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Aim of the article. To study the effect of Acelysine and Nimodipine
on certain endothelial dysfunction indicators and to evaluate their
therapeutic efficacy after subarachnoid hemorrhage in rats.

Materials and Methods. An experimental study was carried out
using 50 Wistar rats of both sexes. Spontaneous subarachnoid
hemorrhage was simulated in animals. Three groups of animals
were identified: a control group, a group of animals that
received a standard therapeutic dose of Acelysine, and a group
that received a standard therapeutic dose of Nimotop. Each
group included 15 animals. Also, there were 5 intact animals.
Animals were withdrawn from the experiment on days 4 and
7 after determining their motor and exploratory activity. Motor
and exploratory activity were determined following SAH with
the “Open Field” technique. Biochemical markers of endothelial
dysfunction were performed in the rat’s brain homogenate.

Results and discussion. The simulation of subarachnoid
hemorrhage (SAH) was found to lead to oxidative stress
development and the production of increased oxidative
modification of proteins (nitrotyrosine (Ntz) on the 4th and
especially on the 7th day of the experiment) in brain tissues.

Starting from the 4th day, we registered a compensatory increase
in the activity of NO-synthase (NOS) - by 56%, followed by
a decrease in its activity on the 7th day, by more than 33% as

compared to the intact group of animals. A compensatory increase in VEGF-A in rats with SAH simulation
was registered on the 4th day of the experiment, which was further decreased on the 7th day. The
established pathobiochemical changes in the brain tissue were accompanied by the development of
cognitive deficit in experimental animals, especially on the 7th day of SAH. SAH led to a significant
decrease in the total activity of animals by 2.63 times, a decrease in the distance traveled by animals
by 1.89 times, the number of freezes increased by 1.86 times, and the immobility of animals increased
when moving from the periphery to the center and immobility in the center of the arena (anxiety,
fear, disorientation), as well as a decrease in the distance traveled and the speed of movement in the
illuminated center of the arena by 2 and 2.6 times, respectively.

Experimental therapy with Acelysine 15 mg/kg led to the normalization of biochemical indicators
of endothelial dysfunction: concentration of nitrotyrosine, starting from the 4th day of the
experiment, increased eNOS activity and VEGF-A concentration (by 75% and 64% on 7th day).
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The administration of Namidopine led to less pronounced effects, statistically significant changes
occurred only in relation to VEGF-A concentration. Administration of Namidopine resulted in only
a slight increase in VEGF-A concentration.

Acelysine and Nimotop significantly increased the total activity of rats on the 7th day after SAH by
76.3% and 48.8%, respectively. In animals treated with Acelysine, anxiety and fear decreased.
Animals were less aggressive and more empathic - long-term grooming increased by 3 times.
The administration of Nimotop in rats that survived SAH had a less pronounced positive effect
on behavior. Nimotop did not affect indicators of general activity and did not increase the total
distance traveled. Animals that received Nimotop were inactive by the 7th day of treatment.

Conclusions. Experimental therapy with Acelysine led to the normalization of biochemical
parameters of endothelial dysfunction, namely nitrotyrosine concentration, starting from the
4th day of the experiment and increased eNOS activity and VEGF-A concentration. It should
be noted that, in contrast to rats in the control group, under the prescription of Acelysine, we
observed an increase in the concentration of eNOS and VEGF-A both on the 4th and 7th days of
the experiment. The administration of Namidopine led to less pronounced effects, statistically
significant changes occurred only in relation to VEGF-A concentration.

The administration of Acelysine to animals after SAH had a beneficial effect on the emotional
status and behavior of animals and also led to the normalization of their general activity and
orientation-exploratory activity. The mechanism of the endotheliotropic effect of Acelysine, in
our opinion, is associated with its antioxidant effects, modulating impact on endothelial NOS, as
well as its property, indirectly, to influence the increased VEGF content. Nimotop therapy had no
effect on the emotional status and behavior of the animals. The use of calcium channel blockers
revealed such side effects as depression, drowsiness, diplopia, and disorientation.

Keywords: subarachnoid hemorrhage, endothelial dysfunction, acelysine, Nimotop.
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BTUYHIN A03i i rpyna ska oTpyMyBana HiMOAMNWH B CTaHAAPTHIN
TepaneBTMYHIN f03i. KoxHa rpyna Bkatovana B cebe 15 TBapuH.
Takox 6yno 5 iHTakTHMX TBapuH. BuBeaeHHS TBapuH 3 ekcnepu-
MeHTy 6yno Ha 4 i 7 y noby nicna BU3HAYEHHS pyXOBOi Ta MOLLYKO-
BOI aKTUBHOCTI. BM3HAUEeHHS pyXOBOi i NOLWYKOBOI akTUBHOCTI Npo-
Boamnocs nicng CAK 3a 4ONOMOrod MeToamkn «Bigkpute none».
BunsHaueHHs 6ioxiMiyHMX MapkepiB eHgoTenianbHoi AncdYHKLIT
BUKOHYBaIM y rOMOreHaTi roJIOBHOr0 MO3KY LUYpiB.

PesynbTatn gocnig>keHHA 1a ix 06roeopeHHs. byno BCTaHOB-

3anopi3bKMM AepXXaBHUM MeAUYHUM
YHIBEPCUTETOM y paMkax kadeapanbHoi
HayKoBOi TeMaTnkn «OnTuMmisauis
AIarHOCTUKKN Ta XipypriYHnx

MeToAiIB KopeKLii nopyLleHb

MO3KOBOI0 KpoBOObiry», AepXaBHUM
peecTpauiiHnin Homep: 0118U004255.

JIeHo, WO MoaentoBaHHs cybapaxHoiganbHoro kpososmnney (CAK)
NpM3BOAMNIO A0 PO3BUTKY OKCMAATMBHOIMO CTpecy Ta 36i/blueHHSs
BMICTY Y TKaHMHaX rOfIOBHOMO MO3KY MPOAYKTY OKWCHOI Moandi-
Kauii 6inkiB — HiTpoTMpo3nHy (Ntz) Ha 4 Ta ocobnmeo, Ha 7 noby.
MouunHatoum 3 4 pobu, 6yno 3apeecTtpoBaHe KOMMEHCAToOpHE Nia-
BULLEHHS akTUBHOCTI NO-cuHTasn (NOS) Ha 56 %, 3 nocnigyto-
UMM 3HUXKEHHAM Ti aKTUBHOCTI Ha 7 Aoby, 6inbw Hix Ha 33 % no
BiAHOLLEHHIO A0 iHTaKTHOI rpynu TBapwuH. TakoxXx 6ys0 3apeecTpoBaHO KOMMEHCATOpHe MiaBULLEHHS
VEGF-A y wypiB 3 mogentoBaHHAM CAK Ha 4 noby Ta nogasnblue NOro 3HMxeHHs Ha 7 noby. BctaHoB-
NeHi naTob6ioXiMiyHi 3MiHKM MO3KOBOI TKaHWUHM CYNPOBOAXYBANNCh PO3BUTKOM KOMHITUBHOIO AediunTy y
[ocniaHux TBapuH, ocobnmneo Ha 7 noby CAK. CAK npu3BoAnIo A0 AOCTOBIPHOIrO 3HMXEHHS 3arasibHoi
AKTUBHOCTI TBapWH B 2,63 pa3u, 3HWXXEHHS NpoaeHoi BigCTaHi TBapmHamm B 1,89 pas, KinbKicTb 3aMu-
paHuii 36inbwmnacs B 1,86 pas i 36inbyBano HEpYXOMICTb TBApUH Npu nepexoai 3 nepudepii B LEHTP
i HEPYXOMICTb B LleHTpi apeHun (TpuBora, CTpax, Ae30pieHTaLis1), @ TAaKOX 3HMKEHHS MPONAEHOI BiaCTaHi
i LUBMAKOCTI NepecyBaHHS B OCBIT/IEHOMY LIeHTpi apeHn B 2 i 2,6 pasiB BiAMNOBIAHO.

EkcnepumeHTanbHa Tepania auenismHom 15 Mr/kr npmusBogmna Ao HopManisauii 6ioXiMiyHMX
NOKasHMKIiB eHaoTenianbHOi AMCAYHKLII, @ camMe, BMIiCTY HITPOTUMPO3UHY, MO4YMHaO4Un 3 4 nobu
eKcnepuMeHTy; nigBuuweHHs aktmBHocTi eNOS Ta Bmicty VEGF-A (BianoBigHo Ha 75% Ta 64%
Ha 7 poby). Ha Tni npusHadeHHs auenisiHy, BigbyBanocb niaBULEeHHS KoHueHTpauii eNOS Ta
VEGF-A sk Ha 4, TaKk i Ha 7 noby ekcnepuMeHTy. [lpuU3Ha4YeHHS HaMMAOMNWHY NPU3BOAMAO NULe
[0 He3HayHoro nigsuwleHHs BMicty VEGF-A.

Aueni3nH Ta HIMOTON AOCTOBIPHO 36inblUyBanyM 3arajbHy akKTUBHICTb WYpiB Ha 7-y Aoby nicnsa CAK
Ha 76,3% i Ha 48,8% BiagnoBigHO. Y TBapuH, sIKi OTpUMYyBanuM auenianH, 3HMXyBanacst TPUBOXHICTb
i cTpax. TBapuHM 6y MeHLW arpecuBHi i 6inbl eMNaTiyHMM - Y HUX B 3 pa3u 36inbwunnacs KinbKicTb
TpuBasnoro rpyMmiHra. BeegeHHs wypam 3 CAK HiMOTONY HagaBaso MeHL BUPaXXeHY MO3UTUBHY Ait0
Ha noBeaiHKy. HiMoTon He BN/IMBaB Ha NMOKa3HWKM 3arajibHOi aKTUBHOCTI i He 36inbluyBaB 3aranbHy
nporaeHy BiACTaHb. TBAapUHU, SKi OTPMMYBanu HiMTonN A0 7-1 4o6u nikyBaHHS 6ynM ManoaKTUBHUMMN.

BucHoBKkKM. EkcnepumeHTanbHa Tepanis auenisMHOM npu3BoAuna A0 HopManisauii  6ioxiMiyHMX
MOKAa3HWKIB eHaoTenianbHOl AMCHYHKLUI, a camMe, BMICTy HITPOTMPO3WHY, MNOYMHa4uM 3 4 [obwu
eKkcrnepuMeHTy; nigBuweHHs akTmeHocTi eNOS Ta BMicTty VEGF-A. BapTo 3a3HauuTy, WO Ha BiAMIHY Bif
LLYPiB KOHTPOJIbHOI FPynun, Ha Ti NpU3HadYeHHs aLenisiHy, BiabyBanock NiaBULLEHHS KOHLUeHTpaLii eNOS
Ta VEGF-A gk Ha 4, Tak i Ha 7 noby ekcnepuMeHTy. MNpu3HaYeHHs HIMOTOMYy MPU3BOAWMIO A0 MEHLL
BMpaXeHnX edeKTiB, CTaTUCTUYHO BiporiAHi 3MiHM BiAbYyBanMCb nunLIe No BigHOLWEHHIO A0 BMicTy VEGF-A.

BeeaeHHs TBapuHaM nicnsa CAK auenismHy HagaBasno CApusATIMBY Ait0 BiAHOCHO €MOLMHOro craTycy
i NoBediHKM TBapuH, a TaKoX Mpu3BOAMMIO A0 HopManisauii 3arasibHOi aKTUBHOCTI i OpIEHTOBHO-
A0CNiAHVLBKOI aKTUBHOCTI TBapuH. MexaHi3M efoTenioTponHOi Aii auenisiHy, Ha Hally AYMKY, NOB>S3aHWUM
3 MOro aHTMOKCUAAHTHUMM edeKTaMmn, MOAYIOYIM BNIMBOM Ha eHgoTenianbHy NOS, a Takox noro
3[aTHICTIO, onocepeAKoBaHO, BNAMBATU Ha niasuLLeHHs BMicTy VEGF. Tepanist HiMOTONOM He Mana edekTy
LLOAO eMOLMNHOro CTaTycy i noBediHkM TBapuH. KpiM Toro, npu 3acrtocyBaHHi 610KaTopiB KanbLi€EBUX
KaHanis BMsiBNeHi NobiuHi edekTn y BUrNsAAi Aenpecii, COHAMBICTb, ANMNIONIS, NOPYLUEHHS OpieHTaLi.

Knro4oBi cnoBa: cybapaxHoiganbHUN KpOBOBUANB, eHAoTeNianbHa AMCYHKUIA, auenisnH, HimoTon.
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Introduction

Subarachnoid Hemorrhage is a severe subtype
of stroke that affects patients at an average age
of 55 years and results in years of productive
life lost. In 85% of cases, hemorrhage is
caused by a ruptured cerebral aneurysm [1].
The frequency of subarachnoid hemorrhage in
population studies, including out-of-hospital
lethal cases, is 9.1 cases per one hundred
thousand people per year with some regional
variations [2]. Despite the development of
technologies for neuroimaging and occlusion
of cerebral aneurysms and intensive care
methods improvement, 30-day and pre-
hospital mortality, it is, unfortunately, still high
- about 35% and 15%, respectively [3].

Complications of subarachnoid hemorrhage
determine the severity of the disease and
negatively affect both survival and functional
outcome. They are classically described by the
time of their development after the rupture of
the aneurysm. There are complications of the
acute phase - early brain injury (EBI) (first 72
hours), complications of the subacute phase
(3-30 days) and late phase (after 30 days) [4].

Complications in patients with ruptures of in-
tracranial arterial aneurysms are most often:
angiospasm (37.2%); intracerebral and intra-
ventricular hemorrhages (27.6%); delayed
cerebral ischemia (22.2%); intraoperative
complications (9.1%); re-rupture of the aneu-
rysm (6.5%). Probable criteria for predicting
the adverse course of the postoperative pe-
riod are surgery to exclude the aneurysm in
patients with a high degree on the Hunt-Hess
scale (> 2.7 £ 0.2) and the WFNS scale (>
2.1 £ 0.2). In the acute period (1-14 days),
postoperative mortality in transcranial inter-
ventions (16.2%) differs compared with the
group of embolization (10.2%) [5].

A ruptured aneurysm triggers pathophysiolog-
ical processes that lead to brain damage and
neuronal death. A sudden increase in intra-
cranial pressure due to extravasation of blood
into the subarachnoid space, as well as acute
vasoconstriction, provoke a decrease in cere-
bral perfusion pressure (CPP), autoregulation
impairment, and in severe cases, transient
or persistent ischemia. The blockade of the
subarachnoid cerebrospinal fluid spaces af-
ter hemorrhage, and in severe cases intraven-

91

Original research: Basic sciences

tricular hemorrhage, leads to the development
of acute occlusive hydrocephalus, increasing
intracranial hypertension. Neuron death and
endothelial injury can lead to cytotoxic edema
and blood-brain barrier destruction resulting
in vasogenic edema development. In addition,
failure of microcirculation, microthrombosis,
changes in ionic homeostasis, excitotoxicity,
oxidative stress and neuronal swelling lead to
cell death [6,7]. The clinical picture reflects all
of the above and determines both the initial
severity of the patient’s condition and the re-
sult of treatment.

The pathogenesis of delayed cerebral ischemia
has not yet been sufficiently studied. A recent
literature review shows that for 3 to 14 days
following an aneurysm rupture, 70% of pa-
tients may develop vasospasm. However, only
30% of them develop delayed cerebral isch-
emia (DCI). The latter is also observed in 21%
of patients who don’t have vasospasm which
can be diagnosed angiographically [7,8,9].

Recent studies show that brain endotheli-
al cells have additional functions compared
to the endothelium of the peripheral vascu-
lar network, such as facilitating information
transfer between neurons and glial cells and
blood-brain barrier (BBB) support [10,11].
Also, endothelial cells control the vascular
tone and blood circulation due to the balance
of secretion between vasoconstrictors (en-
dothelin-1 (ET-1) and thromboxane (TxA2)),
as well as vasodilators (nitrogen oxide (NO),
prostacyclin (PGI2)), endothelium hyperpolar-
izing factor (EDHF) [12].

Patients who survived DCI after aneurysmal
SAH, have an increased risk of unfavorable
outcomes. It is assumed that vasospasm is
the main culprit of DCI, but recent studies
show that several pathogenesis models are in-
volved. Endothelial cells involved in all stages
of ischemic cascade following rupture of an an-
eurysm are therapeutic targets. Stabilization
of endothelial cell function in the acute phase
may reduce the symptoms of cerebral edema
by minimizing blood-brain barrier dysfunction.
Delayed-phase of protection can reduce en-
dothelial cell apoptosis, microthrombosis and
cerebral vasospasm. The mechanisms of spe-
cific effects on endothelial cells, as well as the
results of these effects, are still poorly under-
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stood. However, they could be considered as
a central mediator of both early and delayed
brain damage [13].

The above is pathogenetic substantiation of an
effective pharmacocorrection of subarachnoid
hemorrhage outcomes with medicines of en-
dothelioprotective properties. Current exper-
imental clinical researches show the effect of
Acelysine (soluble form of acetylsalicylic acid
in combination with L-lysine) and Nimodipine
(calcium channel blocker) on certain endothe-
lial dysfunction indicators. In hospitals, these
medications are used as components of anti-
platelet therapy and for the prevention of an-
giospasm. However, the mechanism of their
endothelioprotective action after subarachnoid
hemorrhage has not been established, which
determines the relevance of further research
in this direction. This aims were to study the
effect of Acelysine and Nimodipine on certain
endothelial dysfunction indicators and to eval-
uate their therapeutic efficacy after subarach-
noid hemorrhage in rats.

Materials and Methods: an experimental
study was carried out using 50 Wistar rats of
both sexes weighing 170-230 g (10-12 weeks
before the start of the experiment), which
have undergone preliminary acclimatization
for 14 days [14].

Rats are obtained from the nursery of the In-
stitute of Pharmacology and Toxicology of the
Academy of Medical Sciences of Ukraine. Care,
maintenance and feeding of animals will be car-
ried out under standard conditions of a stable
microclimate and during 12-hour daylight hours
in the Vivarium of the Department of Experi-
mental Research of Zaporizhia State Medical
University (ZSMU) of the Ministry of Health of
Ukraine. Laboratory animals’ diet is based on
the standardized feed “Rezon-1" Passage trap-
120-1 with free access to food and water, stress
factors are excluded. Rats are kept in standard
conventional polycarbonate cages (Tecniplast
S.p.A., Italy) with dimensions of 610x435x-
215mm or 335x235x190mm for 5 animals.

Three groups of animals were identified: a
control group, a group of animals that received
a standard therapeutic dose of Acelysine, and
a group that received a standard therapeutic
dose of Nimodipine. Each group included 15
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animals. There were also 5 intact animals. Only
healthy animals were included in the study. The
animals were randomly assigned [15].

Animals were marked with 1% Brilliant Green
solution. Before the start of the study, the ZSMU
Bioethics Commission checked and approved the
research plan, as well as all procedures related
to animal keeping and humane treatment and
their use in the experiment (minutes of the
meeting of the Commission on Bioethics of
Zaporizhia State Medical University No. 4 dated
May 24, 2018). The study was carried out in
compliance with Directive 2010/63EU of the
European Parliament and of the Council of 22
September 2010 on the protection of animals
used for scientific purposes, as well as with
the national “Ethical Principles for Scientific
Experiments on Animals” (Ukraine, 2001) and
the guidelines set out in “Basic principles of
studying the toxicity of potential drugs” (State
Pharmacological Center of Ukraine, Kyiv, 2000).

Before the experiment, for the purpose of
domestication, rats have been held in hands
for 2-3 minutes within 5 days, which facilitated
the following experimental studies.

Study design: Anesthesia was induced with
intravenously administered sodium thiopental
40 mg/kg into the tail vein with a 26G needle.
Before anesthesia using sodium thiopental,
rats have been warmed up under a heat lamp
for 5 minutes to dilate the tail vein. The surgery
was performed under aseptic conditions
on a heated table (37°C) to maintain body
temperature during the procedure.

For disinfection and occipital puncture, certain
areas were wiped with chlorhexidine in 70%
ethanol. Experimental animals underwent
suboccipital puncture under general anesthesia
(sodium thiopental 30 mg/kg). The SAH model
was created based on R.V. Dudhani et al method
[16], but autologous blood was administered
only once, and aspiration of cisternal CSF was
not performed. 0.20 ml of blood from the tail
vein was taken by a syringe with heparin.

A puncture of the large occipital cistern of
the subarachnoid space was performed, after
which 0.20 ml of previously collected autologous
blood was injected. SAH as a manifestation of
hemorrhagic stroke develops immediately
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after injection of venous autologous blood
into the subarachnoid space. After surgery,
6% glucose solution is fed into a drinking bowl
next to a bottle of water, allowing animals to
drink one or the other. The food is also placed
at the bottom of the cage to facilitate eating.

Nimodipine was injected intraperitoneally with
a dosage of 0.3 mg/kg once every 8 hours (8
AM, 4 PM, 12 AM), Acelysine - 15 mg/kg once
a day at 10 AM.

Animals were withdrawn from the experiment
on days 4 and 7 after the motor and exploratory
activity had been determined. Motor and
exploratory activity were determined following
VH with the “Open Field” technique using an
arena of our own production with dimensions
of 80x80x35cm. The animal was placed inside
one of the sides with its muzzle to the wall,
then it was allowed to move freely around the
arena for 8 minutes. We assessed the total
distance traveled (cm), general motor activity
(cm2/s), activity structure (high activity, low
activity, inactivity, %), the number of fading
and entering the center, the distance traveled
near the wall (cm) and in the center of the
arena (cm, %), vertical search activity (the
number of stands on hind legs near the wall and
in the center), the number of short and long
grooming events, the number of defecation
and urination acts. In addition, the Rotarod
test was performed to assess coordination
and endurance [17]. The studies were carried
out based on the Department of Experimental
Pathophysiology and Functional Morphology
of the Educational Medical Laboratory Center
of Zaporizhia State Medical University.
Experiments were conducted in a well-lit room
in complete silence. During experiments,
the influence of external and internal visual,
olfactory and auditory stimuli was excluded.
Animals’ behavioral assessment was done
by a laboratory assistant who didn't know if
animals belonged to a particular experimental
group. Image capture and recording were
carried out using an SSC-DC378P color
video camera (Sony, Japan). The video file
was analyzed using the Smartv 3.0 software
(HarvardApparatus, USA).

Biochemical markers of endothelial
dysfunction were determined in a rat brain
homogenate with experimental simulation
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of subarachnoid hemorrhage on days 4 and
7. The tissue was homogenized in buffer (50
mM Tris-HCI, 5 mM EDTA, 1 mM DTT, 1%
Triton X-100), pH 7.5 at 40C in a ratio of
1:6 tissue/buffer and centrifuged at 13000g.
Markers were detected by the enzyme-linked
immunosorbent assay based on the use of a
“sandwich” variant of a solid-phase enzyme-
linked immunosorbent assay. The procedure
was performed with immune complex
ImmunoChem-2100 (USA). The assay was
done in 96-well microplates, the bottom
of the wells was coated with monoclonal
antibodies to the corresponding molecular
marker [18]. Experimental samples were
tested for Nitrotyrosine (Ntz), Elabscience,
Catalog No: E-EL-0040, ng/mL; Rat VEGF-A
(Vascular Endothelial Cell Growth Factor A),
Elabscience, ELISA Kit, pg/mL and Rat NOS3/
eNOS (Nitric Oxide Synthase 3, Endothelial),
Elabscience, ELISA Kit, pg/mL.

Statistical processing of results was performed
using Microsoft Excel 2016 with the AtteStat
12 statistical processing package. To assess
the significance of differences the Dunn post
hoc method following a significant Kruskal-
Wallis test was used in the groups studied.
Differences were considered probable at p
<0.05.

Results

Experimental studies have shown that the sim-
ulation of subarachnoid hemorrhage (SAH) led
to the oxidative stress development and the
product of oxidative modification of proteins
(nitrotyrosine (Ntz) on the 4th and especial-
ly on the 7th day of the experiment) increase
in brain tissues (Table 1). It is known that ni-
trotyrosine is a cyto- and genome oxidizing
compound and plays a key role in the molecu-
lar mechanisms of cell death. Under conditions
of oxidative stress, which develops in brain
tissues after SAH, oxidative modification of
functionally active protein molecules, includ-
ing antioxidant enzymes, occurs. It leads to
depletion of the intracellular antioxidant pool,
disruption of cellular compensatory capabil-
ities, intensification of free radical oxidation
and breakdown of nitrocellulose stress with
parallel peroxynitrite accumulation. Peroxyni-
trite inhibits the activity of thiol compounds
and enzymes of the thiol-disulfide system,
which leads to a homocysteine pool increase.
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Such pathobiochemical processes lead to a
decrease in NO bioavailability (hyper-con-
centration of peroxynitrite and nitrotyrosine)
and, as a consequence, disruption of endothe-
lial NO synthase activity [19]. Starting from
the 4th day of SH, we registered a compen-
satory increase in the activity of NO-synthase
(NOS) - by 56%, followed by a decrease in
its activity on the 7th day, by more than 33%
against the intact group of animals (Table 1).
The above processes may be possible mecha-
nisms for endothelial dysfunction development
following SAH under oxidative stress. In ad-
dition, the products of free radical oxidation,
including nitrotyrosine, are pro-inflammatory
mediators. The compensatory response to the
endothelial dysfunction development and as-
sociated pathobiochemical processes in cells is
migration and maturating of endothelial cells,
vascular remodeling. One of the key mole-
cules of angiogenesis and endothelial survival
is endothelial growth factor VEGF-A, which is
a specific mitogen of endothelial cells and a
factor of vascular permeability [20]. In addi-
tion, VEGF-A is also a factor of NO-synthase
mediated vasodilation and activates monocyte
migration. During our studies, a compensatory
increase in VEGF-A in rats with SH modeling on
the 4th day of the experiment was registered,
and its further decrease on the 7th day (Table
1). We consider it a disruption of the compen-
satory-adaptive capabilities of the organism
under the depletion of endogenous antioxi-
dants and an increase in cytotoxic derivative
reactive oxygen species, including nitrogen ox-
ide. The established pathobiochemical chang-
es in the brain tissue were accompanied by the
cognitive deficit development in experimental
animals, especially on the 7th day of the SAH.
Thus, when assessing specific indicators of the
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“open field” technique, the simulation of SAH
was found to have an adverse effect on the
behavioral characteristics of animals. SAH led
to a significant decrease in the total activity of
animals by 2.63 times, and a decrease in the
distance traveled by animals by 1.89 times.
Animals were slow, inactive, anxiously aggres-
sive, disoriented. 1.86 times higher humber of
freezes was recorded in animals with SAH. The
immobility of animals increased when moving
from the periphery to the center and immobili-
ty in the center of the arena (anxiety, fear, dis-
orientation), as well as a decrease in the dis-
tance traveled and the speed of movement in
the illuminated center of the arena, increased
by 2 and 2.6 times, respectively (Table 2). A
decrease in high activity and low activity was
also recorded, which also indicated the sup-
pression of the exploratory function of the cen-
tral nervous system in rats, as well as anxiety
and excitability formation in animals after SAH
simulation. SAH simulation did not affect the
number of free stands of animals but led to an
increase in stands against the wall. The num-
ber of short grooming acts also decreased fol-
lowed by an unchanged amount of long-term
grooming. This fact also testifies to increased
anxiety and excitability of animals and a de-
creased feeling of comfort which leads to de-
pression. A decrease in high and low activity
can also be regarded as a decrease in cognitive
abilities since the rat did not make movements
aimed to assimilate with a new environment.
Our data correspond to the concept of cognitive
dysfunction following an acute cerebrovascular
accident, TBI. Intracranial hemorrhage leads
to persistent cognitive deficits, as well as psy-
cho-emotional disorders - lethargy, fear, anxi-
ety, disorientation, aggressiveness, and irrita-
bility [21]. Glutamate excitotoxicity, oxidative

Table 1

Biochemical markers of endothelial dysfunction in rat brain tissues with the
simulation of subarachnoid hemorrhage on the 4th and 7th day of the experiment

Groups of animals (n=10) Nitrotyrosine, ng/ml eNOS, pg/ml VEGF-A, pg/ml

Intact 1,7+0,17 25,7+0,6 23,2+0,41

SH, 4% day 6,8+0,41 58,4+1,1 59,4+1,2

SH, 7t day 6,7+0,33 17,1£0,9 28,4%0,75

SH+ Acelysine 15 mg/kg, 4™ day 3,2+0,28%* 75,2+2,1%* 64,2+1,4*
SH+ Acelysine 15 mg/kg, 4™ day 4,1+£0,17%* 68,6%+1,7* 78,6%£2,1%*
SH+ Nimotop 0,3 mg/kg, 4™ day 5,9+0,26 60,3+1,1 62,4+1,1
SH+ Nimotop 0,3 mg/kg, 4™ day 6,8+0,41 19,3+0,86 28,4+0,75

Note * - p<0,05 referring to SH
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stress, neuroapoptosis, and energy deficiency
are considered the main causes of cognitive
functions impairment under SAH [22].

Experimental therapy with acelysine 15 mg/
kg led to the normalization of biochemical in-
dicators of endothelial dysfunction: concen-
tration of nitrotyrosine, starting from the 4th
day of the experiment, increased eNOS activ-
ity and VEGF-A concentration (by 75% and
64% on the 7th day). It should be noted that,
in contrast to rats of the control group, un-
der the prescription of Acelysine, there was
an increase in the concentration of eNOS and
VEGF-A both on the 4th and 7th days of the
experiment. The effect of Acelysine on the in-
crease of VEGF-A concentration against the
background of eNOS modulation, under the
conditions of simulated subarachnoid hemor-
rhage, which is, in our opinion, the key mech-
anism of its endotheliotropic effect. Thus, it
was shown that under hypoxia and intensifi-
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cation of free radical oxidation, VEGF can bind
with tyrosine kinase receptors VEGF and acti-
vate them. The binding of VEGF with receptors
triggers a signaling cascade that stimulates
the growth of vascular endothelial cells and
ensures their survival and proliferation. In ad-
dition, due to VEGF-mediated stimulation of
the permeability of small blood vessels, the
entry of plasma proteins through the vessel
wall is enhanced and forms an extravascular
fibrin gel [9, 10, 19, 20]. This gel is an “ide-
al” environment for endothelial cell growth,
which, under the conditions of simulating sub-
arachnoid hemorrhage, ensures the formation
of a capillary network and restricts the devel-
opment of endothelial dysfunction phenomena
[9, 10].

The effects of Nimodipine were Iless
pronounced. Thus, the prescription of Nimotop
at a dose of 0.3 mg/ kg every 8 hours did not
increase VEGF-A content (Table 1).

Table 2

The effect of Acelysine and Nimotop on indicators of behavior and orientation-
exploratory activity of animals in an open field on the 7th day after SAH

Indicator | Intact | VH (control) | Acelysine | Nimotop
Open field
General activity, cm/s 34175,01+2839,76 | 14177,12+1188,232 | 22976,22+3789,111 | 21156,22+1122,54,2
Duration of high activity, % 17,83+1,44 9,72+0,97 14,65+1,22¢ 7,22+2,22?
Io\?/uggttiISI?y?fo/o 61,71+7,08 51,21+3,562 55,22+7,34 37,2245,772
Duration of
inactivity center-periphery 10,22+2,11 39,67+4,08? 14,2+6,17%1 12,2+1,112
boundary, %
inactiviteunr:;'r"?hsza”, o 30,47+6,59 51,2248,192 38,245,121 89,22+7,2612
Fading, unit 284+35 767+182 312+2112 500+28t2
First delay when entering the
zenter, coc 9 43,21+7,88 199,22+22,8° 69,77+5,42! 299,8+64,5°
Distance traveled, cm 4161,81+290,78 2887,8+522,2? 3278,5+611,5? 2278,5+£509,222
Average speed of movement
in the center without the rest, 77,37+£26,31 48,34+4,22? 66,8+5,1221 41,49+4,952
cm?/s
Center distance, cm 122,43+34,61 68,2+5,122 98,318,112 34,3+3,11¢
Wall distance, cm 410,44 £28,55 615,11+900,112 488,11+£441,1142 724,8+188,3'2
Stand near the wall, unit 6+1 1+02 4+012 2+02
Free stand, unit 2%1 20 20 1
Short-term grooming, unit 4+1 1 2 1
Long-term grooming, unit 71 12 312 1
Defecation, unit 3+1 212 1!
Urination, unit 1 1 1 1

Note:

1 - significant difference (p<0,05) compared with the control group

2 - significant difference (p<0,05) compared with the intact group
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Discussion

The endothelioprotective effect of the studied
medications was confirmed when researching
behavioral reactions in experimental animals.
The administration of Nimotop and Acelysine
immediately after animals came to from an-
esthesia had different effects on behavioral
responses, emotional status, and cognitive
exploratory functions of animals. Thus, Ace-
lysine and Nimodipine significantly increased
the total activity of rats on the 7th day after
SAH by 76.3% and 48.8%, respectively. Rats
that received Acelysine were more mobile and
showed greater interest in the environment
as compared to the control group of animals.
Thus, in this group, the duration of high activity
(objects examined above the floor of the are-
na) and the number of stands near the wall (4
times) significantly increased, which indicated
an increase in the active component of explor-
atory activity associated with an improvement
in the cognitive functions of the central ner-
vous system (fig. 1). In animals treated with
Acelysine, anxiety and fear decreased, as evi-
denced by a decrease in inactivity near the wall
by 56.3%, a decrease in the time of the first
delay when moving to the illuminated center,
and a decrease in fading by 26.4% (Fig. 2).
Animals that received Acelysine after SAH were
well-oriented and moved more freely in the il-
luminated part of the arena for a day. Their
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Duration of high activity,%

Intact

Nimotop SAH (control)

Acelysine

==@==Duration of high activity,%

Figure 1. Increase in the duration of high activity
(examination of objects above the floor of the arena) in
animals receiving Acelysine

speed of movement around the illuminated
center increased by 65.5%, and the distance
traveled in the illuminated center doubled. The
animals were less aggressive and more em-
pathic - long-term grooming increased 3 times
(Fig. 3,4). Thus, the administration of Ace-
lysine after SAH had a beneficial effect on the
emotional status and behavior of animals in
the open field — a decrease in anxiety, aggres-
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Duration of inactivity center-periphery boundary, %

HIntact B SAH (control)

Duration of inactivity near the wall, %

Acelysine B Nimotop

Figure 2. Inactivity against the wall and the time of the first delay in the transition to the illuminated center
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Figure 3. The speed of movement in the illuminated center is 2 times and the distance traveled in the illuminated center

Long-term grooming

Intact SAH (control) Acelysine Nimotop
e | Ong-term grooming, unit

Figure 4. Effect of Acelysine and Nimotop on long-term grooming

siveness, depression and an increase in the Such effect of Acelysine can be considered
comfort and empathy of animals. Acelysine led from the standpoint of the pharmacology
to the normalization of the general and explor- of its active component - L-lysine. L-lysine
atory activity of animals after SAH (Table 2). can convert to pipecolic acid and increase

the affinity of GABA receptors, which leads
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to a decrease in anxiety and fear and gives
the drug an anxiolytic effect. L-lysine
reduces NMDA hyperexcitability, decreases
excitotoxicity, and preserves the viability of
hippocampal and sensorimotor neurons [23].
L-lysine, in combination with acetylsalicylic
acid, can provide an endotheliotropic effect -
reduce platelet aggregation and increase the
expression of eNOS. In addition, antioxidant
effects of acetylsalicylic acid associated with
its effect on the cyclooxygenase-prostaglandin
system have been established [24,25].

The administration of Nimotop in rats that
survived SAH had a less pronounced positive
effect on behavior. Nimotop did not affect
indicators of general activity and did not
increase the total distance traveled. Animals that
received Nimotop were inactive by the 7th day of
treatment. In the Nimotop group, there was no
increase in exploratory and orientation activity
and no decrease in anxiety. Some indicators
of anxiety and low orientational activity were
significantly worse than in the untreated
animal group: an indicator of high activity,
fading, distance in the center. It is possible
that Nimotop, as a primary neuroprotector,
in the acute period of SAH, realizes its effect
exclusively for the survival of neurons, without
affecting behavioral and cognitive functions of
the central nervous system [19]. In addition,
calcium channel blockers were found to have AR
(adverse reactions) — depression, drowsiness,

Original research: Basic sciences

diplopia, disorientation. In conclusions:
Experimental therapy with Acelysine led to the
normalization of biochemical parameters of
endothelial dysfunction, namely nitrotyrosine
concentration, starting from the 4th day of
the experiment and increased eNOS activity
and VEGF-A concentration. It should be
noted that, in contrast to rats of the control
group, under the prescription of Acelysine,
an increase in the concentration of eNOS and
VEGF-A both on the 4th and 7th days of the
experiment was observed. The administration
of Nimodipine led to less pronounced effects,
statistically significant changes occurred only
in relation to the VEGF-A concentration.

The administration of Acelysine to animals
after SAH had a beneficial effect on the
emotional status and behavior of animals and
also led to the normalization of their general
activity and orientation-exploratory activity.

The mechanism of the endotheliotropic effect
of Acelysine, in our opinion, is associated with
its antioxidant effects, modulating impact
on endothelial NOS, as well as its property,
indirectly, to influence on increase VEGF content.

Nimotop therapy had no effect on the
emotional status and behavior of the animals.
The use of calcium channel blockers revealed
such side effects as depression, drowsiness,
diplopia, and disorientation.
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