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One of the leading mechanisms for the development of a severe cardiovascular pathology is the intensification of free radical
processes. With a decrease in the activity of the antioxidant defense, the accumulation of free radicals in the body and, as
a consequence, the development of the oxidative stress is natural. The registration of the severity of processes that impair
the effectiveness of the antioxidant protection, with the subsequent development of an oxidative stress, can serve as a new
reliable method for assessing the degree of a myocardial damage.

The aim of the work was to develop a method for assessing the degree of ischemic and ischemia-reperfusion kinds of damage
to the myocardium based on the activity of free radical processes in cardiomyocytes.

Materials and methods. All the experimental work under in vivo conditions was performed on 50 white sexually mature
mongrel male rats. The physiological and morphological parameters of the hearts, biochemical parameters and the lipid
peroxidation level of the perfusate were assessed. The changes in the level of the perfusate lipid peroxidation were assessed
in a simple model system simulating the lipid peroxidation. The registration of luminescence was carried out using a
chemiluminometer KHLM-003 (Russia). Luminol (5-amino-2,3-dehydro-4-phthalazinedione) was used to detect the reactive
oxygen species.

Results. With an increase in the ischemia duration and, as a consequence, the degree of the myocardial damage, an increase
in the values of the lipid peroxidation determined by chemiluminescence is observed. When simulating 30 minutes of
ischemia, necrosis is formed; it accounts for 8.9% of the total heart volume. With an increase in the ischemia duration to
60 minutes, the necrosis zone increases by 1.4 times (p <0.05), and the light sum of luminescence increases by 9.4% (p <0.05)
relative to the 30-minute ischemia. A maximum decrease in pH is recorded at the 5 minute of the reperfusion. Next comes
the restoration of pH values, and at the 10" minute, there is no longer any statistical difference between the initial and
reperfusion values (7.37 vs 7.04 at p >0.05). In turn, the activity indicators of cytolysis enzymes (lactate dehydrogenase [LDH]
and creatine phosphokinase-MB [CPK-MB]) show a similar pH trend of the growth in the first minutes of the reperfusion,
followed by a decrease in the initial values, which is most likely due to the “washing out” of metabolic products. At the same
time, the “freeze—storage (14 days)—defrost” cycle does not affect the indicator of the lipid peroxidation activity.
Conclusion. A new method for assessing a myocardial damage during the perfusion of an isolated heart using the Langendorff
method, based on the use of the luminol-dependent iron-induced chemiluminescence of the lipid peroxidation level of the
perfusate obtained before and after the perfusion of an isolated heart, can become one of the most effective methods for
assessing the damage to the myocardial structure.
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Abbreviations: AHA — American Heart Association; CVD — coronary vascular diseases; Ml —myocardial infarction; HFA — higher
fatty acids; LDH — lactate dehydrogenase; CPK-MB — creatine phosphokinase-MB; VCPR — volumetric coronary perfusion
rate; SBP — systolic blood pressure; DBP — diastolic blood pressure; PP — pulse pressure; HR — heart rate; EDP — end-diastolic
pressure; LV — left ventricular; LP — lipid peroxidation; ROS — reactive oxygen species; HBFP — Haematoxylin-Basic Fuchsin-
picric acid.
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OfHVMM V13 BeAyLIMX MEXaHW3MOB Pa3BUTUA TAXKENbIX CepAeYHO-COCYAMUCTbIX NATONOrMIN ABAAETCA WHTEHCUMPUKaLMA
cB0obOAHOPAAMKANbHBIX MPOLLEeccoB. MPU CHUMKEHUM AKTUBHOCTU aHTUMOKCUAQHTHOWM 3alUMTbl 3aKOHOMEPHbIM ABAAETCA
KYMynauma cBob6OAHbIX PaAMKanoB B OpraHM3Me W, Kak CneacTBue, pasBUTME OKCUAATUMBHOIO cTpecca. Permctpauma
BbIPA)XEHHOCTU MPOLLECCOB HapyweHMa 3PPeKTUBHOCTU aAHTMOKCUAAHTHOM 3aliMTbl C MOC/AeAyOWNUM PasBUTUEM
OKCUAATMBHOTIO CTPECCa MOXET NMOCAYXKNTb HOBbIM JOCTOBEPHbIM METOAOM OLEHKM CTeNeHU NOBPeXAeHMA MMOKapaa.
Lienb. Paspabotatb cnocob oLeHKN CTENEHU ULLEMNYECKOTO U ULLEeMUYECKU-penepdy3nOHHOro NOBPEXAEHMA MUOKapaa Ha
OCHOBAHWM aKTUBHOCTU cBOHOAHOPAAMKANBHBIX MPOLLECCOB B KAPAMOMMUOLMUTAX.

Martepuanbl U meToabl. Bca akcnepumeHTanbHan paboTta B ycnoBuaAx in vivo 6bii1a BbinonHeHa Ha 50 6esbix 6ecnopoaHbIx
NosI0oBO3pesbIX Kpblcax-camuax. lMpoBogunach OueHKa ¢GU3MONOTMYECKUX U MOPGOONOTMYECKMX MapaMeTpoB cepel,
OMOXMMMYECKMX MOKasaTeNe M YPOBHA J/IMNUAHON MepoKkcupauumn nepdysata. M3meHeHWe YpOBHA /UNUAHOW
nepoKkcuaaumm nepdysarta oLeHUBaNN B NPOCTON MOAENbHOW CUCTEME, UMUTUPYIOLLEI NMEePeKNCHOe OKUCIEHME NMNUAOB.
Peructpaumio cBeyeHMs NMPOBOAWAM Ha XemuatomuHomepe «XJ/IM-003» (Poccus). Ona BbIABAEHUA aAKTUBHbIX Gopm
KMCI0pOoAa UCNOAb30BaNU NOMUHOA (5-aMUHO-2,3-aernapo-4-dTanasmHanoH).

Pesynbratbl. [p1 yBENIMYEHUN AUTENBHOCTM ULLIEMUN U, KaK CNeACTBUE, CTENEHN NOBPEXAEHNA MUOKapAa OTMeYanca pocT
3HAYEHWUW IMNUAHOW NepPOKCMAALLMM, YCTAHOB/IEHHbBIX METOAOM XeMUAOMUHECLeHLMK. Mpyn moaenvpoBaHmum 30-MUHYTHOM
nwemnn bopmMmMpoBanca HEKpos, cocTasnawowmii 8,9% or obuwero obbéma cepaua. Mpu yBEAUYEHUU AUTENBHOCTU
vwemnn go 60 MWH, 30Ha HeKposa yeenmumeanacb B 1,4 pasa (p <0,05), a cBeTocymma cBedyeHus — Ha 9,4% (p <0,05)
oTHOCUTENbHO 30-MUHYTHOW Mwemuu. MaKcumanbHoe CHUXKeHue pH peructpupoBanu Ha 5-M1 MUH penepdy3uu, a Ha
10- MMH CTaTUCTUYECKOM Pa3HULLbI MEXKAY UCXOAHLIM U penepdy3noHHbIM 3HaYeHMEM y¥Ke He Habatoganu (7,37 vs 7,04 npu
p >0,05). B cBOtO o4epesb NMOKasaTe/NM aKTUBHOCTU GEPMEHTOB LIMTONN3A (NaKTaTaernaporeHasa u KpeaTuHKnHasa — MB)
[EMOHCTPUPOBANY aHaNornYHyto pH TeHAEHUMIO NO POCTy B NepBble MUHYTbI penepdysnn ¢ NOCNEAYOWUM CHUKEHUEM
MNCXOAHbIX 3HAYEHUM, YTO, BEPOATHEE BCErO, CBA3AHO C «BbIMbIBAHWMEM» MPOAYKTOB 06MeHa. MpK 3TOM LMK «3aMOpPO3Ka—
XpaHeHue (14 cyT)—pa3mopo3Ka» He CKasblBa/CA Ha NOKa3aTene aKTMBHOCTU IMNUAHON NepoKCuaaLmm.

3akntoueHue. HoBblli cnocob OLEHKM MOBpeXAeHWA MUoKaphAa B YCn0BUAX Nepdy3nm M30MPOBAHHOTO cepAaua no
meTogy JlaHreHgopda, OCHOBAHHbLIM Ha MNPUMEHEHUU METOAUKM JIIOMUHON-3aBUCMMOM  Kene3onHAYLMPOBAHHOMN
XEMUIOMUHECLLEHLIMM YPOBHA IMNUAHON NepoKeuaaummn nepdysarta, Noay4eHHOro A0 v nocae nepdy3mmn M30IMpoBaHHOTO
CepALa, MOXKET CTaTb OAHUM U3 Hanbonee sPpPeKTUBHbLIX METOLOB OLLEHKN HAPYLLUEHWUA CTPYKTYPbl MMOKapaa.
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Cnucok cokpaweHmii: AHA — AmepuKaHCcKan Kapguonorndyeckas accoumnaumsn; CC3 — cepaeyHo-cocyamcTblie 3abonesaHus;

CCC — ceppeyHO-CcOCYAMCTaA CUCTEMa;

UM — uHbapKT MuoKapaa;

B¥XK — BbiCclwme xupHble kucnotbl; A0 —

naktatgerngporeHasa; KOK-MB — kpeatuHkuHasa-MB; OCKM — ob6bémHas CKOpPOCTb KOopoHapHow nepdysum; CAL —
CUCTO/INYECKOE apTepuanbHoe gasneHue; AL — anactonmyeckoe aptepuanbHoe gasneHue; N[ — nynbcoBoe gaBneHue;
YCC — yacToTa cepaeyHbix cokpalleHuit; KA — KoHeyHoe guactonuuyeckoe gasnenue; JIXK — nesbiit xenygouek; MO —
nepekucHoe okucneHne amnuaos; AOK — akTuBHble dopmbl Kucnopoga; MOPMN — remaTOKCUAUH, OCHOBHbIN QYKCHH,

NMUKPUHOBAA KNCNOTa.

INTRODUCTION

According to the American Heart Association
(AHA), in the United States and Canada, the prevalence
of cardiovascular diseases (CVD) ranges from 1.5
to 1.9% of the population, and up to 2% in Europe.
[1]. In Russia, mortality rates from CVD among men
and women of the working age, remain among the
highest [2]. Therefore, in Europe, about 4 million
people die annually, and the Russian population
accounts for about 1 million of the above indicator. [3].
At the same time, one of the leading places in the
structure of mortality from CVD is occupied by
myocardial infarction (Ml).

According to the data of the Department of
Medical Statistics of the Central Research Institute of
Health Care Organization and Informatization, in 2020,
about 170,5 thousand cases of Ml among the able-
bodied population were registered, 33% of them were
fatal outcomes. The presented statistical data cause
the interest of many researchers and clinicians to the
search for methods of an accurate early diagnostic
assessment and prevention of CVD. Among other things,
the development of methods to estimate the area of
necrotized, stunned and hibernating myocardium in Ml
is of interest, as it directly correlates with both a high
prognosis of a lethal outcome/disability of patients
and the processes of myocardial remodelling, which, in
turn, determines the preoperative selection of patients
and the choice of the most effective cardiac surgical
interventions [4].

To date, a number of markers of a cardiac muscle
necrosis massiveness have been identified. However,
disturbances in the regulation of free radical processes
are an important basis for the development of severe
cardiovascular pathologies and a number of other
diseases. The antioxidant defense system provides an
adequate regulation of a free radical formation in the
cells, including cardiomyocytes. When its efficiency
decreases, free radicals accumulate in the body
and, as a consequence, an oxidative stress develops
[5, 6]. In addition, ischemia leads to a decrease in
the energy supply, which entails disturbances in
the transmembrane concentration of Ca?, Na*, and
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K* [7-9]. A high concentration of Ca* inside the cell leads
to the activation of a “lipid triad”, which is a source of
active detergent substances (higher fatty acids [HFA],
lysophospholipids). As a result, free radical oxidation
processes increase, a phospholipases and lipases activity
increases, free long-chain HFA accumulate [10]. That
contributes to the damage of lysosome membranes and
release of lysosomal proteases [11-13].

On the other hand, in ischemia, a high intracellular
Ca* concentration is an independent factor of a
myofibril damage and an impaired functional activity
of mitochondria [14]. Thus, there are many reasons to
believe that the registration of the violation processes
severity of an antioxidant defense efficiency, with the
subsequent development of the oxidative stress, can
serve as a new reliable method of determining the
degree of a myocardial damage.

THE AIM of the work was to develop a method for
assessing a degree of ischemic and ischemia-reperfusion
kinds of damage to the myocardium based on the
activity of free radical processes in cardiomyocytes.

MATERIALS AND METHODS

Animals

The experimental work was performed on 50 white
sexually mature mongrel male rats (225.7+22.4 g),
obtained from the nursery of laboratory animals
“Pushchino”, on the basis of the Department of
Pharmacology of the Bashkir State Medical University
(Russia), from January to February 2024. The study has
been completed in accordance with the international
recommendations of the European Convention for
the Protection of Vertebrate Animals in Laboratory
Conditions, Rules for Laboratory Preclinical Research in
the Russian Federation (3 51000.3-96, 51000.4-96 and
GOST 50258-92) and Order of the Ministry of Health
and Social Development of Russia No. 708n (dated
23 Aug2010) “Ontheapproval of goodlaboratory practice
rules (GLP)".

The study was approved by the Ethical Committee of
the Bashkir State Medical University (Protocol No. 1 dated
30 Jan 2024). The animals were kept in accordance with
the rules of the European Convention for the Protection
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of Vertebrate Animals (Directive 2010/63/EU) and the
Guide for Keeping and Care of Laboratory Animals (GOST
33215-2014) in vivarium conditions in accordance with
the sanitary and epidemic rules (SP 2.2.1.3218-14).
The rats were kept no more than 5 heads in one cage,
on an unlimited feed and water consumption, under a
fixed light regime of 12 h/12 h. The temperature was
maintained within 22-25°C, the relative humidity was
50-70%. The duration of quarantine for all the animals
was 14 days, after which the rats were included in the
study simultaneously. The animals were divided into
5 experimental groups of 10 rats each: group 1 — Control
(without ischemia and reperfusion); group 2 — total
ischemia modelling (without reperfusion), group 3 —
30-minute ischemia followed by a 2-hour reperfusion,
group 4 — 45-minute ischemia followed by a 2-hour
reperfusion, group 5 — 60-minute ischemia followed by a
2-hour reperfusion.

Perfusion of isolated heart according

to the Langendorff method

Under the aseptic conditions, the animals were
anesthetized using zoletil-xylazine anesthesia according
to the following scheme: zoletil 0.3 mg i.m. (“Virbac”,
France)+xylanite 0.8 mg i.m. (NITA-FARM, Russia) per
100 g of an animal body weight [15, 16]. Further on, a
thoracotomy was performed, the main vessels of the
heart were cut off (above the capture site). The extracted
hearts were placed in the Krebs—Henseleit solution
(T=+4°C) in order to stop spontaneous contractions.
The ascending part of the aorta was cannulated to
ensure that the carbogen-saturated Krebs—Henseleit
solution (95% O, and 5% CO,) was delivered to the
myocardium. To determine the myocardial contractility
indices, a catheter with a balloon filled with purified
water was inserted into the left ventricular (LV) cavity
(volume of the liquid was sufficient to create an end-
diastolic pressure; EDP) of 10-15 mmHg). After all the
manipulation actions had been completed, a stabilization
period of 5 minutes was maintained. Cardiophysiologic
parameters were recorded using the PhysExp monitoring
system (Cardiprotekt, Russia). The indices of the isolated
myocardium contractility were recorded. After all the
manipulation actions had been completed, a stabilization
period of 5 min was maintained. Cardiophysiologic
parameters were recorded using the PhysExp monitoring
system (Cardiprotekt, Russia). The indices of the isolated
myocardium contractility were recorded: the pressure
developed by the LV, heart rate (HR, beats/min);
EDP (mmHg).

Under the experimental conditions, the oxygen and
plasma replacement solution (Krebs—Henseleit solution)
supply to cardiomyocytes, as well as the outflow of
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the dissimilation products from them was completely
stopped (total ischemia model); after the ischemia, the
restoration of the cardiac perfusion was performed for
30, 45, and 60 minutes (depending on the tasks); it was
followed by the assessment of the perfusate oxidative
potential, a pH index, as well as a biochemical analysis
and a morphologic evaluation of the myocardium. The
perfusate was frozen and stored at -20-22°C, followed
by thawing and the parameters re-evaluation to
determine the stability of the lipid peroxidation level for
14 days.

Assessment of perfusate oxidative potential

The oxidative potential was assessed by luminol-
dependent iron-induced chemiluminescence of the lipid
peroxidation (LP) level of perfusate obtained before and
after the perfusion of the isolated heart according to
the Langendorff method. The changes in the level of the
perfusate LP were evaluated in a simple model system
simulating the lipid peroxidation. The luminescence was
registered on a chemiluminometer HLM-003 (Russia).
Luminol (5-amino-2,3-dehydro-4-phthalazindione) was
used to registrate the ROS, which oxidizes and forms
electronically excited carbonyl chromophores with a
high quantum vyield, resulting in a sharp increase in the
intensity of luminescence associated with the formation
of reactive oxygen species (ROS). Chemiluminescence
was recorded for 3 min. One conditional unit of
chemiluminescence was 5.1x105 quanta/sec. [17].
Luminescence intensity indices were recorded: a light
sum and a slow flash amplitude of the model system
in the presence of the perfusate obtained before the
perfusion, and the luminescence intensity of the model
system in the presence of the perfusate obtained
after the perfusion. The intensity of the developing
luminescence was used to evaluate the LP processes in
the model system in the perfusate presence. The greater
the values of the chemiluminescence intensity indices
of the model system in the presence of the perfusate
obtained after the perfusion in comparison with the
initial indices are, the more massive the degree of the
myocardial damage as a result of ischemic and ischemia-
reperfusion factors of the myocardial damage is.

Evaluation of biochemical parameters

creatine phosphokinase-MB

Biochemical indices (lactate dehydrogenase
[LDH] and creatine phosphokinase-MB [CPhK-MB])
were determined by generally recognized methods
on an automatic biochemical analyzer with an open
reagent system Dirui CS-T240 (DIRUI Industrial Co.,
Ltd., China) using original reagent kits and their
instructions.
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Morphologic evaluation of hearts

At the end of the reperfusion, half of the hearts in
each group (5 hearts from each group) were stained
with triphenyltetrazolium chloride followed by a
macroscopic evaluation, the other half of the hearts
were fixed in a 10% buffered neutral formalin solution. A
macroscopic imaging of the hearts was performed using
the LSCI laser speckle-imaging system (RWD, China) in
the photoregistration mode of the speckle color pattern.
The fixed hearts were transversely dissected into 4 parts
from the base to the apex of the heart, so that the left,
right ventricles and the interventricular septum were
included in the slices. Next, a standard histological
processing by alcohols of increasing concentrations
was performed, after which the preparations were
encapsulated in paraffin and 4 p thick sections were
made, which were stained with haematoxylin-eosin,
haematoxylin-basic  fuchsin-picric acid (HBFP). To
improve the accuracy of the results, special staining
for ischemia slices was done twice as much as
haematoxylin-eosin, with each slice made in a paraffin
tape. In this way, the possibility of staging false positive
or false negative reactions was reduced. The prepared
glass specimens were scanned on a Pannoramic 250
(3DHISTECH Ltd, Hungary) followed by the examination
of histological sections under different magnifications
using CaseViewer software (3DHISTECH Ltd.,
Hungary); the measurements were made with straight
lines in micrometers (um), after which the results
were uploaded to Statistica 10 (StatSoft Inc., USA).
The cardiomyocyte damage severity was assessed by a
semi-quantitative method in glass specimens stained
according to the HBFP method at a 10-fold magnification
of a microscope objective at 10 fields of vision as follows:
0 points — intact myocardium, 1 point — a minimal
damage (<26% of myocardium), 2 points —a minimal to
moderate level (26-50% of myocardium), 3 points — a
moderate level of damage (51-75% of myocardium),
4 points — severe damage (>75% of myocardium).

Statistical analysis

The results of the study were processed using a
statistical package Statistica 10 (StatSoft Inc, USA). The
test for the normality of distribution of the actual data
was performed using the Shapiro-Wilk criterion. A
median and an interquartile range were used to describe
the groups. The analysis of variance was performed
using the Kraskell-Wallis or Mann—Whitney criteria (for
independent observations) and the Friedman one (for
repeated observations). The critical significance level
was taken as 0.05.

RESULTS
The study results of the perfusate collected
before ischemia and after the reperfusion, as well as
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the measurements of cardiophysiological parameters
and a histological examination in the experiment at
45 minutes of ischemia and the reperfusion are
presented in Table 1.

The data of Table 1 show that the myocardial
ischemia-reperfusion changestheindices of physiological
constants. For example, systolic blood pressure (SBP)
indices are characterised by a maximum 23.7% decrease
after the reperfusion (15 min of reperfusion) with a
subsequent recovery to 141.3 mmHg (86.6% of initial
values) at 45 min of reperfusion. A diastolic blood
pressure (DBP) values are characterised by an average
increase of 40% (p <0.05) immediately after a blood flow
start and during all 45 min of the reperfusion.

It should be noted that perfusate pH after 40 min
ischemia is characterised by a 5.0% decrease (p <0.05)
relative to the initial values. The maximum decrease
in pH is registered at the 5" min of the reperfusion.
Further on, there is a recovery of pH values, and at the
10™ min, there is no statistical difference between initial
and reperfusion values (7.37 vs 7.04 at p >0.05). In turn,
the indices of the cytolysis enzymes activity (LDH and
CPhK-MB) show a similar pH tendency to increase in
the first minutes of the reperfusion with a subsequent
decrease in the initial values. Evaluation results of
the ischemia duration effect on the size of necrotic
myocardium, as determined by a macroscopic evaluation
by triphenyltetrazolium chloride staining (Fig. 1), and
the level of the lipid peroxidation, as determined by
chemiluminescence, 10 minutes after the end of the
ischemia period, are presented in Table 2.

The data of Table 2 show that with increasing the
ischemia duration there was registered an increase
in the lipid peroxidation activity determined by the
chemiluminescence method. When modelling a
30-minute ischemia, a necrosis was formed, accounting
for 8.9% (p <0.05) of the total heart volume (Fig. 1).
When the ischemia duration was increased 2-fold
(60 min), the area of the necrosis increased 1.4-fold
(p <0.05) and the luminescence increased by 9.5%
(p <0.05) relative to the 30-minute ischemia.

The evaluation results of a single “freeze—store—
thaw” cycle effect on the stability of lipid peroxidation
level readings determined by chemiluminescence, are
presented in Table 3.

According to the data of Table 3, the cycle “freezing—
storage—thaw” did not affect the lipid peroxidation
activity index. The storage for more than 14 days in a
household freezer did not distort the data obtained.

The microscopic picture after the ischaemic-
perfusion of the heart muscle on the isolated heart was
characterised primarily by ventricular edema (Fig. 2),
and predominantly, at the expense of its epicardial and
myocardial layers.
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Table 1 — Evaluation results of perfusate properties and morphological picture in 45-minute ischemia experiment
and reperfusion, Me [Q1-Q3]

After stabili- . .
. . Reperfusion, min
. sation period
Indicator Intact values
(before
. . 1 5 10 15 30 45
ischemia)
7.37 (7.33— 6.95 6.75 7.04 7.10 7.18 7.31(7.27—-
pH 7.42)* 7.07(6.98-7.12) (6.87-7.08)* (6.61-6.92)* (6.89-7.13) (7.01-7.15) (7.09-7.21) 7.36)*, t
SBP, mmHg 1632 (1615 1435 151.2 149.4 124.5 144.5 141.3
- 172.4) (140.2- (147.3- (142.6- (120.5- (140.2- (137.8-
: 149.7)* 158.4)* 154.2)* 1349t 151.4)* 145.4)*
DBP, mmHg 108(9.1-116) 137 17.4(17.1- 16.5(15.7- 17.1(16.8— 16.5(15.2- 17.7 (16.7-
CTETEEPN (17.4-193)% 18.2)%, 1 17.8)%, 1 18.3)%,t  17.9)%,t  18.5)% *
PP, mmHg _ 106.1 (104.2- 56.1 41.8 (38.5— 42.4(40.1- 51.6(49.3- 64.3(62.7- 71.3(70.2—
107.8) (54.3-60.2)* 42.7)%,+  45.4)*,+  54.8)* 65.0)%,t  73.5)%t
HR, bpm 2412 (237.8- 278 2004 (2873~ 202.7 (2845~ 2222 264.3 2319
_ 245.3) (180.2— 29651 3002)" 1 (247.1- (251.6— (227.6-
: 192.4)* =l < 263.5)t 274.8)t 233.8)t
10.6 9.2
~ i 198 15.3 14.4 ok o e 94 (8.5-
VCPR 13.8 (12.3-14.7) (17.8-21.4)* (14.2-17.8)F (12.5-15.7)* Srs.e 12.7)%, (:3.7 10.3)*, 11.2)% 1
CPhK-MB, _ 10.4 (9.8-11.7) 12.3 17.4 (15.8— 21.3(19.4- 26.8(24.3- 12.8 11.9
MU/L TN (10.7-13.8) 19.2)%, 1 22.6)%,t  29.5)%, +  (11.5-14.6)t (10.2-12.5)
18.3 28.4(24.5- 32.6(28.4—- 29.3(28.7- 17.2 17.1
LDH, MU/L 16.2(154-179) (176 504) 307)%,t  347)%,t  30.1)%t  (16.4-18.9) (15.7-19.3)
Light sum of 110.3
luminescence, _ _ 45.4 (38.1- 104.5 (98.5—- 105.2 (96.3— 104.7 (97.6— 100.2 (97.3— ;
5.1x105 30.7(26.5-33.8) 47.3)* 107.6)*,+  102.4)*, +  107.8)*, t  104.5)% (111036‘73); N
quanta/sec o
Amplitude of
slow flash, 16.6 (14.4-18.7) 242 (19.4- 37.2(34.4— 38.7(35.2— 36.7(33.4— 36.2(33.3 38.4(36.1—
5.1x105 PAAEATES) 57.3)* 42.3)%, 1 42.6)%, T  40.2)%,t  —=39.6)%,t 44.3)%t
quanta/sec
Myocardial 11.8 (10.5—- 13.8 (12.4-14.2) 13.6 (13.1- 13.9 14.9 16.7 (15.1- 18.3(16.8— 19.1(17.4-
thickness, pm  12.1)* : VX)) (12.7-15.2) (14.5-17.1)* 17.3)*,t  19.1)*,+  20.1)*,+

Note: VCPR — volumetric coronary perfusion rate; SBP — systolic blood pressure; DBP — diastolic blood pressure; PP — pulse pressure; HR — heart
rate; LDH — lactate dehydrogenase; CPhK-MB — creatine phosphokinase-MB; * p <0.05 — values before ischemia vs after ischemia, or intact values;
* p <0,05 — values immediately after ischemia (1 minute of reperfusion) vs the rest of the reperfusion period.

Table 2 - Lipid peroxidation levels determined by chemiluminescence and myocardial damage volume values
determined macroscopically by triphenyltetrazolium chloride staining, Me [Q1-Q3]

Krebs-Henseleit After stabilisation Ischemia, min
Indicator solution before period (before
. . . 30 45 60
perfusion ischemia)

Light sum of lumi-
nescence, 5.11105 5376 (48.3-57.8)%,t  30.7 (26.4-33.6)  1002(97.3-1025/%+ 1063 (105.1-108.3)* 1168(114.7-1225)* t
quanta/sec

Amplitude of slow

flash, 5.1t105 24.73(20.1-27.6)*, 16.6 (14.4-18.7) 35.1(32.4-37.2)*%,t 38.4(37.9-39.2)* 40.1 (39.6-44.8)*, t
quanta/sec
Infarct area
volume to total - 0.0 (0.0-0.0) 8.9(6.7-11.9)%,*  21.0(17.9-23.5)*  39.4(34.5-40.3)*,*

heart volume, %

Note: * p <0,05 — values before ischemia vs after ischemia, or intact values, T p <0,05 — values of 45-minute ischemia vs intact values, or 30- and
60-minute ischemia.
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Table 3 — Evaluation results of perfusate properties of one “freeze-store—thaw” cycle, Me [Q1-Q3]

. . Values before Period, days

Indicator Solution ;
freezing 1 3 7 14

Light sum of | 100.2 (97.3-104.5)  101.5(97.5-106.6)% 100.5 (95.6-104.2)t 102.4 (98.4-106.2)t 101.3(96.2-103.4) *
luminescence,
é-ulaxnltg;sec . 98.5 (96.3-101.4)*, t 99.8 (95.6-100.8)*, 1 97.5(93.1-100.2)*, t 98.6 (97.9-101.4)*, T 98.7 (97.7-101.5)*,
Slow flash | 36.2(33.7-39.6) 35.2 (32.6-37.6)t 36.2(33.5-37.7)t 38.3(34.6-41.5)t 36.4(34.2-38.6)t
amplitude,
>-1x105 I 35.4 (32.4-37.3)*,t 33.5(30.5-36.4)*,  33.8 (30.2-35.3)*, t 35.2 (35.7-38.2)*, t 36.8 (36.4—39.3)*, t
quanta/sec

Note: | — Krebs-Henseleit solution before perfusion; Il — perfusate after 45 min of ischemia and 5 min of reperfusion of isolated heart. * p <0,05 —
I vs Il values for the corresponding unfrozen period; T p 20,05 — Krebs-Henseleit solution | and Il values before freezing vs unfrozen samples.

£
\:

O
O

Figure 1 — Pictures of hearts staining with triphenyltetrazolium chloride
Note: areas of viable part of myocardium are coloured red; ischemic white parts are marked with arrows. Macroscopically ischemia
was assessed on section with identification of pathology localisation.
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Hematoxylin-eosin

1000 um

HBFP-method

Figure 2 — Micropicture of myocardial cross-section
Note: Ventricular and paravasal edema in the organ is visualised; foci of damaged cardiomyocytes and endothelial cells are noted in specialized
staining for ischemia. Hematoxyin-eosin staining, HBFP method; magnification x15 and x400.
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It should be noted that the very fact of the heart
perfusion under artificial conditions leads to myocardial
edema, thus increasing a myocardial thickness by 16.9%
(p <0.05) compared to the hearts not subjected to the
Langendorff perfusion. A blood flow restoration after
45-minute ischemia resulted in a gradual increase of
edema. The median myocardial thickness reached
14.9 um already at the 10™ min of the reperfusion,
which was 26.5 (p <0.05) and 7.9% (p <0.05) higher
than the values of intact and non-ischaemic hearts,
respectively. Edema reached its maximum values at
the 45" min of the reperfusion, when the median
value of the myocardial thickness reached 19.1 um
(p <0.05), which was 1.3 times (p <0.05) higher than
in the hearts without ischemia. At the same time, the
arterial wall thickened, the endothelial cells swelled.
The application of specialised HBFP staining indicated
the areas of myocyte ischemia also in the epicardial and
myocardial part of the ventricle, which had previously
been visualised macroscopically by the application of
triphenyltetrazolium chloride staining. As a part of HBFP
staining, basic fuchsin interacted with the breakdown
products and picric acid got stained in a different
colour. The appearance of a fuchsinophilic substrate
was first observed in the nucleus area and then spread
throughout the cytoplasm and muscle fibre. Thus,
semi-quantitative scoring of a cardiomyocyte damage
yielded the following results: control —0.24+0.43 points;
perfusion — 1.78+0.51 points (p <0.05 compared
to control) and an ischemia-reperfusion group -
1.5440.5 points (p <0.05 compared to control).

It should be noted that prolonged ischemia with
lysis of cardiomyocytes resulted in either a decreased
visualisation of the fuchsinophilic substrate or in
the fact that the staining became background due
to the dye release into the intercellular space. Thus,
a macroscopical comparison was carried between
the ischemia areas stained with triphenyltetrazolium
chloride, contractural changes in the course of the
muscle fibers on haematoxylin-eosin, and positive
areas revealed by the HBFP staining. The determination
of the lipid peroxidation in the perfusate served as
an additional criterion when specialised methods of
staining for ischemia become uninformative.

DISCUSSION

To date, there are several ways of modelling
a myocardial injury simulating an acute coronary
syndrome. There is a known method of studying
the degree of a myocardial damage in laboratory
rats by a direct ligation of coronary artery branches
after thoracotomy with a subsequent wound closure
and an elimination of pneumothorax, or a thermal
coagulation of coronary arteries using an instrument /
electrocoagulator heated with an alcohol burner [18].
However, all methods for in vivo studies have a number
of drawbacks that limit a widespread use of these

Tom 12, Beinyck 2, 2024

techniques. For example, after a coronary artery ligation
or thermocoagulation, an assessment of the myocardial
necrosis degree by analyzing biochemical markers
of cytolysis (troponin, myoglobin, CFK, CFK-MB, ALT,
AST, etc.) is insufficiently informative due to the
insufficient specificity and the possibility of only
indirectly assessing the damage degree. Moreover,
a direct method of a myocardial ischemic damage
modelling is rather difficult to reproduce due to
high requirements to researchers’ skills and possible
peculiarities of coronary vessels in animals [19, 20].

A more standardized model of myocardial ischemia
with a subsequent assessment of the degree of cardiac
tissue ischemia is the Langendorff method of an isolated
heart perfusion, which consists in a perfusion of an
isolated rat heart with an oxygenated Krebs—Henseleit
solution [21-24]. The assessment of a myocardial
damage in this technique is based on the analysis of the
LV contractility by an insertion of a measuring balloon
into the LV cavity and the determination of the perfusate
biochemical properties. Despite the advantages of this
method — a complete control of the ischemia period, an
exclusion of the influence of endogenous factors, as well
as individual anatomical features of the animals — its
significant disadvantage is the analysis of the obtained
data. They rely solely on indirect biochemical indicators
of the myocardial damage as well as on the contractility
of the heart, resulting in the analysis of only a diastolic
dysfunction of the heart contractility which is not a
reliable and adequate method of assessing the degree
of myocardial ischemia either.

It should be noted that the informativity of
cardiomyocyte cytolysis markers dynamics in relation
to the myocardial necrosis massiveness assessment has
been studied for a long time with different approaches
to the assessment of these markers. For example, for
troponin, the assessment according to the reference
values is recommended, while for CPhK-MB, there are
no such recommendations, and there are separate
proposals to assess CPhK-MB relative to baseline values
or the upper limit of normal [25]. The increase in
CPhK-MB is not a specific and highly sensitive indicator
of a myocardial damage, especially during the cardiac
surgery, due totheinfluence of manyfactorsonthisindex.
It should be emphasized that an important criterion
reducing the diagnostic value of this enzyme detection
is the possibility of its identification in blood only in the
first 9 hours after the first signs of MI. After the above
time interval, there is no reliable correlation between
the degree of a myocardial damage and quantitative
indices of CPhK-MB [26, 27]. The application of the
CPhK-MB level estimation in relation to the necrotic
changesinmyocardiumismostreliablefromthediagnostic
point of view, in case of the detection of large necrosis
zones in myocardium with characteristic changes on the
ECG [28, 29]. In such a situation, the appearance of an
additional parameter allowing to detect a myocardial
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damage and its degree in preclinical studies will help to
objectify the picture.

Thus, it has been established that the level of lipid
peroxidation changes in a regular way in accordance
with the results of a biochemical analysis and a
morphological study, but persists longer in the perfusate
during the reperfusion, which shows the possibility of
using the proposed method in order to determine the
fact and degree of an ischemic and ischemic-perfusion
myocardial damage.

Study limitations

The processes of the interrelation of the antioxidant
defense impairment and the severity of necrotic changes
in the cardiac muscle in the isolated heart according to
the Langendorff method, have not been widely reported
in the scientific literature. Within the framework of
this study, the sample size is sufficient to confirm the
presence of a regularity between the changes in the level
of the LP and the degree of the myocardial damage, but
within the framework of this paper, it is impossible to

fully speak about the presence of strong relationships.
This pattern requires a further in-depth study, including
the prospect of a further application in the clinical
practice as one of the signs of a myocardial ischemic
damage in patients with an acute coronary syndrome.
Other mechanisms, the use of which can be evaluated as
markers of necrotic changes, have not been considered
in the present study.

CONCLUSION

The assessment method of a myocardial damage
under the conditions of a perfusion of an isolated
heart according to the Langendorff method, based on
the application of the luminol-dependent iron-induced
chemiluminescence technique of the lipid peroxidation
level of the perfusate obtained before and after the
perfusion of anisolated heart, is one of the most effective
methods of the assessment of the myocardial structure
disturbance, as the level of the lipid peroxidation was
comparable with the results of a biochemical analysis
and a morphological study.
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