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Mitochondrial-targeted antioxidant SkQ1 demonstrates a high efficiency in animal models and potentially can be used for
minimizing postoperative complications in an on-pump open-heart surgery.

The aim of study was to the assessment of preservation degree and changes in the isolated rat heart characterized by
prolonged cardioplegic ischemia, under the condition of donation of different SkQlconcentrations.

Material and methods. Isolated Langendorff-perfused rat hearts of Wistar line (n=15) were included in the presented
study; the effectiveness of 12 ng/mL and 120 ng/mL of SkQ1 was analyzed. A biochemical analysis (superoxide dismutase 2
[SOD2], malondialdehyde [MDA], Troponin-I, heart-type fatty acid-binding protein [H-FABP]), a histological analysis of tissues
(hematoxylin and eosin staining), scanning electron microscopy using backscattered electrons and immunofluorescence
staining for cytochrome C and cytochrome P450 reductase were performed. The quantitative data were processed using
GraphPad Prism 7 (Graph Pad Software, USA).

Results. The optimal myocardial preservation was discovered while using 12 ng/mL of SkQ1: the lowest concentrations of
MDA (49.5 [41.1; 58.9] mmol/g), Troponin-I (22.3 [20.3; 23.9] pg/mL) and H-FABP (0.8 [0.6; 16.0] ng/mL) were associated
with extensive areas of tissues with preserved transverse dark and light bands and a moderate interstitial edema. Moreover,
non-deformed mitochondria were located mainly between the contractile fibers. Cytochrome C immunofluorescence
was distributed locally, the luminescence intensity was 40% higher compared to the control group (p <0.0001). Increasing
SkQ1 concentration to 120 ng/mL contributed to the aggravation of oxidative stress: MDA (63.8 [62.5; 83.0] mmol/g) and
H-FABP (12.8 [4.1; 15.3] ng/mL) concentrations were closer to the control group values. Myocardial tissue in this group was
characterized by a pronounced edema and a fragmentation of muscle fibers. There were signs of cardiomyocyte decay,
myocytolysis and an intracellular edema. Cytochrome C was distributed evenly.

Conclusion. 12 ng/mL of SkQ1 demonstrates pronounced antioxidant effects in the ischemic myocardium leading to a higher
degree preservation of the heart muscle compared to 120 ng/mL of SkQ1 that was associated with an aggravated oxidative
stress and structural changes of the tissue.

Keywords: plastomitin; SkQ1; isolated rat heart; oxidative stress; ischemia-reperfusion injury; Langendorff perfusion;
histology; scanning electron microscopy; immunofluorescence

Abbreviations: ROS — reactive oxygen species; ATP — adenosine triphosphate; SOD — superoxide dismutase; OS — oxidative
stress; CVDs — coronary vascular diseases; AC — artificial circulation; SkQ1 — Skulachov’s ions with plastoquinone; MDA —
malondialdehyde; H-FABP — heart-type fatty acid-binding protein; ELISA — enzyme-linked immunoassay; SEM — scanning
electron microscopy.
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MUTOXOHAPUANbHO-HANPaBAEHHbIN  aHTUOKCMAAHT SkQ1l AemMoHCTpUpyeT BbICOKYHO 3QGEKTUBHOCTb Ha  PasHbIX
3KCMEePUMEHTA/IbHbIX MOZENAX W MOMKET 3aHATb BaXHOE MeCTO B MWHMMM3ALMW NOCTONEPALMOHHbLIX OCIOMHEHWUM
npv NPoBeAeHMM OMepaunii Ha OTKPLITOM Cepale B YCAOBUAX MCKYCCTBEHHOrO KPOBOOOPALLEHMA MAW KOHCepBaLuu
TpaHCcNaaHTaTa.

Lienb. OueHWTb cTeNeHb COXPAaHHOCTM U M3MEHEHUI M30/IMPOBAHHONO CePALIA KPbICbl, KOTOPOE MOABEPrI0Ch A/MTENbHON
KapAmMonaerMyeckomn nwemmm, Npu ycaoBUM AOHALMK Pas3HbIX KOHLeHTpauui SkQ1.

Matepuanbl u metogpl. MccnegosaHue apdektnsHoctn SkQ1 (12 Hr/mn, 120 Hr/mMn M KOHTponbHaa rpynna — 6e3
noHaumm SkQl) npoBegeHoO Ha MoAenU U30AMPOBAHHOIO cepaua Kpblic MHun Wistar (n=15) no JlaHreHzopdy. Mposenu
BUOXMMMYECKMIN aHanu3 (cynepoKcuaamcmyTasel 2 [COA-2], manoHoBoro ananbaernga [MAA] TponoHuH-l, cepgeyHoro
6enKa, CBA3bIBAIOLLENO UPHble KUCAOTbl [c-BCHKK]), ructonormnto TkaHM (OKpacka reMaToKCUANH-303MHOM), CKaHMPYIOLLYHO
3/1EKTPOHHYI0O MMKPOCKOMMUIO B 0O6PATHO-PACCEAHHbIX INEKTPOHAX U MMMYHOPNYOPECLLeHTHYIO OKPacKy Ha uutoxpom C
N peaykTasy uutoxpoma P-450. KonnyecTBeHHble AaHHble obpabatbiBanu B nporpamme GraphPad Prism 7 (GraphPad
Software, CLLUA).

Pe3ynbratbl. Hanbosblwan COXpaHHOCTb TKaHM MWOKapAa BbifiBAeHa Npu noadepkke SkQ1l B KoHueHTpaumu 12 Hr/mn:
HauUMeHblUMe KoHueHTpaumum MOAA (49,5 [41,1; 58,9] mkrmonb/r), TpomoHuH-I (22,3 [20,3; 23,9] nr/mn),
c-BCXK (0,8 [0,6; 16,0] Hr/m/) NOTMYHO COYETANIUCH C OBLIMPHBIMM 30HAMM C COXPaHEHMEM MOMEPEYHO UCYepUYEeHHOCTH,
YMEPEHHbIM MHTEPCTULMANbHBIM OTEKOM. TaK¥Ke BblAB/IEeHbl HefePpOpPMMUPOBAHbIE MUTOXOHAPUW, PACTIONOKEHHbIE MEX Y
COKPaTUTENbHbIMW BOJIOKHAaMW, UMMyHodAyopecLeHuma umToxpoma C 6blna pacnpegeneHa NOKasbHO, MHTEHCUBHOCTb
cBevyeHnss Ha 40% Bbille B CpaBHEHUMM C KoHTponem (p <0,0001). YBenuuyeHue KoHueHTpauum SkQl go 120 Hr/mn
cKopee cnocobCcTBOBaO YCYrybNEeHMI0 OKUCAUTENbHOTO CTpecca: KoHueHTpauuu MAA (63,8 [62,5; 83,0] mkmonb/r) u
c-BCXK (12,8 [4,1; 15,3] Hr/mn) 6bina 6aMMe K KOHTPOJbHLIM 3HauyeHMAM. MuoKapa, AaHHON rpynnbl OXapaKTepU3oBaH
PE3KO BblpaXKeHHbIM OTEKOM, PpparmMeHTaUMen MbilleYHbIX BOJIOKOH, HEKOTOPbIE TPYyMMbl KAPANOMUOLIUTOB HaXOAUAUCH B
COCTOAHMM MNbIBYaTOro pacnasa, MMOLMTONN3A U BHYTPUKIETOYHOrO OTéKA. Liutoxpom C 6bin pacnpenenéH paBHOMEPHO B
LMTO30/1€ KapAMOMUOLMTOB.

3akntoueHue. SkQl B KoHUEHTpaumu 12 Hr/MA MpoABASA BblpPa’KEHHbIE AHTUOKCUMAAHTHbIE CBOMCTBA B OTHOLLUEHMM
ULLIEMU3MPOBAHHOTO MUOKapAa, YTO MO3BOMAO NONYYUTb BO/iee BbICOKYHO CTENeHb COXPAHHOCTM CEepAeYHON MbIlLbl B
cpaBHeHuM ¢ npumeHeHnem SkQ1 B KoHueHTpaumsa 120 Hr/mAa, KoTopas ycyrybuna OKMCAUTENbHbIN CTPECC MU CTPYKTYPHbIE
M3MEHEHMSA TKaHW.

Kniouesble cnoBa: nnactomutuH; SkQ1; M3onMpoBaHHOE cepaue KpbiCbl; OKUCAUTENbHBINA CTpecc; uwemua-penedysus;
nepoysua no JlaHreHZopdY; rMCTONOIMA; CKAHMPYIOLWLAA SNEKTPOHHAA MUKPOCKONMUSA; UMMYHODIyopecL.eHUmA

Cnucok cokpaueHuii: AOK — akTuBHble dopmbl Kucnopoga; ATO — apgeHosuHTpudocoat; COL — cynepoKcuaancmyTasa;
OC — okucautenbHbit ctpecc; CC3 — ceppevHo-cocyamuctble 3abonesaHus; MK — MCKyccTBEHHOE KpoBOObGpalleHue;
SkQ1 — noHbl CKynayésa c naactoxuHoHom; MA — manoHoBbIn ananbaerng,; c-bCHK — cepaeyHbiii 6e10K, CBA3bIBAOLWMIA
YKUPHble KNcnoTbl; UPA — ummyHobepMeHTHbIM aHanun3; COM — cKaHMPYIOLLAA 3NEKTPOHHAA MUKPOCKOMUA.

INTRODUCTION structural integrity [1]. Free radicals in living systems
Antioxidants are molecules maintaining the are represented mainly by reactive oxygen species

cellular redox homeostasis via inhibiting reactions of
free radicals with other biological molecules. Finally,
antioxidants maintain the cell's function and its
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(ROS; hydrogen peroxide, superoxide, singlet oxygen,
hydroxyl radical, etc.) forming in mitochondria during
the oxidative metabolism of adenosine triphosphate
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(ATP) generation [2, 3]. Antioxidants can be classified
as endogenous (superoxide dismutase (SOD), catalase,
glutathione peroxidase, a-tocopherol, glutathione, etc.)
[4-6] and exogenous (carotenoids, flavonoids, lycopene,
lutein, vitamins) [7-10].

Many pathological processes are accompanied by
the increasing ROS production and oxidative stress (OS)
development via a feedback mechanism [11, 12]. OS can
be involved in the pathogenesis of various cardiovascular
diseases [13]. OS burdens the myocardium during an
open-heart surgery under the artificial circulation (AC),
contributes to the postoperative recovery of patients [14]
and plays an important in the transplant
suitability: preservation methods are currently being
studied and improved [15, 16]. The violation in the
additional
antioxidant therapy; the deposition of antioxidants in

role

“antioxidant—oxidant” balance requires
mitochondria is a promising direction in the synthesis
and study of mitochondria-targeted antioxidants.

In the late 1960s, Academician V.P. Skulachev
synthesized the mitochondria-accumulated molecule
of triphenylphosphonium. Based on this molecule, the
whole class of compounds named “Skulachev ions” was
finally developed [17].

The present study is devoted to one of the “strongest
Skulachev ions” including a plastoquinone (SkQ1) as an
antioxidant component [18], a decamethylene linker
and a lipophilic cation that contribute to the successful
penetration and incorporation of the antioxidant into
the mitochondrial membrane [19-21]. Conducting an
ex vivo experimental study on an isolated rat heart made
it possible to model the clinical state of the myocardium
that was subjected to IR, study changes at the tissue
and cellular levels, and determine the most effective
concentration of SkQ1.

THE AIM of study was to the assessment of
preservation degree and changes in the isolated
rat heart characterized by prolonged cardioplegic
ischemia, under the condition of donation of different
SkQlconcentrations.

MATHERIALS AND METHODS

Study design
The design flowchart is shown in Figure 1.

Study duration and conditions

The “Plastomitin” drug (SkQ1 concentrate — 1.7 mg/mL)
was provided under a scientific cooperation agreement
with Mitotech LLC (Moscow, Russia). The working
solutions of SkQl were prepared by diluting the
concentrate with a perfusion solution.

Tom 12, Beinyck 3, 2024

Experiments were carried out on healthy Wistar rats
(&, m=300+50 g, n=30) in accordance with the rules of
the European Convention (Strasbourg, France, 1986).
The animals were kept in standard vivarium conditions
with free access to food and water. The daylight hours
were 8 hours light and 16 hours without light at a
humidity of 68%. The study was approved by the Local
Ethics Committee of the Research Institute for Complex
Issues of Cardiovascular Diseases (protocol No. 22
dated 10 Decemder 2015). The study was conducted
from November to December 2022 at the scientific and
technical base of the Research Institute for Complex
Issues of Cardiovascular Diseases.

The perfusion of the isolated heart was performed
according to Langendorff at a constant fluid column
pressure of 80 cm H,O. The Krebs-Henseleit solution
containing 118.0 NaCl mmol/L, 25.0 mmol/L NaHCO,,
11.0 mmol/L glucose, 4.8 mmol/L KCl, 1.2 mmol/L
KH,PO,, 1.2 mmol/L MgSO, and 1.2 mmol/L CaCl,
enriched with a gas mixture (95% O, and 5% CO,, pH=7.4)
with the temperature from 37 to 38°C, was used for the
perfusion.

Perfusion protocol

The cardiac contraction stabilization (perfusion
with solution)
connection of two flows of the perfusion solution
with SkQl — 10 min; hypoperfusion (20 mL/h) with
a cooled (t=4°C) cardioplegic solution (custodiol,
Dr. F. KOHLER CHEMIE, GmbH, Germany) — 10 min;
global cardioplegic ischemia — 240 min (t=8°C); a
reperfusion — 30 min. Hearts included in the first
experimental group were perfused with a double flow
of the Krebs-Henseleit solution with 120 ng/mL SkQ1.
Hearts included in the second experimental group were
perfused similarly to the first experimental group with
12 ng/mL SkQ1.

Krebs-Henseleit takes 20 min;

Study groups

Three study groups the first
experimental group “SkQ1 120 ng” (n=10), the second
experimental group “SkQ1 12 ng” (n=10) perfused as
it had been described above, and the control group
(n=10) that was characterized by no SkQ1 supply to the
perfusion solution.

were formed:

Studied parameters

Biochemical parameters

Mitochondrial superoxide dismutase (SOD-2;
EU2577, Wuhan Fine Biotech, China), heart-type fatty
acid-binding protein (H-FABP; HK414, HycultBiotech,

221



RESEARCH ARTICLE
ISSN 2307-9266 e-ISSN 2413-2241

Scientific and Practical Journal

PHARMACY &
PHARMACOLOGY

(®PAPMALMA N PAPMAKO/IOTNA)

the Netherlands), and cardiac troponin (troponin I;
CSB-E08594r, CUSABIO BIOTECH Co., China) were
measured by an enzyme-linked immunosorbent
assay. Malondialdehyde (MDA) was determined using
the OxiSelect™ TBARS Assay Kit MDA Quantitation
(STA-330, Cell Biolabs, USA).

Histology

The explanted hearts were fixed in 10% buffered
formalin (B06-001/M, BioVitrum, Russia) for 24 h,
washed with water to remove the fixative solution and
dehydrated in IsoPrep (06-002/M, BioVitrum, Russia)
for 18 h. Then the samples were permeated with three
portions of paraffin at 56°C for 60 min in each portion
and embedded in HISTOMIX (247, BioVitrum, Russia).
After this, 8 um thick sections were prepared using the
microtome (HM 325, Thermo Scientific, Waltham, MA,
USA), placed in a thermostat and dried for 18 h at 37°C.
Afterwards, the samples were dewaxed in three portions
of o-xylene (103118, JSC LENREACTIV, Russia) for 1-2 min
and dehydrated in three portions of 96% alcohol
for 1-2 min. The sections were stained with Harris
hematoxylin (05-004, BioVitrum, Russia,) for 15-20 min
followed by washing up to 10 min; several drops of eosin
(05-011/L, BioVitrum, Novosibirsk, Russia) were applied
to the section for 30 sec. Then the samples were placed
in 96% alcohol. Finally, the sections were cleared in
o-xylene for several minutes followed by its subsequent
removal. At the last stage, the sections were embedded
in the mounting medium Vitrogel (12-005, BioVitrum,
Russia) and examined by light microscopy using an
AXIO Imager Al microscope (Carl Zeiss, Oberkochen,
Germany) at x50, x200 and x400 magnification.

Scanning electronic microscopy

The samples were fixed in 4% buffered formalin
for 24 h, postfixed with 1% osmium tetroxide in 0.1 M
phosphate buffer (10010001, Gibco, USA) and stained
with 2% osmium tetroxide (7563, Sigma-Aldrich, St.
Louis, MO, USA) in bidistilled water for 48 h. Next,
the samples were dehydrated in a series of increasing
concentrations of ethanol (50, 60, 70, 80 and 95%),
stained with 2% uranyl acetate (22400-2, Electron
Microscopy Sciences, USA) in 95% ethanol,
dehydrated with 99.7% isopropanol (06-002/M,
BioVitrum, Novosibirsk, Russia) for 5 h and acetone
(OKP2418110NO, Reachim, Staraya Kupavna, Russia)
for 1 h, permeated with a mixture of acetone and Epon
epoxy resin (14910, Electron Microscopy Sciences, USA)
in a 1:1 ratio (6 h), transferred to a fresh portion of
epoxy resin for 24 h and performed its polymerization
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in FixiForm containers (40300085, Struers, Denmark) at
60°C. Next, the samples in epoxy blocks were ground
and polished using a TegraPol-11 unit (60799, Struers,
Ballerup, Denmark). Contrasting with lead citrate was
carried out in accordance with Reynolds for 7 min by
applying the solution to the surface of the ground
sample followed by washing it with bidistilled water.
Then, carbon was sprayed onto the polished surface
of the epoxy blocks (coating thickness was 10-15 nm)
using a vacuum sputtering post (EM ACE200, Leica,
Germany). The structure of the samples was visualized
using the scanning electron microscopy in backscattered
electrons on the electron microscope (S-3400N, Hitachi,
Japan) in the BSECOMP mode at an accelerating voltage
of 10 kV.

Confocal microscopy

Serial cryosections of 8 um thickness were prepared
from frozen rat myocardial samples (8 samples per
heart) at 100 um intervals using a cryotome (Microm
HM 525, Thermo Scientific, USA). The preparations were
fixed in a 4% paraformaldehyde solution for 10 min. For
the permeabilization, the sections were treated with a
0.1% Triton-X100 solution (X100, Sigma-Aldrich, USA) for
15 min. Next, a mixture of primary antibodies (mouse
antibodies to cytochrome C (ab13575, Abcam, UK)
and rabbit antibodies to cytochrome P-450 reductase
(ab180597, Abcam, UK) were applied to the sections
and incubated for 18 h at 4°C. Then, the sections were
washed and incubated with a mixture of secondary
antibodies (goat antibodies to rabbit 1gG conjugated
with Alexa Fluor 488-conjugated (A11034, Thermo
Fisher Scientific, USA) and goat antibodies to mouse
IgG conjugated with Alexa Fluor 555-conjugated
(A31570, Thermo Fisher Scientific, USA) for 1 h at room
temperature. At all staining stages, phosphate-buffered
saline supplied with 0.1% Tween 20 (P9416, Sigma-
Aldrich, USA) was used. To remove autofluorescence,
the sections were treated with Autofluorescence
Eliminator Reagent (2160, Merck KGaA, Germany)
according to the manufacturer’s protocol. Cell nuclei
were counterstained with DAPI (10 ug/mL, D9542,
Sigma-Aldrich, USA) for 30 min. The prepared samples
were cover-slipped using ProLong Gold Antifade
Mountant (P36930, Thermo Fisher Scientific, USA). After
drying, the samples were analyzed using the confocal
microscope LSM700 (Carl Zeiss, Germany).

For each sample, 10 randomly selected fields of view
were analyzed using Image) software (Wayne Rasband
(NIH), USA) and the measured the average fluorescent
signal intensity.
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Statistical analysis

The obtained data were analyzed using GraphPad
Prism 7 software (GraphPad Software, USA). The data
distribution was assessed using the Kolmogorov-
Smirnov and Shapiro—Wilk tests. Quantitative data are
presented as median (Me) and quartiles [25%; 75%].
Intergroup differences were assessed using the Kruskal-
Wallis criterion with Dann’s correction. Differences were
considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Biochemical analysis

SOD is one of the most important metal-containing
enzymes involved in the cellular antioxidant system and
an integral criterion for the evaluation of the OS level.
Its mitochondrial isoform (SOD-2) can characterize the
local antioxidant system of cells and a mitochondrial
dysfunction [22-24]. In present experiment,
modeling of 240-minute cold cardioplegia, the SOD-2
concentration had no significant differences between
the experimental and control groups (Table 1).

MDA is a product of oxidation of w-3 and w-6 fatty
acids, a reactive aldehyde that covalently binds to lipids,
proteins and DNA, thereby disrupting their function, it
can be suggested as another OS marker [25-27]. The
maximum amount of MDA per 1 g of myocardial tissue
was found in the control group without any SkQ1 support
and reached 70.9 [58.7; 87.8] umol/g. The minimum
MDA concentration was observed in the “SkQl 12 ng”
group 49.4 [41.1; 58.9] umol/g, which was statistically
significantly lower than the control values (p=0.02).
H-FABP, located in the cytoplasm of the striated muscle
cells, is quickly released in response to the damage,
so it can be used as a sensitive marker of an ischemic
myocardial injury [28, 29]. The median reflecting the
level of released H-FABP into the myocardial outflow in
the end of the reperfusion was lower in the “SkQ 12 ng
group” (0.8 ng/mL) in comparison with other studied
groups (12.8 ng/mL in the “SkQ 120 ng” group and
9.0 ng/mL in the control group), but this decreasing was
not statistically significant. Cardiac troponin is a clinical
biomarker for the diagnosis of the myocardial infarction
[30]. The concentration of troponin-l was statistically
significantly lower in the SkQ1 12 ng and SkQ1 120 ng
groups compared to the control (p=0.03; Table 1).

So, the additional antioxidant support from
12 ng/mL SkQ1 leads to the OS inhibition and the
decreasing release of myocardial injury markers under
240-minute cold cardioplegic ischemia followed by a
reperfusion.

after
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Histological analysis

The histological analysis data are correlated with
the results of the biochemical analysis. The most
significant structural
(cardiomyocytes, vessels and stroma) were found
in the control and “SkQl 120 ng” groups. In the
control group, a diffuse edema in the interstitium was
noted (Fig. 2A). The vessels were paretically dilated,
empty with swollen endothelium. The muscle fibers
in the intramural zones were thinned, discomplexed,
wavy deformed and unevenly stained. Extensive areas
of the muscle fiber fragmentation in the subepicardial
and subendocardial zones could be visualized. The
cytoplasm of cardiomyocytes was homogeneous oxyphilic
without a transverse striation (Fig. 2B).

Despite the established biochemical parameters,
supplying of 120 ng/mL SkQ1 into the perfusion solution
leads to significant structural changes. Myocardium is
characterized by a pronounced edema (Fig. 2C) mainly in
the perivascular spaces and intermuscular layers. Paretic
dilation of vessels is accompanied with an endothelial
detachment in some of them. The fragmentation
and discomplexation of cardiomyocytes are more
pronounced in the subepicardial and subendocardial
zones. Fragmentation and depletion of the muscle fibers
are combined with their waviness and polychromasia.
The integrity of the sarcolemma is significantly
impaired. Groups of cardiomyocytes characterized by
a lumpy disintegration and myocytolysis, as well as an
intracellular edema, have been discovered. The cell
nuclei are deformed, unevenly enlarged and edematous,
and characterized by a blurry outline and a diffuse
enlightenment of chromatin. The focal lipofuscinosis has
been noted (Fig. 2D).

The myocardium of the “SkQ1l 12 ng” group was
characterized by minimal changes. The
extensive areas of compact cardiomyocytes arrangement
alternated with the fiber fragmentation areas. Moderate
edema, mainly in the perivascular zones, was noted in
the interstitium. The nuclei of cardiomyocytes were
clearly visible; they were located closer to the center
of the cytoplasm, in which a transverse striation was
preserved. However, the groups of the cells with
swelling cytoplasm and poorly visible nuclei with unclear
contours were visualized (Fig. 2E and 2F).

Thus, discirculatory, dystrophic and destructive
changes in the myocardium were revealed in all the
studied groups. However, these changes were less
pronounced in the groups with an additional antioxidant
support of the isolated hearts during the anoxia
period by 12 ng/mL SkQ1 and had a mosaic character,

changes in the myocardium

structural
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combined with extensive zones of relatively intact
myocardium.

Scanning electron microscopy

in backscattered electrons

High-magnification images of the samples obtained
using scanning electron microscopy made it possible
to analyze the intracellular changes in details. Without
antioxidant support from SkQ1, the presence of zones
with “erased” transverse striations was noted. In these
zones, mitochondria “stuck” together and formed
electron-dense structures that did not have a clear
division into individual organelles in their structure. The
nuclei were compressed, usually round in shape without
a clear boundary, tightly adjacent to the electron-
dense contents of the cytoplasm, the chromatin was
located in a disordered manner (Fig. 3A and 3B). At
high magnifications, a disruption of the structure of
contractile fibers was observed, which did not have a
clear structure, probably due to lysis (Fig. 3C). The space
between the cells was expanded and filled with fibrous
contents.

In the “SkQ1 120 ng” group, enlarged spaces between
cardiomyocytes containing fragments of capillaries and
cells were found (Fig. 3D). Cytoplasm of cardiomyocytes
in the areas of the mitochondria localization was
characterized by the presence of vacuole-like structures
with transparent contents (Fig. 3E). Mitochondria had
various shapes and a high electron density, some of
them had surface outgrowths. These organelles often
formed dense clusters and were adjacent to free spaces.
In some areas, mitochondria had a tight contact with
contractile fibers (Fig. 3F). In this group, the nuclei
of cardiomyocytes were light, elongated, the nuclear
membrane was uneven, the nucleoli and euchromatin
were practically absent (Fig. 3E).

In the “SkQ1 12 ng” group, the transverse striation
of the myocardial samples was discovered. The
contractile fibers and cardiomyocytes were highly
preserved (Fig. 3G-l). The mitochondria with clear
boundaries were mostly located in the layers between
the contractile fibers (Fig. 3 H, 1).

cardiomyocytes were elongated,

The nuclei of
the surface was
smooth. Euchromatin was located parietal; the nucleoli
were registered in the center of the nuclei. Free spaces
were usually located between the outer surface
of the nucleus and the contractile fibers.

Thus, a high structural and intracellular preservation
of the myocardium treated by 12 ng/mL SkQ, was

confirmed and detailed.
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Confocal microscopy

Cytochrome C is a globular protein covalently linked
to the heme group performing many important functions.
It acts as an electron carrier from complex Ill to complex
IV in the mitochondrial electron transport chain [31].
Cytochrome C, released from the mitochondria, leads
to the apoptosis activation [32]. The distribution and
intensity of cytochrome C fluorescence in the studied
tissues differed depending on the SkQ1 concentration.
The most increased immunofluorescence was noted in
both groups supplied with SkQl, the control
group was characterized by the extremely low
immunofluorescence (Figure 4A-C). Quantitative
analysis confirmed the visual observations: cytochrome
C fluorescence in the myocardial tissue from the
“SkQl 12 ng” group was statistically significantly

higher compared to the control (p <0.0001,
Fig. 3D). At the same time, no statistically
significant differences between the experimental

groups were found. It should be noted that 12 ng/mL
SkQ1l supplying is associated with the most local
increase in the luminescence of cytochrome C in the
areas of structural preservation of the tissue. 120 ng/mL
SkQl treatments led to the relatively uniform
immunofluorescence of cytochrome C that may indicate
the release of this enzyme into the cytosol.

Cytochrome P-450 reductase (POR) is a part of the
cytochrome P-450 system localized in the membrane
of the smooth endoplasmic reticulum. This enzyme is
necessary for the transfer of electrons from NADP to
cytochrome P-450 in microsomes, as well as to heme
oxygenase and cytochrome B5 [33]. POR was poorly
visualized in the tissue, and there was no statistical
differences found between the studied groups (Fig. 3A-D).

Here, the concentration-depended effectiveness
of the mitochondria-targeted antioxidant SkQ1 on the
isolated rat heart model according to Langendorff has
been demonstrated. The chosen model can help to
directly access the effect of the studied antioxidant,
its cardiotoxicity, excluding the influence of hormones,
the autonomic nervous system and other organs [34].
The stages of cardiac perfusion had been constructed
to model the clinical conditions during heart surgeries
under artificial circulation or conditions close to the
transplantation. The similar studies had already been
previously conducted [35].

It has been found out that the 12 ng/mL SkQl
is associated with the greatest preservation of the
myocardium at the tissue and cellular levels. A histological
examination and scanning electron microscopy revealed
extensive zones with undeformed muscle fibers, intact
sarcolemma and organelles of cardiomyocytes. These
data were associated with the decreased levels of OS
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and myocardial injury markers. This concentration is
probably triggering the binding of SkQ1 to cardiolipin
followed by the decreasing peroxidase activity of
cytochrome C, which accordingly led to the decreasing
of OS in mitochondria, their structural preservation,
which ultimately did not allow cytochrome C to enter the
cytosol [36]. L.E. Bakeeva et al. have performed an ex vivo
and in vivo study of the dose-dependent SkQ1 effect on
Wistar rats and concluded that low SkQ1 concentrations
can have a pronounced antioxidant effect in case
of OS [37]. In 2021, M. Hamed et al. showed that
50 nmol/L MitoQ (SkQ analogue developed in New
Zealand included ubiquinone in its structure) was
associated with the pronounced antioxidant effect
followed by an increase in the total blood flow and
diuresis in the kidneys of pigs and humans [38].

In the present experiments, a 10-fold increase
in the SkQ1l concentration (120 ng/mL) triggered OS
in modeling an ischemic and reperfusion injury in
the isolated heart. The study showed the extensive
areas with deformed and disconnected muscle fibers,
edema, lumpy decay (signs of acute tissue necrosis)
with relatively high-level OS markers and a myocardial
injury and, at the same time, continuous intracellular
immunofluorescence of cytochrome C signaling a
violation of the structure and function of mitochondria
and possible apoptosis triggering. It can be concluded
that perfusion of an isolated heart for 10 min
with 120 ng/mL SkQ1 before the global ischemia has a
cardiotoxic effect. The concentration of mitochondria-
targeted antioxidant plays an important role in the
correction of OS.

A model of an isolated rat heart

Connection of 2 Krebs-Henseleit streams 10 min

| Hypoperfusion (20 mL/h) with custodiol (t = 4°C) 10 min |

| Global cardioplegic ischemia (t = 8°C) 240 min |

‘ Reperfusion 30 min ‘
Perfusate collection at the 30™" min

Disconnecting of isolated hearts from perfusion

( Tissue homogenate ][ Storage in formalin ][ Freezing (t =-140°C) ]

ELISA Histology SEM Confocal
e MDA e hematoxylin microscopy
e SOD2 and eosin e Cytochrome C

e Cytochrome
P450 reductase

Figure 1 — Diagram of study design
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A Control B

scale bar 50 um

Figure 2 — Histological staining of myocardial sections with hematoxylin and eosin
Notes: A — diffuse interstitial edema (A ), stretching and thinning of muscle fibers (m). Magnification x20; B (“SkQ1 120 ng”) — fragmentation
of muscle fibers, discomplexation of cardiomyocytes (1), oxyphilia of the cardiomyocytes cytoplasm. Magnification x40; C — disunion,

fragmentation (¥) and polychromasia of muscle fibers, interstitial edema ( A ), myocytolysis and intracellular edema of cardiomyocytes (+),
magnificationx20; D (“SkQ1 12 ng”) — fragmentation of muscle fibers (1), perivascular (®) and interstitial edema ( A ). Swelling of cardiomyocyte
nuclei (¥), magnification x20; E — Compact arrangement of muscle fibers (*), magnification x20; E — compact arrangement of muscle fibers (*),

magnification x20. F — compact arrangement of muscle fibers (*), well-distinguished nuclei of cardiomyocytes (1), preservation
of sarcolemma, magnification x40.

Table 1 — Biochemical parameters of oxidative stress and myocardial injury

Study parameters, Me [25%; 75%]

Groups

SOD-2, ng/mL MDA, umol/g Troponin-I, pg/mL H-FABP, ng/mL
Control 13.0[8.3; 18.3] 70.9 [58.7; 87.8] 47.7 [29.3; 54.2] 9.0[2.1;17.6]
skQl 120 ng 14.4 [11.6; 20.4] 63.8 [62.5; 83.0] 24.2 [23.5; 25.9]* 12.8[4.1; 15.3]
SkQ1l 12 ng 16.0 [8.4; 17.9] 49.5[41.1; 58.9]* 22.3[20.3; 23.9]* 0.8 [0.6; 6.0]

Note: * p <0,05 compared to the control group. SOD — superoxide dismutase; MDA — malondialdehyde; H-FABP — cardiac fatty acid binding protein.
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Control

“SkQ 120 ng”

“SkQ 12 ng”

scale bar 50 um scale bar 20 um scale bar 10 um

Figure 3 — Scanning electron microscopy of the myocardium
Notes: A — Wave-like deformation, zones of erased striation, magnification x1000; B — Compressed nucleus, magnification x2500; C —
(“SkQ1 120 ng”) — erased striation, disruption of the structure of contractile fibers, magnificationx5000; D — dissociation of cardiomyocytes
magnification x1000; E — Vacuole-like spaces around mitochondria, magnification x2500; F — (SkQ1 12 ng) — clusters of mitochondria
magnificationx5000; G — preservation of cardiomyocyte striation, magnification x1000; H, | — layers of mitochondria around muscle fibers
elongated nuclei, magnification x2500 and x5000.

Control “SkQ 120 ng” “$kQ 12 ng”
p <0,0001
=0 p=0,0004 =] Cytochrome C
= 3 Cytochrome P-450
< reductase
>20
B
g
£
S 104
[=2]
@ =+ - ==

01— T T T T T
| | | | | |
Control SkQ 120 ng SkQ 12 ng

Figure 4 — Immunofluorescent staining of myocardial tissue sections
Notes: A — Control, weak fluorescence of immunofluorescent labels; B — SkQ1 120 ng, differentiated fluorescence of cytochrome C;
C-5SkQ1 12 ng, well-differentiated and zonal fluorescence of cytochrome C; D — quantitative analysis of cytochrome C and cytochrome P-450
reductase. The data are presented as a median with interquartile range and maximum and minimum values.Scale bar is 50 um.
Cytochrome Cis red, cytochrome P-450 reductase is green, cell nucleus is blue.
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Study limitations

The present study is limited by a small sample size
(10 hearts in each study group). It should be noted that
despite all the advantages and simplicity of the isolated
heart model, the cut-off of a systemic influence could
be also a limitation on the regulation of the cardiac
muscle activity.

CONCLUSION

Mitochondria-targeted antioxidant SkQ1l (12 ng/mL)
is associated with a pronounced antioxidant and
cardioprotective effect on the model of ischemia and
reperfusion on an isolated rat heart reflected in a high

degree of preservation of the contractile apparatus of
the myocardium and organelles. At the same time, a
concentration of 120 ng/mL aggravated OS and led to
destructive tissue damage. This antioxidant is extremely
promising in the field of creating new cardioprotective
drugs for a cardiac surgery and transplantation and
requires further research.

At a concentration of 12 ng/mL, SkQl showed
pronounced antioxidant properties against ischaemic
myocardium, which resulted in a higher degree of cardiac
muscle preservation compared with the use of SkQ1 at
a concentration of 120 ng/mL, which exacerbated an
oxidative stress and structural tissue changes.
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