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The aim was to determine the features of the NO system status in the left ventricular myocardium in the rats with intermittent
hypoxic hypobaric hypoxia during 15 and 60 days.

Material and methods. The study was conducted on the 30 Wistar male rats, which were divided into 3 experimental groups:
the 15— control, the 2™ —rats exposed to intermittent hypoxia during 15 days and the 3 group — the rats exposed to intermittent
hypoxia during 60 days. Blood pressure was measured in all the rats. The objects and methods of the study were blood plasma
(nitrotyrosine detection with immunoassay) and the myocardium of the left ventricle (concentration of nitrites by Griess nitrite
test and content of immunoreactive material to the nitric oxide synthase isoforms by immunofluorescence method). mRNA
expression of NOS isoforms was determined by PCR-RT method in the myocardium.

Results. In the rats with 15-day hypoxia there was an increase in systolic pressure compared to control, and in 60-day hypoxia,
there was also an increase in diastolic pressure although this changes were within the normotensive range. mRNA to all the
myocardial NOS isoforms was characterized by an increase in both hypoxia groups.

At the same time, the indices of the immunoreactive material content to the NOS isoforms were dependent on the hypoxia
term. The concentration of the nitrotyrosine increased in both hypoxic groups, but in the long term it occurred along with a
decrease in the level of nitrite, which indicates the possibility of nitro-oxidative stress.

Conclusions. The 15-day intermittent hypoxia changes the myocardial NO system: an increase in the expression of all 3
isoforms, an increase in the nitrite and the nitrotyrosine content. INOS becomes the predominant form of the enzyme in the
myocardium with the increasing its mRNA. In 60-day hypoxia, the profile of the NOS enzyme is characterized by increased
expression of the constitutive isoforms and decreased inducible NOS expression that was accompanied with significant
increase in mRNA of all three forms. The level of terminal metabolites of NO was characterized by a decrease in the nitrite
while the content of the nitrotyrosine increased.

0co6AMBOCTI CUCTEMM OKCUAY a30TYy B MiOKapAi AiBOro LAYHOUKA LLypiB
3 eKCNepUMEeHTaAbHOIO NepepUBUYACTOIO FiNOKCIEI pi3HOi TPUBAAOCTI

0. M. KonecHuk, M. |. IcaueHko, O. B. MeAbHikoBa

Meta po6oTu — BcTaHoBUTM 0cobnmneocTi cTaHy cuctemn NO B Miokapai NiBOro LUMAYHOYKA LLypiB NpY NEPepUBYACTil TiNok-
CWYHiIN rinoBapuyHii rinokcii TpusanicTio 15 i 60 aHiB.

Matepianu Ta metogu. [locnimkeHHs 3aincHunm Ha 30 wypax-camuax nikii Wistar, skux noginunu Ha 3 ekcnepumeHTanb-
Hi rpynu: 1 — KOHTPONbHa, 2 — LWypy, SKi 3a3HaBany BNNMBY NepepuBYacToi rinokcii npotarom 15 gHis, 3 rpyna — wypu 3
rinokcieto npotsirom 60 AHiB. YciM Lypam BuMiptoBanu aptepianbHuin Tuck. O6'ekT JOCNIMKEHHS — nna3ma KpoBi, B sikil
iMyHODEPMEHTHUM METOLOM BU3HAYaNM KOHLEHTPAL0 HITPOTUPO3NHY, Ta MiOKapA, MIBOrO LLYHOUKa, B IKOMY GioXiMiYHUM
meToAoM [picca AoCnimpKyBany KOHLEHTPALto HITPUTIB, iIMyHOMyOpPEeCLEHTHM METOLOM BU3HA4Yanu BMICT iMyHOpeaKTvB-
HOro mMatepiany Ao i30hopm C1HTa3M okcuay asoTy. Takox y Miokapai Metogom [MITP-PY BusHavanu ekcnpecito MPHK go
isodpopm NOS.

Pe3ynkraTun. Xova nokasHuku AT y LLypiB i3 rinokcieto nepedyBatoTb y HOPMOTEH3UBHUX MEXaX, Y rpynax i3 rinoKcieto cno-
cTepirany 306iMbLUEHHS CUCTOMIYHOO TUCKY MOPIBHSHO 3 KOHTPONEM, a Npu 60-AeHHil FiNoKCii — 36iNbLIEHHS | AiacToniYHOro
Tncky. MPHK fo Beix i3ochopm y miokapai xapakTepuayBanach 36inbLUeHHsIM B 060X rpynax i3 rinokcieto.

Moka3Hukn BMICTy iMyHOpeakTMBHOro matepiany 4o i3odopm NOS 3miHOBanucst He Tak OOQHO3HAYHO Vi Manu 3anexHiCTb
BiZ, TEPMiHy rinokcii. KoHueHTpaLis HITpoTUpo3uHy 36inbLumnack B 060X MMOKCUYHKX rpynax, ane npu Tpusanii rinokcii ue
BiAOYNOCS Ha TNi 3MEHLLEHHS PIBHSA HITPUTIB, LLO AAE 3MOry MPUMYCTUTW PO3BUTOK HITPO30OKCUAATUBHOTO CTPECY.

BucHoBku. 15-aeHHa nepepyBYacTa rinokcis Npu3BoANTb [0 3MiHW MiokapaianbHoro isochopmHoro npodinto NOS, 36inbLueHHs
NOKa3HWKIB EKCMPECT BCIX TPbOX i30Ch0pM, MiABULLEHHS BMICTY HITPUTIB i HITPOTUPO3MHY. [epeBaxHO0 (hopMOoto (hepMeHTY
B Miokapai ctae iINOS Ha Tni 36inblwenHs it MPHK. TMpu 60-gerHin rinokcii npodinb depmeHty NOS xapakTepuayeTbest
30iNbLUEHHAM eKCrpecii KOHCTUTYTUBHMX i30000PM i 3HKEHHSAM iHAYLMOEnbHOT i30¢popMK Ha TNi iICTOTHOTO MiABULLEHHS!
MPHK ycix Tpbox hopm. PiBeHb KiHLeBnx MeTaboniTiB NO xapakTepusyeTbCs 3HWKEHHSIM HITPUTIB, ane 30inbLUeHHsSIM BMICTY
HITPOTMPO3NHY.
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OcobeHHOCTH cUCTEeMbl OKCHAQ a30Ta B MUOKapAe AeBOrro XXeAyAouka KpbicC
C 3KCﬂepMMeHTaI\bH0ﬁ ﬂpeprBMCTOﬁ rMNoKcuen pa3IWIlIHOﬁ MPOAONKUTEAbHOCTHU

0. M. KonecHuk, M. U. UcaueHko, O. B. MenbHUKOBA

Llenb paboTbl — ycTaHoBUTL 0COBEHHOCTU cocTosHUSA cucTembl NO B MoKkapae NeBoro xenyaoyka KpbIC Npy NpepbiBUCTON
TUNOKCMYECKOW rMnobapuyeckor rMnokeun NpoJoKMTENBHOCTLIO 15 1 60 gHen.

Matepuans! u metoabl. Viccnegosanune npoeeaeHo Ha 30 kpbicax-camuax nuHun Wistar, KoTopbix nogenunum Ha 3 akcne-
PUMEHTarbHbIE rpynMbl: NepBasi — KOHTPOSbHAs, 2 — KPbIChI, KOTOPbIE NOABEPrannch NPepbIBACTON MMMOKCUM B Te4eHue 15
[Heid, 3 rpynna — KpbICbl C rUnokcuen B TedeHne 60 gHeil. Bcem kpbicam namepsinu apTepuanbHoe fasneHne. O6bekThl
1CCrenoBaHns — nnasma KpoBw, B KOTOPON MMMYHOHEPMEHTHBLIM METOLOM ONPEAENsN KOHLEHTPALMIO HUTPOTUPO3WHA, U
MUOKapz NEBOTO Xenynoyka, B KOTOPOM B1OXMMUYECKUM MeToLOM Ipucca ncenenoBanit KOHLEHTPaLMK HUTPUTOB, UMMY-
HodbnyopecLEHTHbIM METOLOM OMpeaensany CoaepkaHue MMMYHOPEeaKTUBHOTO MaTepuana k u3odopMam CUHTa3bl okcuaa
asota. Takke B muokapae metogom MNLP-PY onpepensnu akcnpeccuto MPHK k nsogopmam NOS.

Pesynbratbl. Xota nokasatenu ALl y KpbIC C rMMOKCUeN HaxoasaTCs B HOPMOTEH3MBHbIX Npedernax, B rpynnax ¢ rurokcuen
Habntoaany ysenuyeHne CUCTONNYECKOro AaBMNEHMUS MO CPABHEHMIO C KOHTPOIEM, a Npy 60-4HEBHON rMMOKCUN — YBENUYEHNe
1 anactonunyeckoro. MPHK ko Bcem n3ochopmam B MUOKapae XxapakTepr3oBasnach yBenuyeHneM B 06enx rpynnax ¢ runokcuen.
[NokasaTenu cogepxaHns MMyHOpeakTUBHOrO matepuana k nsoopmam NOS 13MEHANUCh He Tak OAHO3HAYHO W UMenu
B3aVIMOCBS3b C NPOAOIKNTENBHOCTBIO TUMOKCMU. KOHLEHTPpaLMS HUTPOTUPO3NHA YBENNYMIACh B 06ENX MUMOKCUYECKMX rpyn-
nax, HO NP1 ANUTENBHON MMMNOKCUM 3TO COMPOBOXAANOCH YMEHbLUEHNEM YPOBHS HUTPWUTOB, YTO NO3BONSET NPEANONOXUTL
pasBuTV e HUTPO3OOKCMAATMBHOIO CTpecca.

BbiBogbl. 15-gHeBHas NpepbIBUCTas MMMOKCUS MPUBOAMT K M3MEHEHWIO MUOKapamansHoro nsodgopmHoro npocuns NOS,
YBEMNUYEHNIO NoKasaTeren 3KCnpeccumn BCcex Tpex M30dhopM, MOBLILLEHWIO COAEPKaHNS HUTPUTOB U HUTPOTUPO3MnHa. Mpeob-
napatoLen dopmoi hepmeHTa B Mmokapae craHoutcs INOS Ha dore yeenuueHus ee MPHK. Mpu 60-gHeBHONM runokcumn
npocunb pepmeHta NOS xapakTepusyeTcs yBENnuYeHeM KCNPeCcCU KOHCTUTYTUBHBIX M30POPM U CHIKEHUEM UHOYLN-
6enbHol n3odhopMbl Ha doHe noBbileHns MPHK Bcex Tpex dhopM. YpoBeHb koHeuHbIX MeTabonntoB NO xapakTepuayetcs

CHWXEHUEM HUTPUTOB W yBENUYEHNEM COLEPXKaHUA HUTPOTUPO3MHA.

Nitric oxide (NO) system is a gasotransmitter system
that is widely represented in all tissues of the body. Its
main effector is the NO molecule, which is the universal
regulator of cellular metabolism and intercellular relation-
ships under physiological conditions. But the effect of NO
depends on the concentration, the presence of substrates,
metabolites of oxidative stress and antioxidants. With their
excess, the amount of NO increases, and its signaling and
physiological functions change to pathological, triggering
processes that lead to apoptosis or cell necrosis. The pur-
pose of changing the state of this system in response to
physiological effects or stressors is to improve functioning
and adapt to new conditions [1].

Hypoxia is one of the classic examples of physiologi-
cal stress, but the extent of its manifestation depends on
the duration, severity and origin. In this case, the organism
and its regulatory systems will change their function in
the context of the adaptive response. The cardiovascular
system is not an exception to these changes. The heart
adapts to this effect by remodeling myocardium, which is
named physiological [2,3].

The issue of hypoxic effects on the state of the NO
system of organism is very relevant today, including both
experimental studies and clinical observations. Itis neces-
sary to emphasize the researches devoted to the effects
on the heart muscle. Thus, in the works of E. B. Manukhina
(2006) and A. Treuer (2014) it was proved that the NO
system is an important component of adaptation to the
conditions of intermittent hypoxia [4,5]. It has been estab-
lished that it affects the state of the myocardial NO system
in several ways: firstly, it generates substrate deficiency
and, through limiting O, influx, reduces NO production
[4]; alters the isoform profile of NOS through activation of
Ca?* [calmodulin-dependent isoforms of NOS (eNOS and
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nNOS), mainly endothelial (eNOS), which compensates
for the reduction of NO, increases its bioavailability and
improves tissue vascularization [5]; secondly, it activates
heat shock proteins, including HSP90, which not only
stimulates constitutive isoforms but also prevents the
formation of anion superoxide during NO synthesis [6]
and stimulates hypoxia-induced factor 1a (HIF-1a)and 18
(HIF-1B) acting as a transcriptional mediator. This protein
is inactivated by an oxygen-dependent ubiquitin-proteas-
ome system under normoxic conditions. HIF-1a translo-
cates to the nucleus and induces target genes that lead
to the development of myocardial hypertrophy, increases
angiogenesis, erythrocytosis, stimulates cell metabolism
by activating pyruvate dehydrogenase-1 and/or lactate
dehydrogenase enzyme under hypoxic conditions [7].

Our previous studies of the NO system role in the
pathologic myocardial remodeling caused by essential
arterial hypertension in SHR rats have confirmed the
assumption of the pathogenetic importance of this system
as one of the possible conductors of cardiac muscle recon-
struction [8]. However, the question of changes in the NO
system under physiological effects, such as intermittent
hypoxia, remains open. NO system triggers probably an
entire cascade of adaptive responses in the conditions of
oxygen deficiency modified by the mechanisms described
above that is aimed to improvement of the myocardium
function. But there is no complete information about the
NO system status, the characteristics of the isoform profile
of NOS and terminal metabolites in the myocardium at
the hypoxic exposures of different duration.

Aim
Therefore, in order to understand the role of the nitric oxide
system in myocardial remodeling caused by hypoxia of
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different duration, the aim of our study was to determine
the features of the NO system status in the left ventricular
myocardium in the rats with intermittent hypoxic hypobaric
hypoxia during 15 and 60 days.

Materials and methods

The experiment was conducted on the 30 male Wistar
rats, 67 months old which were divided into 3 experi-
mental groups: the control group — intact rats (mean heart
mass —0.722 + 0.03 g; specific density of the heart 1.724 +
0.07 g/cm®), the second group —IH15 — the rats with inter-
mittent hypoxia during 15 days (mean heart mass — 0.851
+0.03 g; specific density of the heart 1.817 £ 0.07 g/cm?®),
the third group — IH60 — the rats with intermittent hypoxia
during 60 days (mean heart mass — 0.902 + 0.03 g;
specific density of the heart 2.102 + 0.26 g/cm?).

Hypoxic training was performed in a ventilated pres-
sure chamber with a volume of 1.0 m® at an altitude of
6000 m (pO, = 9.8 %) using a model widely used in the
research of the Department of Pathological Physiology of
ZSMU [9]. Animals were housed in the pressure chamber
daily from 10 am to 4 pm. The training was conducted in the
following mode: the 1% day oxygen tension in the pressure
chamber corresponded to the height of 1 km, the 2™ day
— 2 km, the 3 — 3 km, the 4" — 4 km, on the 5" — 5 km,
on the 6" and during the following days — 6 km. Hypoxic
training at a height of 6 km was performed for 10 days for
15-day hypoxia and 55 days for 60-day. The “lift height”
in the pressure chamber was registered by an altimeter.

The experimental part of the study was carried out
exactly according to the National “Common Ethical Princi-
ples of Animal Experiments” (Ukraine, 2001), which are in
accordance with the Directive 2010/63EU of the European
Parliament and of the Council of September 22, 2010 on
the protection of animals used for scientific purposes.
The protocol of the study is agreed with the local ethics
committee (from March 1, 2018). [10].

The experiment was conducted on the basis of
the Training Medical Laboratory Center (TMLC) of the
Zaporizhzhia State Medical University. All devices used
for study are certificated and undergo annual metrological
control (certificate of technical competence Ne 033/18,
dated December 25, 2018, valid until December 25, 2023;
Laboratory of Experimental Pathophysiology, License
2CK2 YMK2 T6PB SG5N SJLS4).

Systolic and diastolic blood pressure (BP) levels were
measured in all the rats using a system of non-invasive
arterial pressure measurement BP-2000 (Visitech Sys-
tems, USA).

The animals were euthanized via rapid decapitation
after thiopental anesthesia (45 mg/kg body weight, in-
traperitoneally). The study objects in the experimental
animals were blood plasma, in which the nitrotyrosine
level was determined, and the left ventricle fragment,
which was divided into two parts, one of which was
homogenized using a Silent Crusher S homogenizer
(Heidolph, Germany), the second fragment of the heart
after standard histological preparation was fixed in
paraplast blocks.

The blood plasma nitrotyrosine concentration in the
rats was determined by immunoassay according to the
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instructions for the reagent set (Hycultbiotech, HK501
— Nitrotyrosine). The level of nitrites in homogenates of
the first fragments of the left ventricular myocardium was
determined by the biochemical Griess nitrite test on the
Libra S 32 PC spectrophotometer [11].

The second fragment of the myocardium was sec-
tioned into 5 um-thick slices using a rotary microtome
Microm-325 (MicromCorp, Germany). In these slices
concentration of the immunoreactive material to NOS
isoforms was determined with immunofluorescence
method in accordance with the protocol of the immuno-
histochemical study [12].

To study nNOS and eNOS expression serial slices
after procedure of deparaffinization and rehydration were
incubated with primary polyclonal rabbit anti-nNOS and
anti-eNOS antibodies, respectively, (1: 200; Santa Cruz
Biotechnology, Inc., USA). After rinsing sections were
incubated with the secondary FITC-conjugated rabbit
anti-mouse antibodies (1: 200; Santa Cruz Biotechnology,
Inc.). To determine the iINOS expression, the slices of the
myocardium were incubated with monoclonal FITC-con-
jugated mouse antibodies against INOS (1: 200; Santa
Cruz Biotechnology, Inc.).

The immunofluorescence study was performed sep-
arately in transverse and longitudinal fibers. The sections
were examined with ultraviolet microscopy (AxioScope
microscope, Carl Zeiss, Germany) in AxioVision 40 V
4.8.2.0 software program (License No. 3005339) with
an excitation wavelength 390 nm, using a filter 38HE
with high emission (Carl Zeiss, Germany). Zones with
statistically significant fluorescence were identified while
analyzing the images in the interactive mode and then
analyzed in ImageJ software (National Institutes of Health,
USA). At least 100 fields of view from each series were
subjected for study.

The study of NOS mRNA isoforms expression in the
left ventricular myocardium homogenates was carried out
using a real-time polymerase chain reaction (RT-PCR)
in the Department of Molecular Genetic Researches of
the TMLC of ZSMU [8]. For RT-PCR in real time with the
gene specific primers CFX96 ™ Real-Time PCR Detection
Systems (Bio-Rad Laboratories Inc., USA) were used in
accordance with the manufacturer’s recommendations
and Maxima SYBR Green/ROX qPCR Master Mix (2X)
reagent kit (Thermo Fisher Scientific, Inc.).

All statistical computations were performed in the
Microsoft Excel 2016 table processor (Microsoft Corp.,
USA). For all parameters, the arithmetic mean (M), its
dispersion and mean error (m) were calculated. To deter-
mine the significance of differences between the results
of the research in the experimental and control groups
of the rats, the Student’s coefficient (t) was calculated,
after that the significance of the difference between the
samples (p) and the confidence interval of the mean
according to the Student distribution tables were de-
termined. Valid values for P, < 0.05 were considered
statistically significant [13].

Results

Analysis of the BP in the experimental rats showed that the
systolic and diastolic pressure was in the normotensive
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range, but in the IH15 rat group, the systolic pressure
significantly increased by 8 % in comparison with the
control group.

Moreover, IH60 showed a significant increase of
both systolic by 17.4 % and diastolic pressure by 21.3 %
compared to the control values (Table 1). Increase of
blood pressure occurred both with an increase in mean
heart mass and specific heart density of the rats in the
IH15 group by 17.9 % and by 5.4 %, in rats with IHG0 by
25.0 % and 21.9 %, respectively, compared with controls.

The study of mMRNA expression of all three NOS iso-
forms demonstrated that intermittent hypoxia, regardless
of its duration, leads to increase of INOS mRNA, whereas
nNOS and eNOS mRNA increases only after prolonged
training — IH60 (Fig. 1).

Analysis of the nNOS expression indices in IH15
group of the rats showed a significant decrease of the
IRM content to nNOS in the transverse fibers by 20.6 %,
while in the longitudinal ones the content of the IRM
did not change compared to the control (Table 2). The
nNOS mRNA content in the left ventricular myocardial
homogenates did not change significantly (Fig. 1). IRM
content of INOS increased by 7.2 % compared to control in
transverse fibers, and significantly increased by 14.7 % in
longitudinal fibers (Table 2). At the same time, the content
of INOS mRNA in myocardial homogenates significantly
increased by 2.9 times compared to the control (Fig. 1).
The analysis of eNOS expression indices revealed a
significant increase in the IRM content to eNOS by 6.6 %
in the myocardial transverse fibers, whereas there were
no significant changes in the longitudinal fibers (Table 2).
The expression of eNOS mRNA in this group did not
change significantly.

In the IH60 group, the expression of IRM to nNOS
showed more significant changes than in the IH15 group
as compared to control. At the same time, the transverse
fibers showed a significant increase in the content of IRM
to nNOS by 25.4 %. In the longitudinal fibers, the nNOS
content was significantly increased by 45.7 % (Table 2),
and the corresponding mRNA in myocardial homogen-
ates was 2-fold increased compared to the control group
(Fig. 1). In the study of the content of IRM to iNOS, both
in transverse and longitudinal myocardial fibers, there
was a significant decrease in the content by 26.1 % and
33.3 %, respectively, compared to the control (Table 2).
The content of INOS mRNA after a prolonged hypoxia dur-

Table 1. Blood pressure in the rats of experimental groups

g, mtig 13 o

115.05+1.76
68.10 + 1.23

Systolic
Diastolic

Original research

ing 60 days increased 5.7 times significantly compared to
the control (Fig. 1). In this group, compared to the control,
there was a significant increase in the content of IRM to
eNOS by 7.5 % in the transverse fibers, but a decrease
of 11.9 % in the longitudinal fibers (Table 2). The mRNA
content of this isoform demonstrated significant 4.1-fold
increase compared to the control group (Fig. 1).

For better understanding of the myocardial nitric ox-
ide system state during intermittent hypoxic exposure, it
is necessary to investigate not only the isoform profile of
the NOS enzyme, but also the terminal metabolites of
NO: nitrite and nitrotyrosine. The nitrites concentration
is considered by most scientists as the equivalent of
NO formation, demonstrating the enzymatic activity of
NOS and the physiological orientation of the effects
of the nitric oxide system [14]. In our study, nitrites
concentration in the IH15 group increased by 21 %
compared to controls, but in the IH60 group, this indi-
cator decreased significantly by 21.8 %. At the same
time, nitrotyrosine, which is synthesized from the NO
derivative — peroxynitrite under conditions of excessive
formation of reactive oxygen species, is an indicator
of nitrosative-oxidative stress, so it is considered as
a marker of NO-dependent damage in vivo [15]. The
concentration of the nitrotyrosine in the IH15 group
significantly increased by 40.8 %, in the IH60 rats
group — by 80.6 % compared to the control (Fig. 2).

mRNA concentration
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" 1,403
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. e
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Fig. 1. mRNA expression of NOS isoforms in the left ventricular myocardium of experimental rats.

The data are presented as M + m.

*: significance of the differences in comparison with the control group P < 0.05.

135.10 £ 1.69°
82.60 +3.18

123.40 £2.05%
69.30 + 1.948

*: significance of the differences in comparison with the control group P < 0.05; §: significance of the differences in comparison with the IH60 group P < 0.05.

Table 2. The content of IRM of NOS isoforms (NNOS, iNOS and eNOS) in the left ventricular myocardium of the experimental rats, M = m

oot ws  we
longitud. fbers longitud. fbers longitud fvers

nNOS 1198.0 £ 19.7 1236.0 £29.6 951.7 £25.9° 1218.6 £30.8 1501.8 +33.8°% 1800.8 + 26.4°
iNOS 1102.1 £ 16.8 1185.2+21.9 1181.7 £ 36.6° 1359.8 £32.1° 814.6 £27.9% 790.3 £22.9%
eNOS 1099.6 £ 18.5 1252.7 £17.7 1727 +22.3 1254.7 £35.5 1182.0 £ 23.4° 1103.9 £ 21.2%

*: significance of the differences in comparison with the control group P < 0.05;
§: significance of the differences in comparison with the IH60 group P < 0.05.
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Fig. 2. Concentration of nitrites in left ventricular myocardium homogenates and nitrotyrosine in blood plasma of the experimental rat groups. The data are presented as median,
the 1% and the 3" quartiles, min and max.

*: significance of the differences P < 0.05.
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Discussion

An interesting result of our study was an increase in sys-
tolic pressure in IH15 rats and both systolic and diastolic
in IHB0 compared to the control group. Such increased
BP is within the reference values and may be associated
with an increase of stroke volume. It is possible that the
increase in stroke volume is explained by myocardial
hypertrophy, as it is evidenced by the gradual increase in
mean heart mass and specific density of the rat’s heart.
Normally, the phenomenon of Euler-Liljestrand develops
as the component of adaptation to hypoxic condition. The
essence of the phenomenon is the decrease in the tone
of the systemic circulation vessels, their vasodilation,
which reduces the peripheral vascular resistance and
compensates for the oxygen demand of organs and the
heart, in particular. These processes are accompanied by
an increase in the vascular reserve, which enhances my-
ocardial capacity, improves blood supply and contractility
in conditions of increased pumping function [16,17]. The
BP of the rats with long-term hypoxia suggests a possible
increase in total vascular resistance. Moreover, it evi-
dences the presence of these systemic rearrangements
that is based on structural and functional changes at the
cellular level which is provided with the whole complex of
gasotransmitter and mediator systems, the key element
of which is the NO system.

The obtained data of the myocardium NO system
of the rats with intermittent hypoxia prove numerous
facts of other researchers who argue that the short-
term intermittent hypoxia leads to activation of urgent
adaptation mechanisms, an important component of
which they considered nitric oxide and NOS isoforms
[1,4,5]. Zhang Y. (2017) considers that the features of
compartmentalization, translocation, transcription, and
post-translational modifications of constitutive NOS
isoforms mediate the effects of NO in the myocardium
during physiological and pathological stress [18]. Inter-
estingly, their expression is regulated by negative feed-
back: if nNNOS expression increases, eNOS expression
decreases. Such interrelation is aimed to prevent NO
overproduction under normal conditions and maintain its
stable level under stress. In the case of “blocking” of one
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isoform the other isoform will compensate for the lack of
NO due to its increased expression and activity [19]. In
our case, the increase in the IRM content of nANOS and
eNOS in IH15 rats along with an increase in their mMRNA
can be considered as confirmation of this hypothesis
and considered as the one of the components of urgent
adaptation to hypoxia in the myocardium. Such activation
of the constitutive isoforms expression is likely to improve
cardiomyocyte contractility, modulation of sympathetic
and parasympathetic effects, control of cardiac rhythm
and regulation of cell metabolism, by improving local
vascularization and innervation.

Several years ago, the increase inINOS expression in
the myocardium in IH15 rats was explained by its injuring
ability, but recent studies have proven the cardioprotec-
tive role of inducible NOS isoforms. So, according to
D. J. Lefer, iNOS is the primary source of cardioprotective
NO, which modulates coronary circulation, mitochondrial
function, cellular respiration and reduces platelet aggre-
gation [20]. In the condition of oxygen deficiency and
insufficient activity of constitutive NOS isoforms, iINOS
activation is believed to be a component of the adaptive
response to hypoxia and maintenance of stable NO
level. But INOS excessive activity leads to the explosive
formation of NO, which has a cytostatic effect, due to the
excessive formation of the free radicals. An interesting
finding was that the mRNA increase of this isoform was
2.9-fold with 15-day hypoxia compared to control. Such an
increase in mRNA s likely to indicate myocardium signifi-
cant need for INOS with the stimulation of transcriptional
mechanisms [21].

In our opinion, a 21 % increase in nitrites level in IH15
rat myocardial homogenates is an important indicator
of increased NO synthesis due to the high activity and
expression of NOS. The same pattern was obtained by
La Padula (2018) group, who proved the effect of inter-
mittent hypoxia on the increase of terminal metabolites
of NO level [22].

Another result of the study was the establishment of
elevated nitrotyrosine level in myocardial homogenates
after 15 days of hypoxic training. Today, the mechanism
of nitrotyrosine formation and its role in pathological
conditions is well defined, so the increase in its level
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together with the high expression of all 3 isoforms, espe-
cially INOS, is associated with the switching of NOS from
NO-production to ROS formation and the development of
the nitrosative-oxidative stress. That is, 15-day hypoxic
training contributes not only to the activation of adaptive
abilities of the body, as it is defined in our work. Whereas,
there are pathological changes, isoform imbalance in the
NO system, which contributes for the development of
oxidative stress at this stage.

Long-term 60-day hypoxic training also led to signifi-
cant changes in the myocardial nitric oxide system, which
is characterized by an increase in constitutive isoforms
with a simultaneous decrease in INOS and a significant
increase in concentrations of stable NO metabolites, and
these changes had significant difference compared to
IH15 results. The study of the NOS isoform profile showed
increased expression of NANOS in the both transverse and
longitudinal fibers of the myocardium sections with a 2-fold
increase in its MRNA compared to the control. Moreover,
the nNOS content in transverse and longitudinal fibers
increased by more than one third compared to IH15. This
high expression of nANOS, according to other researchers,
is associated with its proven cardioprotective role. Along
with the synthesis of NO nNOS also forms H,O, in the
wall of large vessels forms, which improves vasculariza-
tion and is a component of adaptation to hypoxia. At the
same time, nNNOS inhibits cardiac oxidases, decreases
sources of oxidative stress, thus exhibiting antioxidant
properties [23].

Expression of eNOS isoform in transverse fibers of
IH60 rats increased compared to control. This occurred
with a significant 4.1-fold raise in its mRNA, which indi-
cates an increase in eNOS synthesis and content after
prolonged hypoxic training is related to its cardioprotective
properties [24]. According to many studies, this isoform is
associated with the activation of vasodilation and collateral
circulation that maintain the metabolism of cardiomyo-
cytes and protects it from free radical damage. Hypoxia
has been shown to increase Ca?* influx through L-type
Ca? channels, which activates eNOS and stabilizes HIF-
1, thereby maintaining a feedback loop. All these reactions
lead to the enhancement of NO synthesis and myocardial
adaptation development [25,26].

Analysis of INOS expression indices after prolonged
hypoxic training for 60 days showed a decrease in its con-
tent compared to the control, in contrast to its increased
expression as in IH15. However, this was accompanied
with significant 5.7-fold increase inINOS mRNA compared
to control and almost 2-fold increase compared to IH15.
Such ambiguous results, in our opinion, indicate genome
activation, the presence of the transcriptional block of
iNOS expression and the accelerated destruction of the
enzyme in the myocardium. Rus A. (2011) supposed that
negative effects associated with the lack of protective NO
in the myocardium are formed, which reduces the activity
of antioxidant enzymes and the expression of the coding
genes, accelerates lipid peroxidation, increases the for-
mation of ROS [27]. The decrease in the concentration of
nitrites along with increased levels of the nitrotyrosine is
an indirect fact that confirmed this assumption. The data
obtained indicate the reduction of NO formation by NO
enzymatic pathway and demonstrate the switching of the
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NO system to nitrosative-oxidative stress, which obtains
a systemic character.

Thus, the results of our study revealed that hypoxic
effects, regardless of their duration, activate the NO
system in the myocardium by quan