properties that were
demonstrated by the in vitro methods and described in our
previous work [25,36].

The change in the c-Fos content in neurons in different
periods of ischemia was associated with the prevalence of the
type of cell death. Apoptosis led to an increase of the c-Fos
content, and necrosis — to its decrease. Recovery period was
characterized by the adaptation of the neurons and higher
occurrence of an apoptotic type of cell death. An antioxidant
treatment during stroke (with B-YR-2, mexidol, thiotriazoline)
increased the c-Fos protein content (Table 6, Fig. 7), reduced the
intensity of necrosis of neurons with simultaneous enhancement
of apoptosis.

B

Figure 7. Content of c-Fos-positive cells in brain of rats of
group IV (A —subgroup A, B —subgroup B)
Treatment with antioxidants not only reduced the percentage
of cell death, but also changed the morphological type of
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neuronal death via an increase in apoptosis. Apoptotic cell death
is an optimal process of cell life termination. It's characterized by
stabilization of the cell membrane and utilization of the cell
contents by the formation of apoptotic bodies and phagocytosis,
without the development of the inflammatory response.

In conclusion, the neuroprotective effect of antioxidants
during stroke provides solid grounds for further research.
Xanthine derivative B-YR-2, a molecule with the most
pronounced neuroprotective effect among studied compounds, is
a particularly promising avenue for further in-depth
investigation.

References

[1] D. Y.-W. Fann, S.-Y. Lee, S. Manzanero, P. Chunduri, C. G.
Sobey, T. V. Arumugam, “Pathogenesis of acute stroke and the
role of inflammasomes”, Ageing Res Rev, 2013, vol. 12, pp.
941-966.

[2] World Health Organization World Health Report 2010, 2010.
World Health Organi-zation, Geneva, Switzerland.

[3] T. M. Woodruff, J. Thundyil, S. C. Tang, C. G. Sobey, S. M.
Taylor, T. V. Arumugam, “Pathophysiology, treatment, and
animal and cellular models of human ischemic stroke”, Mol
Neurodegener, 2011, vol. 6, pp. 11-29.

[4] L. Ha, A. K. Sakhi, S. K. Bohn, K. Flekkoy, R. Blomhoff,
P. O. Iversen et al, “Antioxidant status after an acute stroke and
the association with survival in elderly at nutritional risk. e-
SPEN”, European e-Journal of Clinical Nutrition and
Metabolism, 2011, vol. 6, e135-141.

[5] J. E. Slemmer, J. J. Shacka, M. I. Sweeney, “Antioxidants
and free radical scavengers for the treatment of stroke, traumatic
brain injury and aging”, Curr Med Chem, 2008, vol. 15, pp. 404-
414,

[6] C. L. Allen, U. Bayraktutan, “Oxidative stress and its role in
the pathogenesis of ischemic stroke”, Int J Stroke, 2009, vol. 4,
pp. 461-470.

[71 R. Brouns, P. P. De Deyn, “The complexity of
neurobiological processes in acute ischemic stroke”, Clin Neurol
Neurosurg, 2009, vol. 111, pp. 483-495.

[8] P. J. Kelly, J. D. Morrow, M. Ning, W. Koroshetz, E. H. Lo,
E. Terry et al, “Oxidative stress and matrix metalloproteinase-9
in acute ischemic stroke: the Biomarker Evaluation for
Antioxidant Therapies in Stroke (BEAT-Stroke) study”, Stroke,
2008, vol. 39, pp. 100-104.

[9] T. Satoh, S. A. Lipton, ”Redox regulation of neuronal
survival by electrophilic compounds™, Trends Neurosci, 2007,
vol. 30, pp. 37-45.

[10] T. Satoh, S.-1. Okamoto, J. Cui, Y. Watanabe, K. Furuta, M.
Suzuki et al, “Activation of the Keapl/Nrf2 pathway for
neuroprotection by electrophilic phase Il inducers”, Proc Natl
Acad Sci USA, 2006, vol. 103, pp. 768-773.

[11] T. Satoh, M. Izumi, “Neuroprotective effects of
phenylenediamine derivatives independent of an antioxidant
pathway in neuronal HT22 cells”, Neurosci Let, 2007, vol. 418,
pp. 102-105.

[12] R. W. Neumar, F. H. Meng, A. M. Mills, Y. A. Xu, C.
Zhang, F. A. Welsh et al, “Calpain activity in the rat brain after
transient forebrain ischemia®, Exp Neurol, 2001, vol. 170, pp.
27-35.

[13] B. I. Lee, D. J. Lee, K. J. Cho, G. W. Kim, “Early nuclear
translocation of endonuclease G and subsequent DNA
fragmentation after transient focal cerebralischemiain mice”,
Neurosci Lett, 2005, vol. 386, pp. 23-27.

[14] D. R. Green, G. Kroemer, “The pathophysiology of
mitochondrial cell death”, Science, 2004, vol. 305, pp. 626-629.



28292

[15] K. Triantafilou, T. R. Hughes, M. Triantafilou, B. P.
Morgan, “The complement membrane attack complex triggers
intracellular Ca®* fluxes leading to NLRP3 inflammasome
activation”, J Cell Sci, 2013, vol. 126, pp. 2903-2913.

[16] A. M. Brennan, S. W. Suh, S. J. Won, P. Narasimhan, T. M.
Kauppinen, H. Lee, et al, “NADPH oxidase is the primary source
of superoxide induced by NMDA-receptor activation”, Nat
Neurosci, 2009, vol. 12, pp. 857-863.

[17] T. Kahles, A. Kohnen, S. Heumueller, A. Rappert, I.
Bechmann, S. Liebner, et al, “NADPH oxidase Nox1 contributes
to ischemic injury in experimental stroke in mice”, Neurobiol
Dis, 2010, vol. 40, pp. 185-192.

[18] H. Yoshioka, K. Niizuma, M. Katsu, N. Okami, H. Sakata,
G. S. Kim, et al, “NADPH oxidase mediates striatal neuronal
injury after transient global cerebral ischemia”, J Cereb Blood
Flow Metab, 2010, vol. 31, pp. 868-880.

[19] G. H. Heeba, A. A. El-Hanafy, “Nebivolol regulates eNOS
and iNOS expressions and alleviates oxidative stress in cerebral
ischemia/reperfusion injury in rats”, Life Sci, 2012, vol. 90, pp.
388-395.

[20] L. Nanetti, R. Taffi, A. Vignini, C. Moroni, F. Raffaelli, T.
Bacchetti, et al, “Reactive oxygen species plasmatic levels in
ischemic stroke”, Mol Cell Biochem, 2007, vol. 303, pp. 19-25.
[21] H. Chen, H. Yoshioka, G. S. Kim, J. E. Jung, N. Okami, H.
Sakata, et al, “Oxidative stress in ischemic brain damage:
mechanisms of cell death and potential molecular targets for
neuroprotection”, Antioxid Redox Signal, 2011, vol. 14, pp.
1505-1517.

[22] D. A. Ridder, M. Schwaninger, “NF-B signaling in cerebral
ischemia”, Neurosci, 2009, vol. 158, pp. 995-1006.

[23] V. B. Bhat, K. M. Madyastha, “Antioxidant and radical
scavenging properties of 8-oxoderivatives of xanthine drugs
pentoxifylline and lisofylline”, Biochem Biophys Res Commun,
2001, vol. 288, pp. 1212-1217.

[24] A. Barth, N. Kaiser, U. Leffler, H. Sourgens, W. Klinger,
“Influence of the xanthine derivative denbufylline and the
antiinflammatory agent nabumetone on microsomal free radical
production and lipid peroxidation in rat liver”, Exp Toxic Pathol,
1994, vol. 46, pp. 483-489.

[25] Pat. UA 66127 U. In. Cl. C 07 D 473/00. “Hydrazide of 8-
N-benzylaminotheophyllinyl-7-acetic ~ acid,  exhibiting a
antiamnesic and antihypoxic action”, D. M. Yurchenko, I. F.

Igor F. Belenichev et al./ Elixir Pharmacy 76 (2014) 28286-28292

Belenichev, E. V. Aleksandrova, N. |. Romanenko, N. V.
Buhtiyarova. — Ne u201106739; Pub. date. 26.12.2011. Bul. Ne
24,

[26] I. Belenichev, I. Mazur, N. Buhtiyarova, “Effect of spin
trapping compound PBN and Thiotriazoline on the outcome from
experimental middle cerebral artery occlusion”, Inventi Rapid
Mol Pharmacol, 2010, vol. 1(3), pp. 90-95.

[27] A. Gnezdilova, T. Ganshina, R. Mirzoyan, “Cerebrovascular
effects of mexidol in conditions of separate and combined
vascular pathology of brain and heart”, Eur Neuro
psychopharmacology, 2011, Suppl 2, S. 124.

[28] S. Sahin, T. Alkan, S. G. Temel, K. Tureyen, S. Tolunay, E.
Korfali, “Effects of citicoline used alone and in combination with
mild hypothermia on apoptosis induced by focal cerebral
ischemia in rats”, J Clin Neurosci, 2010, vol. 17, pp. 227-231.
[29] A. O. Loit, M. F. Savchenikov, Prophylactic toxicology: a
guide for toxicologists experimenters, 1st ed., Irkutsk: Irkutskiy
University Publishers, 1996.

[30] K. K. Sidorov, Toxicology of new industrial chemicals, 1st
ed., Moscow: Meditsina Publishers, 1973.

[31] S. T. Carmichael, “Rodent models of focal stroke: size,
mechanism and purpose”, NeuroRX, 2005, vol. 2(3), pp. 396—
409.

[32] C. P. McGrow, “Experimental cerebral infarction effects of
pentobarbital in mongolian gerbils”, Arch Neurol, 1977, vol.
34(6), pp. 334-336.

[33] L. W. Chang, “Selected histopathological and histochemical
methods for neurotoxicity assessment”, in Neurotoxicology.
Approaches and methods, Chang LW, Slikker WJr, Eds,.
Elsevier Inc, 1995, p. 5-26.

[34] T. J. Filler, C. H. Rickert, B. Zhao, “Evaluation on blood
platelets by the image analysis system VIDAS 2.5”, Comput
Methods Programs Biomed, 1995, vol. 47(2), pp. 177-182.

[35] V. M. Zaycev, V. G. Liflyandskiy, V. I. Marinkin, Applied
Medical Statistics: Textbook, S.-P.: Foliant Publishers, 2006.
[36] S. V. Levich, E. V. Aleksandrova, I. F. Belenichev, A. S.
Shkoda, “Cerebroprotective activity of 3-benzylxanthine
derivative — compound Ale-15, in conditions of bilateral
common carotid arteries ligation (ischemic stroke)”, Int J Basic
Clin Pharmacol, 2013, vol. 2(6), pp. 705-710.



