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ABSTRACT

Background. Mortality from acute myocardial infarction with ST-segment eleva-
tion in cardiac hospitals ranges from 4.5 to 7 %, and these data has not decreased
in recent years. The most common cause of death in patients is cardiogenic shock,
the likelihood of which directly depends on infarct size. It is quite clear that there
is an urgent need to create drugs to limit the size of infarction and prevent the oc-
currence of cardiogenic shock.

The aim. To evaluate the role of reactive oxygen species and redox-sensitive pro-
tein kinases in the infarct-limiting effect of opioid peptide deltorphin Il in cardiac
reperfusion in rats.

Materials and methods. Coronary occlusion (45 min) and reperfusion (120 min)
were performed in rats anesthetized with a-chloralose. The selective &,-opioid recep-
tor agonist deltorphin Il, a hydroxyl radical scavenger 2-mercaptoprpionyl glycine
(2-MPG), a superoxide radical scavenger tempol, the protein kinase CS (PKCS) inhibitor
rottlerin, the PI3-kinase inhibitor wortmannin, the inhibitor of ERK1/2 kinase PD98059
were injected before of reperfusion of the heart.

Results. Deltorphin Il contributed to a two-fold decrease in infarction size. Injection
of 2-MPG, tempol, rottlerin, wortmannin, PD98059 alone had no effect on infarction
sizein rats. 2-MPG and tempol did not affect the infarction-reducing effect of deltor-
phin Il. Rottlerin, wortmannin, and PD98059 eliminated the cardioprotective effect
of deltorphin Il.

Conclusion. The infarction-reducing effect of deltorphin Il does not depend
on the production of superoxide radical and hydroxyl radical. Superoxide radical
and hydroxyl radical do not play a significant role in reperfusion injury of the heart
after coronary occlusion (45 min). PKCS, PI3-kinase, and ERK1/2 kinase are involved
in the infarct-limiting effect of deltorphin Il in myocardial reperfusion.
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kinases
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PE3IOME

O6ocHosaHue. CMepmHOCMb 0OM 0CMPO20 UH(APKMa Muokapoa ¢ No0vEMom
ceameHma ST 8 Kapouosio2u4yeCcKUX cmayuoHapax cocmassasem om 4,5 0o 7 %,
U 8 nocsie0HuUe 2006l 5Mom nNoKasameJib He CHUXdemcs. Haubosnee yacmou npu-
yuHoU eubenu nayueHmMos A8/19emcs Kapouo2eHHbIU WOK, 8epOSAMHOCMb 803-
HUKHOBEHUA KOMOp020 HANpAMYIO 3agucum om pasmepa UHgapkma. BnosiHe
04YesUOHO, YMO HA3pesid HacmosamesibHas Heobxo0UMOCMb 8 CO30aHUU npena-
pamos, 02paHuHuBaWUX pazmep UHapKkma u npedomaspaujarolyux nosgeHue
Kapouo2eHHO020 WOKQ.

Lenob uccnedoeaHusa. OueHUMb posib AKMUBHbIX (hOpM KUCI0p00d U pedoKcC-
uygcmeumesibHbIX NPOMEUHKUHA3 8 UHGapKm-1uMumupyouem 3¢gpgpekme onu-
oudH020 nenmuda deslemopgpuHa ll npu penepgysuu cepoya y Kpewic.
Mamepuansi umemoosbl. KopoHapookkmo3uio (45 muH) u penepgpysuto (120 MuH)
80CNPOU3BOOUSIU Y KPbIC, HAPKOMU3UPOBAHHbIX a-xs10pasio3ol. [leped penepgy-
3ueli XUBOMHbIM 8800UJU: CeIEKMUBHBIU d20HUCM 6.,-0NUOUOHbIX peyenmopos
OestbmopdpuH I, «/108yWKY» 2UOPOKCUbHBIX PAOUKAI08 2-MepKanmonpnuoHUJI
2NIUYUH (2-MITr), «08ywKy» cynepoKCUOHbIX padukasos memnos, uHaubumop
npomeuHkuHasel C6 (IMKCS) pommanepuH, uHaubumop PI3-KUuHA36l BOPMMAHHUH,
uHeubumop ERK1/2 kuHazwel PD98059.

Pesynemamel. [JenomopguH Il cnocobcmeosasn 08ykpamHoMy yMeHbUeHUo
pasmepa uHgapkma. iHsekyus kpsicam o0Ho20 2-MI1I, memnosna, pommyiiepuHa,
80pMMAaHHUHa, PD98059 He snusna Ha pasmep uHgapkma. 2-MI1I u memnon
He 8/1UA/IU HA UHapkm-numumupytowul 3¢pgekm densmopguHa Il. Pomm-
JiIepuH, BOpMMAHHUH u PD98059 ycmpaHsanu kapouonpomekmopHbil 3¢h¢ekm
deslemopgpuHalll.

3akmoyeHue. VHpapkm-numumupyoujuli 3hpekm denemopguHa ll He 3asucum
oM nNpoOyKYUU CynepoKCUOHO20 paduKasa u 2u0poKCcUIbHO20 padukand. Cynepok-
CUOHbIU padukasn u 2uOPOKCUSbHbIU padukas He ueparm cyujecmseHHoOU posu
8 penepy3UOHHOM nospex0eHuUU cepoyd Nocsie KOPOHAPOOKKIO3UU (45 MUH).
[KC6, PI3-kuHa3a u ERK1/2 kuHaza sossiedeHsl 8 UH(hapkm-numumupyoujuli
3¢hghekm denomopepuHa Il npu penepghy3uu muokapoa.

Kniouesnle cnoea: cepoye, uwemus, penepgy3us, onuouOHble peyenmopei,
akmueHble (hopMbl KUCJI0p00d, KUHA3bI
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INTRODUCTION

Mortality caused by acute myocardial infarction
with ST-segment elevation in cardiological hospitals rang-
es from 4.5 % to 7 %, and in recent years this indicator
has not decreased [1-3]. The most common cause of patient
death is cardiogenic shock [4], the likelihood of which is di-
rectly related to the size of the infarct [5, 6]. Primary percu-
taneous coronary intervention provides almost 95 % reca-
nalization of the infarct-related coronary artery [7], however,
this still results in patients dying. One of the leading causes
of death is reperfusion injury to the heart. It is quite obvious
that there is an urgent need to develop drugs that can limit
the size of the infarction and prevent the occurrence of car-
diogenic shock.

According to our data, opioids have the ability to im-
prove myocardial pumping function during cardiac reper-
fusion [8]. The opioid peptide deltorphin Il is able to reduce
the size of myocardial infarction when administered intra-
venously before reperfusion [9]. The infarct-limiting effect
of this peptide has been found to be related to the activa-
tion of peripheral 62—opioid receptors (ORs) [9]. The intra-
cellular signaling mechanism of the cardioprotective ef-
fect of deltorphin Il has not yet been studied. It is general-
ly accepted that mitochondrial K+channels (mitochondri-
al K*channels (mitoKATP-channeIs) are the ultimate effector
of the infarct-limiting effects of pre- and postconditioning
[10, 11]. We have observed that the cardioprotective ef-
fect of deltorphin Il is independent of the mitoK,, chan-
nel, but is mediated by activation of the sarcolemmal Karp
channel (sarcK,pp channel) [12]. In what way is the intracel-
lular signal transmitted from 6,-OR to the sarcK,, chan-
nel? We hypothesized that the role of intracellular messen-
gers providing increased cardiac tolerance to reperfusion
may be claimed by reactive oxygen intermediates (ROIs).
What was this hypothesis based on?

In the 80s of the twentieth century, the prevailing as-
sumption was that free radicals and ROlIs play an exclu-
sively negative role in cardiac reperfusion injury [13, 14].
Now a similar perspective is being held by some of the re-
searchers [15-17]. The findings that free radical produc-
tion in the myocardium increases manifold at the time
of reperfusion compared to the preceding ischemic pe-
riod were in favor of this view [18-20]. This perspec-
tive was supported by evidence of the infarct-limiting
effect of antioxidants [21-23]. However, in these stud-
ies, antioxidants were generally used at high dosages
that allow them to interact not only with free radicals
but also with other molecules. As an example, the hy-
droxyl radical (OH) "scavenger" 2-mercaptopropyl-glycine
(2-MPG; 20 mg/kg) [24, 25] at a dose of 70 mg/kg inject-
ed intravenously can interact with peroxynitrite [26],
and at a dose of 100 mg/kg limits the size of myocardial
infarction by 2-MPG [27]. Consequently, the cardiopro-
tective effect of 2-MPG may not be dependent on a de-
crease in "OH levels in myocardial tissue.

In the 90s of the XX century, the perception that free
radicals and ROIs can not only be damaging but also pro-
tect the myocardium from the pathogenic effects of is-
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chaemia and reperfusion was gradually formed. 2-MPG
was found to eliminate the infarct-limiting effect of is-
chaemic preconditioning [11]. We have obtained evidence
that ROIs play a key role in the cardioprotective effect of hy-
poxic preconditioning [28]. Free radicals and ROIs play
the role of signaling molecules that activate redox-sen-
sitive enzymes, primarily kinases [29]. For example, ROIs
increase the activity of: protein kinase C (PKCS and PKCeg),
PI3-kinase, and ERK1/2-kinase [29]. These kinases provide
cardiac resistance to ischaemia and reperfusion [10]. There
are reasons to believe that the role of such activators of ki-
nases is claimed by: *OH, superoxide radical (O ) and hy-
drogen peroxide [29].

THE AIM OF THE STUDY

To evaluate the role of reactive oxygen intermediates
(ROlIs) and redox-sensitive protein kinases in the infarct-lim-
iting effect of the opioid peptide deltorphine Il during car-
diac reperfusion in rats.

MATERIALS AND METHODS

The study was performed on 144 male Wistar rats
weighing 250-300 g. All procedures related to the hous-
ing and use of animals were undertaken in compliance
with the European Parliament and Council of the European
Union directives (2010/63/EU) governing the use of animals
for scientific purposes. The study was approved by the Ethi-
cal Committee of the Cardiology Research Institute — branch
of the Tomsk National Research Medical Center of the Rus-
sian Academy of Sciences (protocol No. 207 of 23.12.2020).

The animals were anesthetized with intraperitoneal
administration of a-chloralose (60 mg/kg, intraperitoneal;
Sigma) and connected to a SAR-830 Series artificial lung
ventilation apparatus (CWE Inc., USA). Coronary occlu-
sion (45 min) and reperfusion (120 min) were performed
according to the method of J.E. Schultz et al. [30]. This
procedure was performed by thoracotomy at the level
of 2-3rd ribs and a ligature was applied to the left coro-
nary artery a few millimeters below its exit from the aor-
ta. After 45 minutes of ischemia, the ligature was removed
to resume coronary blood flow. BP was recorded using
a SS13L pressure-sensing means (Biopac System Inc., Go-
leta, USA) paired with an MP35 electrophysiological study
device (Biopac System Inc., Goleta, USA). Blood pressure
was measured by cannulation of the right carotid ar-
tery using a SS13L pressure-sensing means (Biopac Sys-
tem Inc., Goleta, USA) paired with an MP35 electrophys-
iological study device (Biopac System Inc., Goleta, USA)
and a personal computer. This device was also used to reg-
ister an electrocardiogram. After reperfusion, the heart
was then removed from the thorax (chest) and flushed
retrogradely through the aorta with physiological saline.
To determine the area at risk (AAR), the ligature was re-
tightened and the myocardium was stained by jet staining
through the aorta with 5 % potassium permanganate. My-



ocardium subjected to ischemia-reperfusion is common-
ly referred to as the AAR. After being washed with phys-
iological saline, 1 mm thick heart slices were made per-
pendicular to the longitudinal axis using an HSRA001-1
slicer (Zivic Instruments, USA). Visualisation of the necro-
sis zone from the area at risk was performed by staining
with 1 % solution of 2,3,5-triphenyl tetrazolium chloride
over a period of 30 minutes at 37 °C. The method is based
on the ability of 2,3,5-triphenyl tetrazolium chloride to ac-
quire a persistent colour when changing from the oxi-
dized state to the reduced state under the action of de-
hydrogenases. Since no dehydrogenases were observed
in the dead cardiomyocytes, the necrotic myocardium
was not stained. After staining was completed, the slic-
es were placed in 10% formaldehyde solution for 1 day.
Slices were scanned on both sides using an HP Scanjet

TABLE 1

G4050 scanner. The size of the AAR and infarct size (IS)
were determined by computerised planimetric method.
The size of the infarct size was expressed as a percent-
age of the size of the hypoperfusion zone (area at risk)
as the IS/AAR ratio.

Blockers were administered intravenously 10 min be-
fore reperfusion, and deltorphin Il was administered 5 min
before reperfusion. Each experimental group consisted
of 12 specimens. Animals injected with physiological solu-
tion were included in the control group.

The following pharmacological agents were used
in the experiment: 6,-OR selective agonist deltorphin Il -
at a dose of 0.12 mg/kg [9]; hydroxyl radical "scavenger"
2-MPG - at a dose of 20 mg/kg [24]; superoxide radical "scav-
enger" tempol —at a dose of 30 mg/kg [31]; protein kinase C6
(PKCS) inhibitor rottlerin — at a dose of 0.3 mg/kg [32]; PI3-ki-

HEART RATE (BEATS/MIN) AND SYSTOLIC BLOOD PRESSURE (MMHG) IN RATS WITH CORONARY OCCLUSION (45 MIN)

AND REPERFUSION (120 MIN), Me [25%; 75%]

Before reperfusion

After 2 hours
of reperfusion

After 30 minutes
of reperfusion

Group Before ischemia
Monitoring 367 [363; 371]
Deltorphine Il 364 [358; 369]
2-MPG 361 [358; 366]
Tempol 356 [351; 362]
Rottlerin 370 [364; 374]
Vortmannin 360 [356; 365]
PD98059 363 [359; 368]
Monitoring 124 [121;127]
Deltorphine Il 121[117;125]
2-MPG 125[122;129]
Tempol 120[116; 124]
Rottlerin 125[123;129]
Vortmannin 126 [122; 130]
PD98059 128[124; 132]

Heart rate

360 [358; 369]

358 [353; 364]

357 [352;361]

351[347;355]

365 [360; 369]

354 [349; 360]

356 [352; 359]

Systolic blood pressure

121[117;125]

120[118;122]

122[119; 126]

116 [113;121]

122[119; 124]

121[119; 126]

124 [120; 128]
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354 [347; 360]

352[348; 355]

353 [349; 358]

347 [344; 352]

358 [352; 363]

350 [345; 354]

352 [346; 358]

118[113;121]

116 [111;119]

119[114; 123]

113[110; 117]

117 [113;120]

117 [114;122]

120 [116; 125]

346 [340; 351]

343 [338; 348]

342 [337; 346]

339 [334; 343]

350 [343; 356]

340 [334; 345]

345 [341; 351]

114 [109; 118]

112[107;116]

115[111;119]

107 [105; 112]

111[108; 115]

113[110; 117]

114 [109; 118]



nase inhibitor wortmannin - at a dose of 0.025 mg/kg [33];
ERK1/2 kinase inhibitor PD98059 - at a dose of 0.5 mg/kg [34].

Deltorphin I, 2-MPG, and tempol were dissolved in 0.9%
NaCl, and the other inhibitors were dissolved in a mixture of
DMS0/20% B-hydroxypropyl-cyclodextrin (1:9). As our pre-
liminary experiments have demonstrated, a similar mixture
that was infused at a dose of 1 ml/kg had no effect on in-
farction size.

Deltorphin Il has been purchased from PolyPeptide Lab-
oratories (USA), 2-MPG and rottlerin from Sigma-Aldrich
(USA), tempol from Tocris (UK), wortmannin and PD98059
from LCLabs Company (USA).

Statistical data processing was performed with the use
of “Statistica 13.0” software packages (StatSoft Inc., USA).
The obtained data were verified for normality of distribu-
tion using the Shapiro-Wilk criterion; distributions that dif-
fered from normal were analyzed using the nonparamet-
ric Mann — Whitney criterion. Differences were considered
statistically significant at p < 0.05. The results of all exper-
iments are presented in the form of median and quartiles
(Me [25 %; 75 %]).

RESULTS AND DISCUSSION

We have revealed that coronary occlusion and reperfu-
sion as well as the selective 8,-OR peptide agonist deltor-
phine Il do not affect hemodynamic parameters (Table 1),
which corresponds to our published data [9].

Rottlerin, wortmannin, PD98059, tempol, and 2-MPG
also had no effect on hemodynamic parameters among rats
with coronary occlusion and reperfusion (Table 1). The 62-OR
agonist deltorphinell caused a two-fold reduction in the in-
farct size (Fig. 1).

ISIAAR, %
60 : 2

55} # #
50}
45}
40t *
35}
30t
25}
20t
15}
10

FIG. 1.

The role of reactive oxygen species, the protein kinase C9, the PI3-ki-
nase, and the ERK1/2 kinase in the mechanism of the cardioprotec-
tive effect of deltorphin Il (Me [25%; 75%]). Groups: 1 - control;

2 —deltorphin II; 3 - deltorphin Il + 2-MPG; 4 - deltorphin Il + tem-
pol; 5 - deltorphin Il + rottlerin; 6 — deltorphin Il + wortmannin;

7 — deltorphin Il + PD098059. * - p < 0.05 vs control; * — p < 0.05 vs
deltorphin Il

Injection of the PKCS inhibitor rottlerin alone, the PI3-
kinase inhibitor, or the ERK1/2-kinase inhibitor PD98059
had no effect on infarct size (Fig. 2).
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FIG. 2.

The effect of reactive oxygen species, inhibitors the protein kinase
C6, the PI3-kinase, and the ERK1/2 kinase on infarct size as percent-
age of the area at risk after a 45-min ischemia and a 120-min reper-
fusion (Me [25%; 75%]). Groups: 1 - control; 2 — 2-MPG;

3 —tempol; 4 - rottlerin; 5 — wortmannin; 6 - PD098059

Consequently, these kinases are not involved in the for-
mation of myocardial infarction in rats. An administration
of the "scavenger" "OH 2-mercaptopropionyl glycine or in-
jection of the "scavenger" O ,-* tempol also did not affect
necrosis focus formation during cardiac reperfusion (Fig. 2).
These data indicate that ‘OH and O ,-" are not involved
in the pathogenesis of cardiac reperfusion injury.

We hypothesized that ‘OH and O ,-* do not damage
the heart, but may increase cardiac resistance through ac-
tivation of one of the isoforms of protein kinase C. PI3-ki-
nase and ERK1/2-kinase may be involved in the cardiopro-
tective effect of 6,-OR agonist. Actually, we have previously
observed that the infarct-limiting effect of deltorphin Il is as-
sociated with the activation of protein kinases from group
G the inhibitor of all PKCisoforms chelerythrine eliminated
the cardioprotective effect of the named peptide [12]. PKCs
are known to be activated by ROIs [29], so it was reasonable
toassume that ROIs are involved in the infarct-limiting effect
of deltorphine Il. However, it turned out that the "scavenger"”
"OH 2-mercaptopropionyl glycine or the "scavenger" O ,-*
tempol did not affect the deltorphin-induced increase
in cardiac reperfusion tolerance (Fig. 1). Consequent-
ly, O ,- and ‘OH are not involved in the signaling mecha-
nism of the protective effect of deltorphin Il. It is possible
that the activator of PKC and other redox-sensitive kinas-
es is hydrogen peroxide, which is involved in intracellular
and intercellular signaling [29].

Protein kinase C, PI3-kinase and ERK1/2-kinase are in-
volved in the infarct-limiting effect of ischemic pre-
and post-conditioning [10, 11]. These findings led us to sug-
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gest that the above kinases are involved in the cardiopro-
tective effect of deltorphin Il. Indeed, the selective PKC&
inhibitor rottlerin was found to completely abolish the in-
farct-limiting effect of the named peptide (Fig. 1). After inhi-
bition of PI3-kinase by wortmannin, we were unable to ob-
serve an infarct-limiting effect of deltorphine Il (Fig. 1). After
the blockade of ERK1/2 kinase with PD98059, we did not re-
cord the cardioprotective effect of the 5,-OR agonist
(Fig. 1). The presented data are consistent with the wide-
spread viewpoint about the important role of protein ki-
nase C, PI3-kinase and ERK1/2-kinase in ensuring the tol-
erance of the heart to the effects of ischemia and reperfu-
sion [10, 11].

CONCLUSION

The presented data evidence that O ,--and "OH are not
involved in the pathogenesis of cardiac reperfusion injury af-
ter 45-minute coronary occlusion. These free radicals are not
intracellular messengers mediating the cardioprotective ef-
fect of deltorphin Il. PKC§, PI3-kinase, and ERK1/2-kinase ap-
pear to play an important role in the formation of deltor-
phine-induced increase in cardiac tolerance to the patho-
genic effects of reperfusion. Activation of the above kinas-
es by deltorphin Il occurs without the involvement of O ,*
and "OH.
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