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The correction of free radical oxidation processes is one of the most promising strategies of neuroprotection in acute cere-
brovascular disorders.
The aim of the study is an experimental study of the neuroprotective effects of 3-hydroxypyridine and erythropoietin deriv-
atives, as well as their combined use.
Materials and methods. The study was performed on 109 male Wistar rats. The neuroprotective effect of the substances was 
studied on a hemorrhagic stroke model. The study drugs were administered to the animals intraperitoneally. Carbamylated 
darbepoetin was administered three times in advance at the dose of 100 µg/kg within intervals of 3 days, the last injection 
took place 1 hour before the operation (the total dose was 300 mg/kg). Etoxidol was administered once 1 hour before the 
surgery at the dose of 50 mg/kg. The survival rate, behavioral features and the state of the animals on the 1st, 3rd, 7th and 14th 
days were recorded, and the morphological assessment of the brain was carried out.
Results. The investigated substances had a positive effect on both the survival rate of the animals during the first day and on 
the 14th day. The best survival rates on the 14th day were recorded in the group of a combined use of ethoxydol and carba-
mylated darbepoetin (75%). Thus, in this group of rats, a faster recovery of neurological disorders was already distinguished 
from the first day on. By the 7th day, more than 50% of the rats receiving the combination of the studied drugs, had had a 
slight neurological deficit (up to 3 points on the McGrow scale); by the 14th day there had been only minor changes in the 
neurological status in the rats of this group. A pronounced neuroprotective effect of the combination of 3-hydroxypyridine 
and erythropoietin derivatives has been confirmed by a histological examination of brain slices – a more rapid decrease in 
the size of perifocal edema and microcirculation disorders, less damage to neurons and glial elements, and faster processes 
of resorption and organization of hemorrhage. A macroscopic examination of the brain sections stained with triphenyltetra-
zolium chloride of the dying rats, showed that perifocal necrosis had been the main cause of high mortality in the control 
group after the 3rd day.
Conclusion. As a result of the experiment, the nephroprotective effect of the studied derivatives of 3-hydroxypyridine and 
erythropoietin has been proved. Moreover, the combination of these drugs has shown a greater neuroprotective activity 
than their isolated use. The additive effect of these drugs was due to their action mechanism resulting from the synergism of 
various structures and components of the cells.
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Коррекция процессов свободно-радикального окисления является одной из наиболее перспективных стратегий ней-
ропротекции при острых нарушениях мозгового кровообращения.  
Цель исследования – экспериментальное изучение нейропротективных эффектов производных 3-гидроксипиридина 
и эритропоэтина, а также их комбинированного применения.
Материалы и методы. Исследование выполнено на 109 крысах-самцах линии Вистар. Нейропротективное действие 
субстанций изучалось на модели геморрагического инсульта. Исследуемые препараты вводились животным внутри-
брюшинно. Карбамилированный дарбэпоэтин вводился предварительно трехкратно в дозе 100 мкг/кг с интервалом 
3 дня, последнее введение за 1 час до операции (суммарная доза – 300 мг/кг). Этоксидол вводился однократно за 1 
час до операции в дозе 50 мг/кг. Регистрировали выживаемость, особенности поведения и состояния животных на 1, 
3, 7 и 14-е сутки, проводили морфологическую оценку головного мозга.
Результаты. Исследуемые вещества благоприятно влияли как на выживаемость животных в течение первых суток, 
так и на 14-суточную выживаемость. Наилучшие показатели выживаемости на 14-е сутки зафиксированы в группе 
комбинированного применения этоксидола и карбамилированного дарбэпоэтина (75%). Так, в этой группе крыс уже 
с первых суток наблюдалось более быстрое восстановление неврологических нарушений. К 7-м суткам более 50% 
крыс, получавших комбинацию исследуемых препаратов, имели легкий неврологический дефицит (до 3 баллов по 
шкале MсGrow), к 14-м суткам у крыс этой группы выявлялись лишь незначительные изменения в неврологическом 
статусе. Выраженный нейропротекторный эффект комбинации производных 3-гидроксипиридина и эритропоэтина 
подтвержден гистологическим исследованием тканей головного мозга – более быстрое уменьшение перифокально-
го отека и нарушений микроциркуляции, меньшее повреждение нейронов и глиальных элементов и более быстрые 
процессы резорбции и организации кровоизлияния. При макроскопическом исследовании окрашенных трифенил-
тетразолием хлористым срезов мозга умирающих крыс установлено, что перифокальный некроз является основной 
причиной высокой летальности в контрольной группе после 3 суток.
Заключение. В результате эксперимента доказано нейропротективное действие исследуемых производных 3-ги-
дроксипиридина и эритропоэтина. При этом комбинация данных препаратов показала большую нейропротективную 
активностью, чем изолированное их применение. Аддитивное действие данных препаратов обуславливается их ме-
ханизмом действия в результате взаимодействия с различными структурами и компонентами клетки.
Ключевые слова: геморрагический инсульт, 3-гидроксипиридины, карбамилированный дарбэпоэтин, нейропротек-
ция

INTRODUCTION
The significance of a stroke as a medical and social 

problem increases every year around the world. This is 
associated with an increase in the average age of the 
population, as well as an increase in the population of 
people with risk factors for cardiovascular diseases.

Currently, drugs and new compounds of the so-
called neuroprotective action, based on a variety of 

mechanisms, including antioxidant, antihypoxic, an-
ti-apoptotic and other effects, are widely used for the 
prevention and treatment of cerebrovascular diseases.

In clinical practice, antioxidant drugs based on 3-hy-
droxypyridine (for example, mexidol, etoxidol, emoxip-
in), are widely used in the treatment of cerebrovascular 
diseases, as they inhibit lipid peroxidation processes, in-
crease the activity of antioxidant enzymes, thereby mod-
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ulating the activity of receptors and membrane-bound 
enzymes [1].

However, despite the achievements of modern 
neuropharmacology, there is an increase in the num-
ber of patients with this pathology: their high mortality 
(50–70%) [2] and disability (approximately 2/3 patients) 
[3]. The issues of drug support for patients with acute 
cerebrovascular accidents remain the most important 
problem of modern pharmacology and neurology.

The experimental data confirming a high neuropro-
tective potential of erythropoietin, have been accumu-
lated for several decades. The erythropoietin molecule 
is best known as a positive regulator of erythropoiesis, 
which is produced primarily in the kidneys in response 
to a decrease in the partial pressure of oxygen. However, 
the spectrum of physiological effects of erythropoietin is 
quite wide and allows us to consider it as an agent with 
a universal cytoprotective orientation. The metabolic 
cascades started by them, lead to an increase in the re-
sistance of the cells to damage, and this phenomenon 
is combined into the concept of “non-hematopoietic 
effects of erythropoietin” [4]. In ischemic lesions of var-
ious organs, erythropoietin causes angiogenic, antiox-
idant, anti-inflammatory and anti-apoptotic effects [5], 
which reduce the damage area. At the same time, due 
to the activation of a large number of secondary media-
tors, erythropoietin can cause the development of such 
negative effects as an increase in endothelin production, 
an increase in tissue renin concentration, a change in the 
balance of vascular tissue prostaglandins, angiogenesis 
stimulation and proliferation of vascular smooth muscle 
cells [6, 7]. Carbamylated darbepoetin is fundamentally 
different from erythropoietin-based drugs, combining 
the best qualities of medicinal preparations of the previ-
ous generations [8, 9].

THE AIM of the research was an experimental study 
of the therapeutic efficacy of 3-hydroxypyridine and 
erythropoietin as well as their combinations, in the sim-
ulation of experimental intracerebral posttraumatic he-
matoma in rats.

MATERIALS AND METHODS
Compliance with the rules 
of the organization of laboratory research
The study was conducted in accordance with the ap-

proved rules of good laboratory practice of the Ministry 
of Health of the Russian Federation (GOST 51000.3-96 
and 51000.4-96) No 267 “On rules of good laboratory 
practice” dated 19 June 2003.

Study design
Male Wistar rats were divided into several groups: 

Group 1 – falsely operated rats (10 animals), which were 
anesthetized, then scalped and trepanned without any 
destruction of the brain tissue; Group 2 – the animals 
with a hemorrhagic stroke, not receiving drugs (control 

group, 23 rats); Group 3 – the animals with a hemor-
rhagic stroke, which were administered with etoxidol (23 
rats); Group 4 – the animals with simulated pathology 
that were administered with carbamylated darbepoietin 
(20 rats), Group 5 – the rats with a hemorrhagic stroke, 
treated with carbamylated darbepoetin and etoxidol (23 
rats).

The technique of modeling 
a hemorrhagic stroke
An acute autohemorrhagic stroke was modelled in 

the area of the inner capsule of the right hemisphere, 
according to the methods of Makarenko et al. [10] in 
the authors’ modification [11]. The operation was per-
formed under general anesthesia. After premedication 
with “Xyla” at the dose of 0.1 ml, chloral hydrate as a 
basic anesthetic was administered intraperitoneally at 
the dose of 300 mg/kg. After deep anesthesia, the blood 
was sampled with a syringe from the rat tail vein. After 
the treatment of the surgical field, a linear incision of 
the scalp in the parietal area was made. The incision per-
formed in the frontal plane, was followed by hemostasis. 
The length of the incision was 1.5 cm. After that, bone 
skeletonization was performed and the periosteum was 
separated. With the help of a dental bur, a trephination 
hole in the right parietal area was superimposed. The di-
ameter of the burr hole was 3 mm. Then, using a device 
for a stereotactic administration, a puncture needle was 
inserted in the area of the inner capsule (the coordinates 
were: H=4 mm, L=3.1 mm, A=1.5 mm from the bregmat-
ic fontanel according to “Atlas of the human brain stem” 
by G. Paxinos) to a depth of 3 mm. Then the device was 
fixed, a mandrel-wire knife was inserted into the needle, 
the destruction of the brain tissue was carried out (the 
mandrel was turned in three turns clockwise and three 
turns counterclockwise). The mandrel was removed and, 
under sterile conditions, the autologous blood was tak-
en from the tail vein of the animal and injected into the 
rat in a volume of 0.11 ml/100 g of weight. The introduc-
tion of the blood was carried out by stream infusion. The 
effectiveness of the introduction was determined by the 
presence of stem convulsions. After that, the puncture 
needle was removed, the wound was dried, hemosta-
sis was monitored and the wound was layered. Falsely 
operated animals underwent scalping and trepanning of 
the skull.

The study drugs were administered to the animals 
intraperitoneally. Carbamylated darbepoetin (Pharm-
standard LLC, Russia) was administered three times in 
advance at the dose of 100 µg/kg with an interval of 3 
days (the total dose was 300 mkg/kg), the last injection 
was an hour before the operation. Etoxidol, a 3-hydroxy-
pyridine derivative (Sintez OJSC, Russia) was adminis-
tered once a day before the operation at the dose of 50 
mg/kg (according to the interspecific conversion rate of 
the human average therapeutic dose). The control ani-
mals were injected with saline in an equivalent volume.
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Effect of drugs on animals’ survival
Observations were carried out for 14 days after the 

surgery. The registered features of the behavior and the 
state of the animals on the 1st, 3rd, 7th and 14th days were 
studied.

Study of neurological status
To assess the behavioral disorders of the animals af-

ter a hemorrhagic stroke, a set of traditional methods 
was used in the experiment. To assess the neurological 
status, a method of assessing a neurological deficit ac-
cording to McGrow’s CHADS2 in Gannushkina’s mod-
ification was used [12]. To assess the muscle tone by 
measuring the strength of the grip of the limbs, a dy-
namometric software and hardware system had been 
developed. 

In assessing the neurological status according to 
McGrow’s CHADS2 in Gannushkina’s modification, the 
following factors were taken into consideration: mild 
symptoms (up to 3 points) – lethargy of movements, 
weakness of limbs, unilateral semidiaphanous, trem-
or, manoeuvring movements; severe manifestations of 
neurological disorders (from 3.5 to 10 points) - paresis 
and paralysis of the limbs, as well as а lateral position 
and depression of consciousness.

Measurement of the strength of the animals in the 
grasping reflex was carried out using a dynamometer. 
As a comparison criterion, the relative value (a specif-
ic force) was calculated by dividing the maximum grip 
force by the rat body weight. In order to assess the ori-
enting-exploratory behavior, the platform was used to 
study the motor activity of the laboratory animals - AC-
TI-TRACK (PANLAB HARVARD APPARATS). Testing of the 
rats was carried out for 5 minutes in the infrared moni-
tor of the activity prior to the creation of pathology, as 
well as on days 1, 3, 7 and 14 after modeling a hemor-
rhagic stroke.

Morphological study
For macroscopic confirmation of the repeatability of 

the results, verification of the localization of the hemor-
rhagic lesion and the degree of damage in some animals, 
NADH-dehydrogenase activity was studied on day 4 by 
the standard method of staining with triphenylterazoli-
um chloride. The animal’s brain was extracted, cut into 2 
frontal slices through the entry point of the mandrel into 
the brain tissue. Staining was carried out in a 1% solution 
of triphenyltetrazolium chloride (TTX, Sigma Aldrich) for 
30 minutes in a thermostat at 37°C. Then, photograph-
ing and a macroscopic evaluation of the slices were car-
ried out.

For a morphological evaluation, the animals were 
withdrawn from the experiment after 24 hours, 7 and 
14 days from the start of the study. The description 
and assessment of the consequences of a hemorrhagic 
stroke were carried out according to the recommenda-

tions of the atlas of the nervous system histopathology 
[13]. The rats were decapitated, the brain was collected, 
fixed in 10% neutral buffered formalin for 24–48 hours, 
and embedded in paraffin. Frontal histological sections 
of the brain with a thickness of 7 μm were stained with 
hematoxylin and eosin. A microscope “MIKMED-6” with 
a binocular attachment, electric illumination, a digital 
camera MS-5 and a computer with software “MSview” 
were used.

Statistical processing of the obtained data was per-
formed using STATISTICA 10.0 and MICROSOFT EXCEL 
2016. After estimating the normality of the distribution 
using the Shapiro-Wilk criterion, the arithmetic mean, 
confidence intervals (with a parametric distribution) and 
quartile span (with a nonparametric distribution) were 
calculated. To assess the reliability of intergroup differ-
ences with a normal distribution, the t-Student’s test 
was used, with a distribution other than normal – the 
Mann-Whitney test. To assess the survival analysis, the 
procedure of constructing survival curves was used; the 
differences between the groups were considered signif-
icant at p<0.05.

RESULTS
Effect of drugs on animals’ survival analysis
During the operation and for 1 day after it, 50% of 

rats with a hemorrhagic stroke died in the control group. 
In the group of the animals administrated with the test 
substances, the mortality within 1 day was lower than in 
the control group (Fig.1). In particular, in the groups of 
rats treated with carbamylated darbepoietin or etoxidol, 
a daily survival rate was 70%. In the group of the com-
bined use of carbamylated darbepoetin and etoxidol, 
the daily survival rate was 90%.

The fact that in the groups administrated with the 
drugs under study there were no deaths of animals after 
7 days, is of particular attention.

All the studied substances increased the total (day 
14) survival rate by more than 40% compared to the 
control group. The best survival rates for day 14 were 
recorded in the group of the combined use of ethoxydol 
and carbamylateddarbepoetin: the total survival rate of 
the animals in this group was 75%.

No deaths have been recorded in the group of falsely 
operated animals during the entire observation period.

Evaluation of neurological deficit according 
to the McGrow scale
As for the assessment of neurological disorders, on 

the first day after the operation, almost all the rats with 
simulated intracerebral hematoma showed pronounced 
post-stroke changes in the form of cyclic motions, pa-
resis and limb paralysis (Table 1). In the group of falsely 
operated animals, no severe neurological deficit was ob-
served, and only 30% of the falsely operated rats showed 
lethargy and slowness of movements.
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Figure 1 – Effect of ethoxydol, carbamylated darbepoetin and their combined use on the survival analysis of 
animals on day 1, 3, 7 and 14 after the simulation of hemorrhagic stroke

Figure 2 – Effect of etoxidol, carbamylated darbepoetin and their combined use, on total activity indicators 
calculated by the Acti-Track program on days 1, 3, 7 and 14 after modeling a hemorrhagic stroke

Note: * P<0.05 – the differences are statistically significant when compared with control animals
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The rats treated with the test substances, had a sta-
tistically significant, less pronounced neurological deficit 
over the entire observation period compared with the 
control group.

The group of the rats treated with a combination 
of etoxidol and carbamylated darbepoetin, had been 
distinguished by a more rapid recovery of neurological 
disorders since the first day. By day 7, more than 50% 

of the rats administrated with the combination of the 
studied drugs, had had a slight neurological deficit (up 
to 3 points according to the McGrow scale) in the form 
of slowness of movements, weakness of limbs, unilater-
al hemiptosis and manege movements. By day 14, only 
minor changes in the neurological status had been ob-
served in the rats of this group – 1.1±0.5 according to 
the McGrow stroke scale.

Study of neurological status
Table 1 – Effect of etoxidol, carbamylated darbepoetin and their combined administration on indicators of 

neurological status on days 1, 3, 7 and 14 after modeling a hemorrhagic stroke

Before pathology modeling
Control Etoxidol CDEPO CDEPO+etoxidol

Specific force 7.0±0.3 7.5±0.2 7.4±0.3 7.7±0.3
McGrow 0 0 0 0

Day 1
Control Etoxidol CDEPO CDEPO+etoxidol

Specific force 2.7±0.3 3.1±0.2 3.1±0.2* 3.1±0.1*
McGrow 8.1±2.0 6.7±2.4* 7.2±2.0 5.6±1.8*

Day 3
Control Etoxidol CDEPO CDEPO+etoxidol

Specific force 4.0±0.5 4.5±0.5 4.6±0.2* 5.1±0.3*
McGrow 6.4±2.6 4.3±1.8* 4.2±2.5* 3.9±2.4*

Day 7  
Control Etoxidol CDEPO CDEPO+ etoxidol

Specific force 4.5±0.3 4.6±0.3 4.8±0.3 4.2±0.5
McGrow 5.4±2.1 3.3±2.1* 3.2±2.2* 2.9±1.9*

Day 14
Control Etoxidol CDEPO CDEPO+etoxidol

Specific force 4.7±0.2 5.0±0.5 4.5±0.4 4.5±0.5*
McGrow 5.0±2.5 3.0±0.5 2.4±0.6* 1.1±0.5*

Note: * P <0.05 – the differences are statistically significant when compared with control animals

Muscle tone studies
The study of the grip strength of rats’ paws revealed 

that on the first day after the stroke, the muscle tone in 
the control group and in the group receiving carbamylat-
ed darbepoetin, did not differ significantly and amounted 
to 56% on average (Table 1). Against the background of 
the ethoxidol administration, the decrease in the muscle 
tone for the 1st day was 38.3%, which was significantly 
lower than in the control group. The greatest decrease 
in the muscle tone was observed in the group of the an-
imals administrated with a combination of the studied 
drugs, and amounted to 27.4%. On day 3, there was an 
increase in muscle strength in all groups, and an increase 
in the groups administrated with the test substances, 
was significantly higher than in the control group. On 
days 7 and 14, a statistically significant increase in the 
muscle strength was only in the rats administrated with 
carbamylated darbepoetin and a combination of carba-
mylated darbepoetin and etoxidol.

The effect of the studied drugs on the motor activ-
ity of the animals with a hemorrhagic stroke was also 
studied. Within days 1–7, after modeling a hemorrhagic 

stroke, the indicators of the total activity (Fig. 2) and the 
total distance (Fig. 3) under the influence of etoxidol and 
the combination of carbamylated darbepoetin and etox-
idol preparations, were significantly higher than in the 
control group.

On day1, the indicators of the total activity and the 
distance gone by the rats treated with carbamylateddar-
bepoietin, were significantly lower than the results of 
the animals administrated with ethoxydol and the com-
bination of the drugs, and did not have significant dif-
ferences with the control group. However, by day 3, the 
activity of the animals treated with carbamylated dar-
bepoietin, had been increasing and it did not have sta-
tistically significant differences from the groups of other 
test substances. By the 14th day, the activity indicators 
of the animals in this group had even exceeded those 
in the ethoxidol group, and were slightly inferior to the 
group of the drug combinations.

Compared with monotherapy, since 1 day, the in-
dicators of the total activity had been increasing most 
actively and rapidly under the influence of the combina-
tion of drugs. 
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Figure 3 – Effect of etoxidol, carbamylated darbepoetin and their combined use on total distance indicators  
calculated by the Acti-Track program on days 1, 3, 7 and 14 after modeling a hemorrhagic stroke

Note: * P<0.05 – the differences are statistically significant when compared with control animals

Figure 4 – Efficiency of the additive neuroprotective action of carbamylateddarbepoetin and ethoxidol in model-
ing a hemorrhagic stroke in rats. Macroscopic view of brain sections stained with triphenyltetrazolium chloride

Note: A. Section of a dying rat’s brain from the control group on day 1. B. Section of a dying rat’s brain from the control group on day 5. C. Section 
of a dying rat’s brain from the CDEPO+ethoxidol group

Figure 5 – Rats’ brain tissue in the hematoma area
Note: A – control group on the 1st day; B – control group on the 7th day; C – control group on the 14th day. Staining: hematoxylin and eosin;  
Mag. ×400
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High levels of activity of the control group on day 14, 
can be explained by a high mortality rate in this group 
and survival of only the strongest individuals with high a 
regenerative potential.

Morphological study
For a macroscopic confirmation of the results, re-

peatability and adequacy of the methodology for clini-
cal cases of a hemorrhagic stroke, staining of brain sec-
tions with triphenylterazolium chloride was performed  
(Fig. 4).

A macroscopic evaluation confirmed the adequacy 
of the use of neuroprotective therapy in the model of a 
hemorrhagic stroke (Fig. 4). It is obvious that the causes 
of mortality on the 1st day, were associated both with a 
direct effect of the blood injected into the brain tissue, 

and with dislocation complications. However, starting 
from the 4th day, the mortality was due to massive peri-
focal necrosis.

In the control group animals, on the first time a day 
after modeling an intracerebral hemorrhage along the 
periphery of the hematoma, the following disorders 
were detected: a pronounced edema; violation of his-
toarchitectonics of the neuronal layers of the cortex, 
pronounced ischemic changes, karyolysis of neurons, 
a moderately pronounced perifocal leukocyte reaction 
and a less pronounced glial reaction (Fig. 5A).

Polymorphism of neurons was detected: swelling 
of neurocytons, the nuclei of neurons were deformed 
and basophilic, the nucleoli were deformed and dis-
placed to the periphery. In places, the nuclei and nu-
cleoli were almost or completely indistinguishable. 

Figure 6 – Brain tissue of rats treated with ethoxidol, in the area of hematoma
Note: A – on the 1st day; B – on the 7th day; C – on the 14th day. Staining: hematoxylin and eosin; Mag. ×400

Figure 7 – Brain tissue of rats treated with carbamylated darbepoetin, in the area of hematoma
Note: A – on the 1st day; B – on the 7th day; C – on the 14th day. Staining: hematoxylin and eosin; Mag. ×400 

Figure 8 – Brain tissue of rats treated with a combination of carbamylated darbepoetin and ethoxydol,  
in the area of hematoma

Note: A – on the 1st day; B – on the 7th day; C – on the 14th day. Staining: hematoxylin and eosin; Mag. ×400
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There was also neuronal karyolysis, a moderate per-
ifocal leukocyte response and a less pronounced glial 
response (Fig. 5A).

On the seventh day, a moderately pronounced per-
ifocal leukocyte reaction changed to a moderately pro-
nounced glio-macrophage reaction with an admixture of 
single macrophages with an intracellular accumulation 
of a blood pigment (hemosiderophage) (Fig. 5B). On day 
14, a moderately pronounced glio-macrophage reaction 
persists, but with an admixture of a few macrophages 
with intracellular accumulation of a blood pigment (he-
mosiderophages) (Fig. 5C).

When analyzing the group using etoxidol, it was es-
tablished that a perifocal edema was less pronounced 
compared to the control group (Fig. 6A) and the group 
where carbamylated darbepoetin had been used (Fig. 
7A); but it was more pronounced than in the group of a 
combined use of carbamylated darbepoetin and etox-
idol (Fig. 8A). In the animals treated with carbamylated 
darbepoietin and a combination of drugs, the signs of 
an inflammatory reaction with the development of leu-
kocyte infiltration were more pronounced. At the same 
time, its severity did not reach the degree of intensity 
recorded in the control group. On day 7, a glio-macro-
phage reaction in the etoxidol groups (Fig.6B) and the 
carbamylated darbepoetin group (Fig. 7B) was ahead 
of the control group. In the group of the combined use 
of carbamylated darbepoietin and etoxidol (Fig. 8B), 
more pronounced resorption processes in the form of 
clusters of a few macrophages accumulation of a blood 
pigment (hemosiderophages), were revealed. On the 
14th day, the processes of resorption in the groups of 
etoxidol (Fig. 6C) and carbamylated darbepoetin (Fig. 
7C) were ahead of the control group. But the signs of 
resorption and organization in the group of a combined 
use of carbamylated darbepoetin and etoxidol (Fig. 8C), 
were more pronounced, they were in the form of clus-
ters of numerous macrophages with intracellular and 
extracellular accumulations of a blood pigment (hemo-
siderophages). 

Thus, according to the histological studies, a simul-
taneous administration of a carbamylated darbepoetin 
and etoxidol combination is accompanied by a more 
rapid decrease in perifocaledema and microcirculation 
disorders, less damage to neurons and glial elements, 
and faster processes of resorption and organization of 
the hemorrhage focus.

DISCUSSION
The results of the study confirm the presence of 

neuroprotective properties in all the studied substances. 
However, the neuroprotective activity of carbamylated 
darbepoetin had been developing more slowly - by day 
3, in contrast to etoxidol and the combination of etoxidol 
and carbamylated darbepoietin, in which cerebropro-

tective properties were observed already on the 1stday 
(a less prounced severity of neurological disorders and 
a greater activity of the animals in these groups in the 
infrared monitor).

The combination of etoxidol and carbamylated dar-
bepoetin has more pronounced neuroprotective prop-
erties than when used in isolation. This is manifested by 
higher survival rates of animals of this group, a signif-
icant decrease in the severity of post-stroke disorders 
from the very first day, as well as in histological examina-
tion of brain sections.

The additive effect of these drugs is due to their ac-
tion mechanism. Hypothetical synergism is achieved by 
affecting various structures and components of the cell.

Etoxidol is among the inhibitors of free radical pro-
cesses. The presence of 3-hydroxypyridine in the struc-
ture of etoxidol, provides a complex of its antioxidant 
and membranotropic effects, the ability to reduce glu-
tamate excitotoxicity, to modulate functioning of the 
receptors. The 3-hydroxypyridine residue affects the 
activity of membrane-bound enzymes (phosphodiester-
ase, adenylatecyclase), inhibits free radical stages of the 
synthesis of prostaglandins, catalyzed by cyclooxygenase 
and lipooxygenase, changes the ratio of simple cyclin / 
thromboxane A2 and inhibits the formation of leukot-
rienes [14].

Malate, which is a part of etoxidol, easily penetrates 
the blood-brain barrier. During hypoxia, malate under-
goes metabolism with the formation of adenosine tri-
phosphate. Depending on the degree of hypoxia, malate 
is reversibly rebuilt, due to which the cell continues to 
receive energy even in the absence of oxygen. Malate 
has the advantage of being able to turn into fumarate 
and even succinate. 

Depending on the degree of ischemia and the cell’s 
energy requirements, malate can be oxidized with the 
release of ATP with enough oxygen in the mitochondria 
and even with insufficient oxygen in the cytoplasm, it 
can also be restored to succinate. It has been estab-
lished that the cell does not expend the ATP energy for 
the transfer of malate to mitochondria. For this, there is 
a special malate-aspartate shuttle. The ability of malate 
to increase the respiratory control coefficient of mito-
chondria, to restore cytochrome b5 in the presence of 
nicotinamide adenine dinucleotide, a coenzyme partic-
ipating in redox reactions, has been proved and shown 
off [15–17].

The hematopoietic functions of erythropoietin are 
due to their effect on the central nervous system. Eryth-
ropoietin receptors are expressed on the surface of neu-
rons [18]. At various CNS injuries, astrocyte synthesis of 
erythropoietin having a neuroprotective effect, is ob-
served [19–21]; it inhibits apoptosis, stimulates neuro-
nal proliferation and angiogenesis.

Carbamylated darbepoetin, a hyperglycosylated 
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variant of human recombinant erythropoietin,’ has less 
pronounced hematopoietic properties than the basic 
molecule due to the heterodimeric receptor EpoR / 
CD131 than to the homodimeric receptor EpoR / EpoR 
[22]. When the carbamylated darbepoietin molecule, as 
well as erythropoietin, binds to the EpoR receptor, a cas-
cade of phosphorylation reactions of key proteins, such 
as Ras-mitogen-activating protein kinase, Janus tyrosine 
kinase-2, etc., is launched. They, in turn, activate the 
expression of the bcl-xl genes and the synthesis of an-
ti-apoptotic proteins that suppress apoptotic cell deaths 
[23, 24].

However, due to the carbamylation of primary pro-
tein amines and amino acid lysine residues of the pro-
tein in the N-terminal region, without affecting the gly-
cosylation profile of the whole molecule, carbamylated 
darbepoietin does not interact with the classical eryth-
ropoietin receptor (does not stimulate the proliferation 
of TF1 cell line), and does not have a number of unde-
sirable side effects, such as an increased blood pressure 
and the risk of blood clots, which, in the case of cerebro-
vascular diseases, is absolutely contraindicated. [25–27].

The results obtained, determine the possibility of 
further studying the neuroprotective effects of a com-
bination of etoxidol and carbamylated darbepoetin, and 
the possible future of its introduction into clinical prac-

tice for the treatment and prevention of cerebrovascular 
diseases.

CONCLUSION
The investigated derivatives of 3-hydroxypyridine 

and human erythropoietin have a neuroprotective effect, 
which is manifested in the smallest severity of neurologi-
cal disorders and a more rapid decrease in signs of neuro-
degeneration, accelerated processes of hemorrhage.

The neuroprotective activity of carbamylated darbe-
poetin had been developing more slowly – by day 3, in 
contrast to ethoxydol and the combination of ethoxydol 
and carbamylated darbepoietin, in which cerebropro-
tective properties had been notified by already day 1.

The combination of ethoxydol and carbamylated-
darbepoetin has a more pronounced neuroprotective 
properties which are manifested by a significant de-
crease in the severity of post-stroke disorders. These dif-
ferences are already noticeable by day 1 of the disease, 
as evidenced by higher survival rates of the animals in 
this group, the animals’ activity in this group; as well as 
by a histological examination of brain slices – a faster 
reduction of perifocaledema and microcirculation dis-
orders, less damage to neurons and glial elements, and 
more rapid processes of resorption and organization of 
hemorrhage.
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