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The aim was to determine the morpho-functional parameters of the left ventricular myocardium NO system in the rats with
essential hypertension (SHR line).

Material and methods. We used a combination of modern highly informative methods, namely: research of NOS isoform profile
(nNOS, iINOS eNOS) in the myocardial slices along with an assessment of their synthesis and expression of the corresponding
mRNA; NO derived nitrites level determination directly in the myocardium homogenates and concentration of nitrotyrosine
in blood plasma of rats.

The results of the performed studies have shown that high blood pressure in the SHR was accompanied by a
significant increase in the concentrations of all three NOS isoforms in the myocardium and increased expression of
their mRNA. Higher concentration of nitrites by 18.8 % was detected in the SHR group compared with the control
animals. The concentration of nitrotyrosine in blood plasma of rats with essential hypertension was also increased by
25 %.

Conclusions. The predominance of IRM to constitutive isoforms of NOS with low IRM content to INOS was noted in
the myocardium of the control group rats while in SHR rats higher IRM values were marked for all NOS isoforms. The formation
of hypertension is accompanied by high content of NO end metabolites and the development of systemic nitroso-oxidative
stress with the increase of nitrotyrosine concentration.

XapakrepucTUKa NOKa3HUKIB CUCTEMU OKCUAY a30Ty B MiOKapAi AiBOro LAYHOUKA
B LLypiB AiHii SHR

0. M. KonecHuk, M. |. IcaueHko, O. B. MenbHikoBa, T. A. IpekoBa

MeTa po60oTu — Br3Ha4eHHst MOPOyHKLIIOHaNbHMX nokaHukiB cuctemu NO miokapza NMiBoro LwnyHouKa B LLYpIB 3 eCeH-
LianbHoto apTepianbHoto rineptensieto (NiHii SHR).

Matepianu Ta meToau. Bukopuctanm KOMNAEKCHWI Nigxia i3 3aCTOCYBaHHAM Cy4aCHMX i BUCOKOIH(POPMATUBHUX METOLIB:
[OCHimKeHHs y 3pisax miokapaa isodopmHoro npodinto NOS (NNOS, iNOS eNOS) 3 oujiHI0BaHHSIM iXHBOTO CUHTE3Y 3a eKC-
npecieto BignoeigHx MPHK; B13HayeHHs piBHs KiHueBoro metabonity NO-HiTpuTiB 6e3nocepeHb0 B roMoreHarax Miokapaa
1 KOHLEHTpaLii HITPOTMPO3WHY Y Na3Mi KPOoBi LLypIB.

Pesynbratu. MNokasaHo, Lo hopMyBaHHs CTIKOro NigBULLIEHHS apTepianbHOro TUCKy B LwypiB niHii SHR cynposomxysanocs
BipOrigHMM 36iNbLUEHHSM Y 3pidax Miokapaa KOHLUEHTpaLin ycix isopopm NOS i 36inbLueHHsM nokasHukie ekcnpecii ix MPHK.
Y rpyni SHR BcTaHOBneHa BuLLa KOHLEHTpaLis HiTpuTiB (Ha 18,8 %) NOpIBHAHO 3 NOKa3HWKOM KOHTPOMbHWX TBapuH. LLlogo
KOHLIEHTpaLi HITPOTUPO3WHY Y Naa3mi KpOBi LLypiB, TO Y rpyni LypiB 3 eceHuianbHo0 apTepianbHO MNepTeHsIieo Takox
BCTaHOBWM 36inbLUEHHS NoKasHuKa Ha 25 %.

BucHOBKM. Y LLypiB KOHTPOMNbLHOI rpynu B Miokapai BUSBIUNKM nepeBaxkaHHs IPM 0o KOHCTUTYTUBHUX i3ochopm NOS i3 Hu3b-
Kum 3HauveHHsaM BmicTy IPM go iNOS, a B wwypie SHR BctaHoBunm Buwmin BmicT IPM go Bcix isopopm NOS. dopmyBaHHS
apTepianbHoi rinepTeHsii cynpoBomKyeTbCA 3BinbLeHNM BMICTOM KiHLeBux MeTabonitie NO Ta dhopMyBaHHAM CUCTEMHOTO
HITPO30-OKCMAATUBHOTO CTPECY 3 MiABULLEHHSIM KOHLEHTPaLii HITPOTMPO3WHY.

XapaKTepucTMKa nokasarenen CUCTEMbl OKCUAA a30Ta B MUOKapA€e A€BOI0 )XeAYAOUKa
y Kpbic AMHUKU SHR

H0. M. KonecHuk, M. U. Ucauenko, O. B. MenbHUKoBa, T. A. [pekoBa

Llenb pa6oTbl — onpegenerve MophodyHKLMOHaNbHbIX Nokasatenen cuctemsl NO Mrokapaa neBoro xenynoyka y Kpbic ¢
3cCeHUManbHoN apTepuanbHoi runepTeHavent (Mium SHR).

Matepuanbi n metoabl. [pUMeHNIN KOMMAEKCHBIA NOAXOZ, C UCMOMNb30BaHMEM COBPEMEHHbIX U BbICOKOMH(OPMAaTUBHbIX
METOLOB: UCCneaoBaHWe B cpesax Muokapaa usodopmHoro npoduns NOS (nNOS, INOS eNOS) ¢ oueHkoi Ux cuHTe3a 1
akcnpeccumn cooteeTcTBytOWMX MPHK; onpegenexve ypoBHs koHeuHoro meTtabonuta NO-HUTPUTOB HEMOCPEACTBEHHO B
romoreHaTax M1oKkapza 1 KOHLEHTPaLMy HUTPOTUPO3NHA B Na3Me KPOBH KpbiC.

Pe3ynkrathl. [okasaHo, YTo hopMMpOBaHWE CTOMKOTO NOBbILIEHUS apTepUanbHOTO AaBneHNs y KpbIC TMHUMM SHR conposo-
XOAnocb JOCTOBEPHBLIM YBEMMYEHNEM B Cpe3ax M1okapaa KoHLeHTpaumi Bcex naocdopm NOS 1 yBenuyeHnem nokasatenen
akcnpeccum nx MPHK. B rpynne SHR ycTaHoeneHa bonee Bbicokas KOHLEHTpauus HUTpuToB (Ha 18,8 %) no cpaBHeHuto ¢
rnokasaTteneM KOHTPOIbHbIX XMBOTHbIX. YTO kacaeTcs KOHLEHTPaLM HUITPOTMPO3MHA B NnasMe KPOBU KPbIC, TO B rpynmne KpbIC
C 3CCeHUManbHON apTepuanbHON rtMnepTeH3nelt YCTaHOBNEHO yBennYeHne nokasarens Ha 25 %.
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BbiBOAbI. Y KPLIC KOHTPOILHOI MPyNnbl B MUOKapae oTMeveHo npeobnaganue VIPM k koHcTUTyTUBHBIM 13ocopmam NOS
C HM3kuUM 3HadYeHuem cogepxanns UPM k iINOS, a y kpeic SHR ycTaHoeneHo Gonee Beicokoe coaepxaHue MPM ko Bcem
n3odopmam NOS. ®opmmpoBaHve AT CONPOBOXAAETCS YBENUYEHHBIM CoflepKaHneM KoHeYHbIX meTabonutos NO u cop-
MUPOBaHKEM CUCTEMHOTO HUTPO30-OKCUAATUBHOTO CTPECCA C MOBBILLIEHNEM KOHLIEHTPALMU HUTPOTUPO3MNHA.

Today it is well known that the development of arteri-
al hypertension (AH) is accompanied by endothelial
dysfunction [1]. Increased blood pressure in arterial
hypertension begins due to hyperepinephrinemia which
leads to angiospasm. The result is an increase in total
peripheral vascular resistance, an increase in heart
rate, stroke volume and cardiac output. In the case of
prolonged maintenance of such angiospasm, irreversible
morpho-functional changes in the vessel wall (its thicke-
ning, decrease of elasticity, dilation and increase in rigidity
index) are formed. The nitric oxide system (NO) plays
an essential role in this event. Endothelial dysfunction is
formed both through lack of nitric oxide and reduction of
its bioavailability as well as by its hyperproduction, as a
result of oxidative stress [2]. The main source of NO is
the nitric oxide synthase enzyme (NOS), represented by
three isoforms: neuronal (NNOS), inducible (iNOS), and
endothelial (eNOS). Depending on the type of activated
isoform, its amount and activity the effect of NO — either
vasodilation or vasoconstriction and cell damage will be
realized [3]. Thus, the NOS isoforms can be considered
as a key factor in NO effects regulation, acting as a pro-
tective or aggressive agent, which disturbs the function
and damages the cardiovascular system [4].

The target organ, which is one of the first to response
to hemodynamic overload during arterial hypertension,
is the heart. At the same time, remodeling of the left
ventricle develops at the preclinical stage, initially as a
component of high blood pressure (BP) compensation
and later after the exhaustion of physiological adaptive
mechanisms, as an element of pathological myocardial
remodeling (PMR) [5]. It has been established that
the development of hypertrophy with the interstitial fibro-
sis and initiation of apoptosis in cardiomyocytes make
the basis of PMR pathogenesis. Other components of
PMR are those processes similar to endothelial dys-
function, which are termed as myocardial dysfunction
[6]. Moreover, these processes mutually reinforce each
other. Violations of cardiac muscle contraction, energy
supply and innervation of cardiomyocytes occur as a
result of the myocardial dysfunction development. These
particular processes are influenced by the universal
regulatory gasotransmitter NO, formation of which is
controlled by NOS isoforms. However, the insufficient
clarity of the nitric oxide system role in hypertension,
the uncertainty in peculiarities of the NOS isoforms
profile in the myocardium in different etiological forms of
arterial hypertension, require an in-depth research and
conduction an experimental study.

We encountered a large number of contradictory
and conflicting data while planning the experiment and
analyzing the data of other scientists. In our opinion, this
is due to the fact that most of scientists focus their study
on the one method of research (more often in vitro) or
determine a limited number of parameters.
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The aim

That is why, in order to achieve the intended goal to
determine the morpho-functional parameters of the left
ventricular myocardium NO system in the rats with es-
sential hypertension (SHR line), an integrated approach
was chosen. We used modern highly informative methods,
namely: analysis of NOS isoform profile (nNOS, iNOS
eNOS) in myocardial slices with their synthesis estimation
by expression of the corresponding mRNA; determination
of NO derived nitrites level directly in the myocardium
homogenates. We also studied nitrotyrosine concentration
in blood plasma of rats in order to prove the presence of
oxidative stress.

Materials and methods

The experiment was conducted in 20 male rats 220-290 g
weight, 6—10 months old which were divided into 2 expe-
rimental groups: the control group (10 intact normotensive
male Wistar rats) and the experimental group — 10 male
SHR (a model of essential hypertension).

The experimental part of the study was carried out
exactly according to the National “Common Ethical Prin-
ciples of Animal Experiments” (Ukraine, 2001), which are
in accordance with the Directive 2010/ 63EU of the Euro-
pean Parliament and of the Council of 22 September 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). The experiment was
conducted on the basis of the Training Medical Labora-
tory Center of the Zaporizhzhia State Medical University
(certificate of registration No. 039/14 dated June 25, 2014,
valid until June 24, 2019). All devices used for study are
certificated and undergo annual metrological control
(Laboratory of Experimental Pathophysiology, License
2CK2 YMK2 T6PB SG5N SJLS4).

Systolic and diastolic BP levels were measured in all
the rats using a system of non-invasive arterial pressure
measurement BP-2000 (Visitech Systems, USA). The
first measurement of BP was carried out at the time of
groups formation, and then on the 1%, 5%, 10™, 15%, 21st
and 30" days of the experiment. After a series of blood
pressure measurements (at least 7-10 registrations with
intervals of 1.5-2 minutes), mean blood pressure (mBP)
was obtained. It was calculated automatically in accor-
dance with the manufacturer’s instructions by the formula:
mBP = (2(diastolic pressure) + systolic pressure)/3. Mean
BP was 83.8 + 0.96 mm Hg in the control group rats and
125.8 £ 1.12 mm Hg in SHR.

Animals were euthanized via rapid decapitation after
thiopental anesthesia (45 mg/kg body weight, intraperi-
toneally).

The study objects in the experimental animals were
blood plasma, in which the nitrotyrosine level was deter-
mined, and the left ventricle fragment, which was divided
into two parts, one of which was homogenized using a
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Table 1. Primers design

Silent Crusher S homogenizer (Heidolph, Germany),
the second fragment of the heart after standard histolo-
gical preparation was fixed in paraplast blocks and then
serially sectioned into 5 pm-thick slices using a rotary
microtome Microm-325 (MicromCorp, Germany).

Concentration ofimmunoreactive material to NOS iso-
forms was determined with immunofluorescence method
in accordance with the protocol of immunohistochemical
study and manufacturer’s instructions [7].

To study nNOS and eNOS expression serial slices
after procedure of deparaffinization and rehydration were
incubated for 1 day at T = +4 °C with primary polyclonal
rabbit anti-nNOS and anti-eNOS antibodies, respectively,
(1: 200; Santa Cruz Biotechnology, Inc., USA). After rinsing
with 0,1 M phosphate buffer (pH = 7.2) sections were in-
cubated for 45 minutes in a humid chamber at T = +37 °C
with the secondary FITC-conjugated rabbit anti-mouse
antibodies (1: 200; Santa Cruz Biotechnology, Inc.). To
determine the INOS expression, the slices of the myocar-
dium were incubated with monoclonal FITC-conjugated
mouse antibodies against iNOS (1: 200; Santa Cruz
Biotechnology, Inc.).

The sections were examined with ultraviolet micros-
copy (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. 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 Training Medical Laboratory of ZSMU. [8]. Total RNA
was isolated from the myocardium tissue using Trizol RNA
Prep 100 (Isogen, RF), according to the manufacturer’s
protocol. The RNA was resuspended in water, quantified
and tested with the RT-PCR assay using the RT-PCR kit;
RT (Synthol, RF). RT-PCR was performed in a final vol-
ume of 25 pl containing 10 pl of the 2,5X reaction mixture,
11 pl dd H20, 1 pl of primers (Table 1) of Random-6, 1
ul of reverse transcriptase and 2 pg of RNA. The reverse
transcription was performed at 45 °C for 45 minutes and
then it was heated for 5 minutes at 92 °C. For RT-PCR in
real time with 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 gPCR

Tm, °C | Product
size (bp)

nNOS F=GACGCAGATGAGGTTTTCAGC 59.87 447714478
R=GGGGGCAGGAGGATCCAG 61.17

iNOS F=GTTCCTCAGGCTTGGGTCTT 59.6 49 143/144
R=CCGTGGGGCTTGTAGTTGAC 60.95

eNOS F=CCCAGGAGAGATCCACCTCA 60.03 58 2899/2900
R=CAGCACATCCTGGGTTCTGT 59.96

actin, beta F=ACAACCTTCTTGCAGCTCCTC 60.54 64 72/73

(Actb) R=TCGTCATCCATGGCGAACTGG  60.76

F: forward primer; R: reverse primer; Tm: melting temperature.
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Master Mix (2X) reagent kit (Thermo Fisher Scientific,
Inc.). Master Mix included Maxima Hot Start Tag DNA
polymerase and dNTPs in optimized PCR buffer. The
samples were amplified in a volume of 25 pl of the re-
action mixture at a concentration of 0,3 uM of forward
and reverse primers, 12.5 yl Maxima SYBR Green/ROX
gPCR Master Mix (2X), template DNA <500 ng / reaction,
nuclease-free water up to 25 pl. All primers were designed
using the Primer-BLAST software (NIH, USA) and were
synthesized by Metabion (Germany). Amplification was
performed with the following settings: 10 min at 95 °C for
initiating denaturation followed by 50 cycles of denatur-
ation at 95 °C for 15 sec., primer annealing for 30 sec. at
58-63 °C and extension at 72 °C for 30 sec.

Registration of the fluorescence intensity occurred
automatically at the end of each cycle extension step in
the SYBRGreen channel.

As the reference gene, the actin beta gene (Actb)
gene was used to determine the relative value of changes
in expression level of studied genes. A comparative Ct
method (AACt method) was used to express the relative
level of gene expression. Statistical analysis of the PCR
data was performed using the CFX Manager™ soft-
ware (Bio-Rad, USA). Negative controls were included
in the experiment: without the cDNA matrix adding to
the PCR reaction, without the mRNA matrix adding
to the cDNA synthesis, without the enzyme adding in
the cDNA synthesis. All amplification reactions were per-
formed on individual samples in three replicates.

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

Al statistical computations were performed in the Mic-
rosoft Excel 2016 table processor (Microsoft Corp., USA).
For all parameters, the arithmetic mean (M), its dispersion
and mean error (m) were calculated. To determine the re-
liability of differences between the results of research in
the experimental and control groups of rats, the Student's
coefficient (t) was calculated, after that the probability of
the difference between the samples (p) and the confi-
dence interval of the mean according to the Student dis-
tribution tables were determined. Valid values for P <0.05
were considered statistically reliable [10].

Results

The results of conducted studies reveal that the persistent
increase of BP in SHR was accompanied not only by
a significant increase in the concentrations of all three
NOS isoforms (nNOS, iNOS, eNOS) in the myocardial
slices (Fig. 1-A), but also by an increase in their mRNA
expression (Fig. 1-B).

Higher concentration of IRM to nNOS by 22.8 %,
and 1.6 times increase of its MRNA were found in SHR
in comparison with the control group. Concentration of
IRM to eNOS in SHR was reliably increased by 6.8 %
and in 2.3 times increase its MRNA in comparison with
the intact rats. Reliability of the increased concentration
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Fig. 1. Concentration of IRM (A) and mRNA expression (B) of NOS isoforms (nNOS, iNOS and eNOS) in the left ventricular myocardium of experimental rats. The data are presented
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Fig. 2. Concentration of nitrites (A) in left ventricular myocardium homogenates and nitrotyrosine (B) in blood plasma of the experimental groups rats. The data are presented as
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of IRM to iNOS by 29.7 % was detected. INOS mRNA
concentration was 3.5 times more than in control animals.

Studies of NO end metabolites level were also done
in order for assessing the state of the nitric oxide system.
In the SHR group 18.8 % higher concentration of nitrites
was detected in comparison with the control animals.
Nitrotyrosine concentration in blood plasma in the SHR
was also increased by 25 % (Fig. 2A-B).

Discussion

The fact, ascertained in the work, that the higher values
concentration of IRM to nNOS and increase of its mMRNA
in the myocardium in the formed AH in SHR were found to
be the expected result (Fig. 7A-B). This is due to the fact
obtained by many researchers, nNOS in the cardiac muscle
acts as the main endogenous source of myocardial NO
[11], which provides a rapid, situational change in the level
of NO in response to extracellular signals of mediators,
hormones and biologically active substances [12], imple-
ments the control over parasympathetic and sympathetic
regulation of cardiac rhythm, influences the myocardial
contractility and relaxation [13]. Therefore, it is logical to
assume that a higher concentration of nNOS in SHR is

Pathologia. Volume 15. No. 3, September — December 2018

necessary for activation of both urgent and long-term adap-
tation mechanisms of the heart to hemodynamic overloads.
This mechanism of compensation is especially important
at the initial stages of blood pressure increase.

Concerning the increased concentration of IRM to
eNOS and increase of its MRNAin SHR myocardium com-
pared to control, it should be noted that this isoform is asso-
ciated with the local endothelial cytoprotective mechanisms
realization and maintenance of vascular homeostasis.
Persistent increase in BP is accompanied by the long-
term compensatory mechanisms activation, namely left
ventricular hypertrophy [14] with increased blood supply
and new capillaries and nerves growth. In our opinion, a
significant increase in eNOS mRNA expression in SHR is
due to induction of gene expression through the transcrip-
tion pathway [15] as one of the components of adaptation
implementation. This gene is activated under conditions
of moderate hypoxia in AH and is accompanied with an
increase in the level of intracellular Ca# ions, an increase
in the Ca*-dependent eNOS synthesis and activity. This
results in a large amount of endothelial NO formation and
leads to the improvement of blood supply. This particular
mechanism serves as one of the essential components of
the compensatory myocardium remodeling [16].
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In contrast to constitutive NOS isoforms, the high
concentration of INOS, which is considered as a mediator
of nitrosative and oxidative stress, worsens endothelial
and myocardial dysfunction in AH due to a large amount
of peroxynitrite formation [17]. In our study, there was
a reliable increase in the concentration of IRM to iNOS
(Fig.1-A), which confirms its involvement in the formation
of PMR and cell injury, the fact of which in SHR has been
found in many studies [18]. An analysis of the RT-PCR
results in the SHR group demonstrated a reliable increase
in INOS mRNA expression (Fig. 1-B). According to other
researchers, high level of mRNA in the myocardium of
rats with AH is associated not only with the activation
of mRNA transcription in response to stimulation by
pathological factors (active forms of oxygen, peroxyni-
trite, H,0,, cytokines, etc.), but also with the decrease
of its breakdown that was also demonstrated [19]. Thus,
it contributes to a vicious cycle — the higher is the level
of unstable metabolites, the higher is the level of INOS,
which will produce further greater NO excess and results
in the development of oxidative and nitrosative stress with
myocardial dysfunction.

Studies of NO end metabolites level were also done.
Nitrites are stable NO metabolites and are determined by
the researchers as an equivalent marker of its formation.
In the SHR group a higher concentration of nitrites was
detected in comparison with the control animals. The
obtained result can be considered as an evidence of
the NOS increased activity in the myocardium of rats
with essential hypertension. Nitrotyrosine concentration
in blood plasma (NO-dependent marker of oxidative
stress) in the group of rats with essential hypertension was
also increased (Fig. 2A-B). This fact allows us to assert
that oxidative and nitrosative stress occurs not locally in
the myocardium, but has a systemic character [20].

Therefore, the conducted study allows to state that
essential hypertension causes significant changes in
the morpho-functional state of nitric oxide system. The
important features of these changes are the peculiarities
of NOS isoforms profile, the prevalence of iNOS and
the presence of systemic nitroso-oxidative stress signs.

Conclusions

1. The predominance of IRM to constitutive NOS
isoforms with low IRM content to iNOS has been noted
in myocardium of the control group rats with normal BP.

2. The higher IRM content to all three NOS isoforms in
SHR (the model of essential AH), compared to the control,
is associated with the stimulation of synthetic processes
due to their mRNA increased expression.

3. The higher indices of NANOS and iNOS concentra-
tion along with reduced IRM content to eNOS have been
revealed in SHR myocardium.

4. Formation of hypertension is accompanied by an
increased content of NO end metabolites (nitrites) and
systemic nitroso-oxidative stress development with high
nitrotyrosine concentration.
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