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PE3IOME

AkTyanbHicTb. [JokcopyGiunH Ta LeneKkoKcMb 34aTHi BUKIMKATU TSKKE YLIKOKEHHSI
CepueBoro M’sida LUMASAXOM PO3BMTKY OKCMAATMBHOIMO CTpecy Ta UMTOMITUYHI 3MiHu,
O ycKnafHioe rikyBaHHS Ta 06Mexye 3acTocyBaHHS Lux npenapartis. Mowyk edek-
TUBHILUMX KapQionpoTEeKTOPHMX MiAXOLIB € BaXNMBMM, a KOHAMLIOHOBaHe cepepno-
BULLE Me3eHXiManbHUX CTOBOYPOBUX KNiTUH PO3MMSAAETbCA SIK NepCcrnekTuBHUiA Bio-
noriYHui 3acib i3 NOTeHLiMHUMK KapAionpOTEKTOPHUMM BMACTUBOCTSIMM.

Meta po60TM — TeOpeTU4YHO OBGrpyHTYBaTU Ta €KCMEepPUMEHTANbHO OLIHWTW BNMB
KOHAMLIOHOBAHOIMO cepefoBHuLla Me3eHXiMarnbHUX CTOBOYPOBUX KMITUH Y MOPIBHSIHHI
3 pedepeHc-B-6riokaTopoM KapBeaMIonom Ha GioxiMiuHi Mapkepu UMTOMI3y Ta OKCU-
OaTUBHOMO CTpecy Ha Mogeni komGiHoBaHOi [oKcopy6ilmH/Lenekokenb-iHaykoBaHol
Kapgiomionartii y Lwypi..

Marepianu Ta Metoau. [JocnimkeHHs npoBegeHO Ha 28 camusax Liypis, po3nogine-
HVMX Ha 4 rpynu. Mogenb kappiomionaTii hbopMyBanu LUNSXOM BBEAEHHS OoKcopybi-
LMHY Ta uenekokcmby. JlikyBaHHSA BKMoYano BBeAeHHs kapseaunony abo KoHAMLIOHO-
BaHOro cepefoBuLLia Me3eHXiMarbHUX CTOBOYpPOBUX KMITUH Yy BU3HAYeHi iHTepBanu.
Ha 35 geHb BU3Havyanu akTMBHICTb anaHiHamiHoTpaHcdepasn, acnaptatamiHOTpaHcC-
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depasn, a TaKoX piBHi
y cypoBaTLi KPOBi.
Pesynbratu. Ha Ttni pokcopy6iumH/uenekokcub-iHaykoBaHol kapaiomionartii akTuBe-
HicTb anaHiHamiHoTpaHcdepasn 3binbwyBanacst Ha 233,3%, a acnapTatamiHOTpaHc-
depasn — Ha 266,7% BIiQHOCHO iHTaKTHUX 3HauveHb. PiBHI anbaerigodeHinrigpa-
30HIB i kapbokcudeHinrigpasoHis niasuwysanucs Ha 166,7 Ta 147,2% BignosigHo,
Lo NiaTBepaXye PO3BMTOK IHTEHCMBHOIO OKCMAaTMBHOMO cTtpecy. Kapsegunon 3amen-
WwyBaB akTUBHiCTb TpaHcamiHa3 Ha 30,0 i 33,3%, a mapkepu OKUCHOI Moaudikauii
6inkiB — Ha 32,0 i 33,7%, ogHaK NMOKa3HUKM 3anuanucs 3Ha4yHO BULLMMM 3a iHTaKT-
Hi. 3acTocyBaHHsi KOHOMLIIOHOBaHOIO CepedoBuLia Me3eHXiMarnbHUX CTOBOYpOBUX
KMiTUH 3a6e3nevyBano 3HWXKEHHs anaHiHamiHoTpaHcdepasun Ha 55,0% i acnapratam-
iHoTpaHcdepasn Ha 59,1%, a piBHiB anbaerifodeHinrigpasoHiB i kapbokcudeHin-
rigpasoHiB — Ha 53,1 i 53,4%, 3 HabnwxeHHAM A0 disionoriyHnx mMex. Mikrpynosi
nepesaru ctaHosunm 35,7 Ta 38,6% Ana TpaHcamiHas i 31,0 Ta 29,7% Ans npogykTis
OKMCHOT Moaudikauii GinkiB, Lo cBiAYUTL NPO GinblU BUPaXKEHWUIA 3aXUCHUIA eDEKT.
BucHoBku. KoHauuioHOBaHe cepefoBulle Me3eHXiManbHUX CTOBOYPOBUX KRITWH
NPOAEMOHCTPYBano CYTTEBO BULLY eEKTUBHICTb MOPIBHAHO 3 KapBeaWNonoM Yy 3Hu-
XKEHHI UMTONITUYHUX MPOSIBIB Ta OKCUAATUBHOIO CTPecy npu AoKcopybiuuH/ueneko-
Kcub-iHOyKoBaHIN kapaiomionartii, WO nigkpecntoe Woro noTeHuian sk nepcnekTuB-
HOro KapAionpoTeKTOPHOro 3acoby.

anbaerigodeHinrigpasoHis i kapbokcudeHinrinpasoHis
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ABSTRACT

Background. Doxorubicin and celecoxib can induce severe myocardial injury
through the development of oxidative stress and cytolytic changes, which compli-
cates treatment and limits the therapeutic use of these agents. The search for more
effective cardioprotective strategies remains important, and the conditioned medium
of mesenchymal stem cells is considered a promising biological product with potential
cardioprotective properties.

Purpose — to experimentally evaluate the effects of mesenchymal stem cell derived
conditioned medium in comparison with the reference beta-blocker carvedilol
on biochemical markers of cytolysis and oxidative stress in a rat model of combined
doxorubicin/celecoxib-induced cardiomyopathy.

Materials and Methods. The study was conducted on 28 male rats divided into
4 groups. Cardiomyopathy was induced by the administration of doxorubicin and
celecoxib. Treatment included the administration of carvedilol or mesenchymal
stem cell conditioned medium at predefined intervals. On day 35, serum levels of
alanine aminotransferase, aspartate aminotransferase, aldehyde-phenylhydrazones
and carboxy-phenylhydrazones were measured.

Results. In the doxorubicin/celecoxib-induced cardiomyopathy group, alanine
aminotransferase activity increased by 233.3% and aspartate aminotransferase
by 266.7% compared to intact animals. Aldehyde-phenylhydrazones and carboxy-
phenylhydrazones rose by 166.7 and 147.2%, confirming intensive oxidative stress.
Carvedilol reduced aminotransferase activity by 30.0 and 33.3% and decreased
oxidative protein modification markers by 32.0 and 33.7%, though values remained
markedly above normal. Mesenchymal stem cell — conditioned medium provided
a greater reduction in alanine aminotransferase (55.0%) and aspartate aminotrans-
ferase (59.1%), as well as a decrease in aldehyde-phenylhydrazones and
carboxy-phenylhydrazones by 53.1 and 53.4%, approaching physiological levels.
Intergroup advantages were 35.7 and 38.6% for aminotransferases and 31.0 and 29.7%
for oxidative modification markers, indicating a more pronounced protective effect.
Conclusions. Mesenchymal stem cell conditioned medium demonstrated markedly
greater efficacy than carvedilol in reducing cytolytic activity and oxidative stress in
doxorubicin/celecoxib-induced cardiomyopathy, highlighting its potential as a pro-
mising cardioprotective approach.

Drobner IH, Hladkykh FV, Student VO, Liadova TI, Matvieienko MS. The cardiotoxic potential of the anticancer
combination of doxorubicin and celecoxib and the possibilities of its correction with mesenchymal stem cell
conditioned medium (literature review and an experimental study). Ukrainian journal of radiology and oncology.
2025;33(4):461-483. DOI: https://doi.org/10.46879/ukroj.4.2025.461-483
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BCTYN

Dokcopy6iunH (JOKC) Ta 1oro metabonitn xapak-
TEpU3yIOTbCS BUCOKOK CMOPIOHEHICTIO [0 MioKkapaa,
WO 3YMOBMIOE IX HaKOMUYEHHS B CepueBil TKaHWHI
Ta TpuBane 30epexeHHs ToKcMYHoro Brnuey. [Npenapar
Nerko NPoHWKae B Kap4iomMiounTn, B3aEMOAi0YM 3 Kapaio-
niniHOM BHYTPILIHBOT MiTOXOHApPIanNbHOI MembpaHu, Lo
cnpuse rnoro andysii [1]. Hacnigkom € nopyleHHs MiTo-
XOHApianbHOrO AWXaHHs, 3POCTaHHSA YTBOPEHHSI aKTUB-
Hux copm kucHio (APK) Ta po3BUTOK OKCUMAATUBHOIO
cTpecy [2], skuin nocunoeTbca MeTtabonitTamu, 3okpema
JokcopybiunHonom. Lli npouecu cynpoBoaXKytoTbCsl 3HU-
XKEHHsIM MeMOpaHHOro MoTeHUiany, akTuBaLieto anon-
TO3y Ta NOCUMNEHHAM NEPEKUCHOrO OKMCHEHHSA niniais [3],
WO Y XPOHIYHIN NepcrnekTuBi CNPUYUHIOE pemoderto-
BaHHS cepLs Ta cepueBy HeOCTaTHICTb.

locTpa kapaiotokenyHicte JOKC ctaHoBUTL Grnn3bko
11%, BMHUKAE NPOTArOM [OHIB i NPOSABMSETLCA 30KpEMa
apuUTMISMKN, XPOHIYHA X PO3BUBAETLCA Yepe3 TWXKHI —
Micaui Ta acouitoeTbCs 3 AMCHYHKUIEID NiBOro Luny-
HOYKa Ta cepLeBo HegocTaTHicTio [4, 5]. Hekpo3s i anon-
TO3 KapAioMiouuTiB MOCUNIOKTLCA BHACAIOOK MITOXOH-
gpianbHOT  AUCEYHKLUIT, BIOKPUTTA nopu nepexigHoi
NPOHWKHOCTI, BUBINbHEHHSA UMTOXpomy C, NiaBULLEHHS
eKkcnpecii peuenTopiB CMepTi Ta akTuBauili kacnas [4].
[opatkoBo 3anyyaloTbCs HekponTo3 i deponTo3 [6],
CTpec eHaonnasmatuyHoro petukynymy [7] Ta aucpery-
nauig aytodarii [1, 8], WO y3rooXyeTbCs i3 nporpecyo-
YO0 BTPATOK MIOUMUTIB i NOTipLLIEHHSAM cepLeBOoi dyHKLi.

CykynHicTb 3rajaHmx Buwe mexaHiamie [JOKC-
iHOYKOBaHOrO ypaXXeHHA Miokapda nigcumoe KhiHiYHy
HaCTOPOXEHICTb WoaAo Byab-aKMX CynyTHIX npenaparis,
3gaTHUX  MogudikyBaTV  CepueBO-CYAMHHUM  PU3KK
y OHKOMoriYHux nadieHtis. Ocobnmeoi yBaru noTpebyoTb
3acobu, L0 LUMPOKO 3aCTOCOBYKTHCS B KOMMIEKCHOMY
nikyBaHHi, 30Kpema cenektuBHi iHribitopn LIOI-2.
Y LbOMY KOHTEKCTI BaXXNMMBMM € pO3IMs LENeKoKcuody
(LUKC) — HecTepoigHOro npoTtu3ananbHoro npenapaty
3 MOTEeHUianoM BUKOPWUCTAHHSA siK af'loBaHTa MpOTUMyX-
NWHHOT Tepanii, ogHak i3 cynepevynvBuMn JaHUMU LWOAO
cepLeBo-cyanHHOT 6e3nekm [9].

LIKC, BucokocenektuBHuin iHriditop LOIM-2, mae
He nuwe npoTu3ananbHi, a  NOTeHUiNHI NPOTUMNYXINHHI
BNACTUBOCTI, NIATBEPOKEHI HU3KOK LOKMIHIYHUX Ta Kni-
HiYHMX pocnigxerb [10, 11]. WMoro pis peanisyeTbecs
yepes Moaudikauilo KMYOBMX CUrHanNbHUX Kackagis,
BkntoyHO 3 FAK, Cx43, p21, Ki-67 Ta npurHiyeHHsm
AKT-3anexHoi nponidepauii, a Takox 4epe3 BNIMB
Ha wnsaxu ERK1/2 MAPK Tta PI3K/AKT, wo 3abesnevye
aHTnaHrioreHHun edpekt [12]. LKC Moxe 3HWMXY-
BaTW IiHBa3MBHICTb MyXNWH 3aBASKM perynauii - oci
COX-2/PGE2/EP2 Ta NF-kB. MNMonpun okpemi nosigom-
NeHHs Npo MOro KOpUCTb Yy FOPMOHanbHiM Ta XxiMionpo-
MEeHeBi Tepanii, KniHiYHi pesynbTaT! 3anuatrTbCd
HEeOOHOPIOHMMM, WO 3YMOBMIOE MOTPeDY Yy BM3HAYEHHI
YiTKMX rpyn NauieHTiB, SKi NOTEHUINHO MOXYTb OTpUMaTu
BiJ HbOro TepaneBTU4HY KopucTb [13].

MoenHaHe 3actocyBaHHa OOKC ta LIKC € kniHibyHO
3HaYyLLMM, OCKIMIbKM OHKOMaLieHTU 4acTo OTPUMYTb
aHTpauukniHm napanenbHo 3 iHribitopamu LIOIM-2 gns
KOHTPOIO XPOHiYHOro Gonto. Y Takih cutyauii moxnuee
NOEAHAHHSA MNepeniYeHnX HMXYe YLIKOOXKEHb: Hakna-
JaHHs OKCUOATMBHOIO CTpecy, eHgoTenianbHoi Auc-
dYHKUIT Ta MiTOXoHApianbHOro nopyLweHHd. Monpu no-

INTRODUCTION

Doxorubicin (DOX) and its metabolites are charac-
terized by a high affinity for the myocardium, which
leads to their accumulation in cardiac tissue and pro-
longed persistence of toxic effects. The drug readily
penetrates cardiomyocytes by interacting with cardio-
lipin of the inner mitochondrial membrane, which facili-
tates its diffusion [1]. The consequence is impairment
of mitochondrial respiration, increased generation of
reactive oxygen species (ROS), and the development
of oxidative stress [2], which is further enhanced by
metabolites, in particular doxorubicinol. These processes
are accompanied by a decrease in membrane poten-
tial, activation of apoptosis, and intensification of lipid
peroxidation [3], which in the chronic perspective leads
to cardiac remodeling and heart failure.

Acute DOX cardiotoxicity is approximately 11%,
occurs within days, and manifests, in particular, as
arrhythmias, whereas the chronic form develops over
weeks to months and is associated with left ventricular
dysfunction and heart failure [4, 5]. Necrosis and apop-
tosis of cardiomyocytes are exacerbated as a result
of mitochondrial dysfunction, opening of the mitochond-
rial permeability transition pore, release of cytochrome C,
increased expression of death receptors, and activa-
tion of caspases [4]. In addition, necroptosis and ferro-
ptosis [6], endoplasmic reticulum stress [7], and dys-
regulation of autophagy [1, 8] are involved, which is
consistent with progressive loss of myocytes and dete-
rioration of cardiac function.

The combination of the above-mentioned mecha-
nisms of DOX-induced myocardial injury increases
clinical vigilance regarding any concomitant drugs
capable of modifying cardiovascular risk in oncology
patients. Particular attention should be paid to agents
widely used in combination therapy, notably selective
COX-2 inhibitors. In this context, consideration of cele-
coxib (CCS) is important — a nonsteroidal anti-inflam-
matory drug with potential use as an adjuvant to anti-
cancer therapy, but with controversial data regarding
cardiovascular safety [9].

CCS, a highly selective COX-2 inhibitor, has not only
anti-inflammatory but also potential antitumor proper-
ties, confirmed by a number of preclinical and clinical
studies [10, 11]. Its effects are mediated through modi-
fication of key signaling cascades, including FAK, Cx43,
p21, Ki-67, and inhibition of AKT-dependent prolife-
ration, as well as through effects on the ERK1/2 MAPK
and PI3K/AKT pathways, which provides an antiangio-
genic effect [12]. CCS may reduce tumor invasiveness
through regulation of the COX-2/PGE2/EP2 axis and
NF-kB. Despite isolated reports of its benefit in hormonal
and chemoradiation therapy, clinical outcomes remain
heterogeneous, necessitating the identification of clearly
defined patient groups that may potentially derive
therapeutic benefit from its use [13].

The combined use of DOX and CCS is clinically
relevant, as cancer patients often receive anthracyclines
in parallel with COX-2 inhibitors for the control of chronic
pain. In such a situation, a combination of the following
injuries is possible: overlap of oxidative stress, endo-
thelial dysfunction, and mitochondrial impairment.
Despite the potential synergy of toxicity, data on
DOX/CCS interactions are limited, creating a knowledge
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TEHUiNHY CMHeprito TOKCUMYHOCTI, AaHi Woao B3aemogil
OOKC/LUKC obmexeHi, wo ¢opmye nporanuHy 3HaHb.
€anHMM cneumndiyHMM 3acobom KapaionpoTekuii, cxsa-
NEHNM AN 3HWKEHHSA KapAiOTOKCUYHOCTI aHTPaUUKNiHIB,
3annaeTbCcs OEKCPa3oKcaH, NpoTe MOro 3acToCyBaHHs
06MEXYETbCA NEBHUMM KaTeropisiM1 nauieHTIB, 30kpema
yepe3 3aHEMNOKOEHHS LoAO MOXIMBOIO BMMBY Ha
NPOTUNYXIIUHHY ePeKTUBHICTb Tepanii [14].

YNpoOooBX OCTaHHLOIO [AECSTUNITTA MOCUIIOETHCS
yBara OO0 MOXIMBOCTENW Me3eHXimarnbHUX CTOBOYpPOBMX
knituH (MCK) y nikyBaHHi KapAiOTOKCUYHUX YpaXeHb.
Xoya no4atkoBO TepaneBTUYHMIA noTteHuian MCK
acouioBanu nepegyciMm 3 ix 3gaTtHicTio oo aundepeH-
LitOBaHHA Ta NpsAMOi penapauii TKaHWH, HUHI 4OBedeHO,
LLIO NPOBIAHY POnb Y BiAHOBMOBanbHNX edekTax Bigirpae
iXHIM cekpeToM — KoMMnekc 6ionoriYyHo aKTUBHUX
MOMeKyr, BKMOYHO 3 UMTOKIHamu, daktopamu pocTy
Ta nosakniTMHHUMKM Be3ukynamu [15]. Came TOMY
dopmyeTbcst HoBa napagurma: 6esknituHHa («cell-free»)
Tepanisi, B AKil KNOYOBY Ail0 BUKOHYIOTb HE CaMi KNiTUHM,
a iXHi CekpeTopHi NPoAyKTW, 30Kpema KoHAMLioOHOBaHe
cepegosuie MCK (KC-MCK).

Okpemoi yBaru 3acnyroByloTb nepeBarn Ge3kniTuH-
HOro nigxo4y Haa KNacuyHOK KNiTUHHOK Tepanieto.
KC-MCK He Hece pwusuky nNyxnumHHOI TpaHcdopmaLii,
iMyHHOI  iHKopnopauii abo MikpocyauHHUx embonin,
OEMOHCTPYE Kpally CTaHOapTM30BaHICTb, MOXIMBICTb
mMacliTabyBaHHs, TpuBane 30epiraHHs LIASAXOM Kpio-
KOHCepBYyBaHHS 11 cTabinbHiCTb BionoriyHux BnacTMBoc-
Tew nicns po3mopoxyBaHHs [16, 17]. Lle pobutb KC-MCK
npuBabnmeold nnaTtgopMo AN CTBOPEHHs OGe3neuy-
HMX GioTepaneBTUYHMX NpenapaTiB HOBOrO MOKOMiHHS.

MeTa po60Tu — TeopeTnyHO ObrpyHTyBaTK Ta ekcre-
PUMEHTAanbHO OLHUTW BMNIMB KOHAMLIOHOBAHOMoO cepeao-
BMLLA Me3eHximanbHux ctoBbypoBux knitnH (KC-MCK)
y NOPIBHSIHHI 3 pedhepeHc-B-bnokaTtopom KapBeaunonom
Ha BioximMi4Hi Mapkepu LMTOMi3y Ta OKCMOATUBHOIO CTPECY
Ha Mogeni KoMbGiHoBaHOI [AoKcopybiLMH/Lenekokcmo-
iHoykoBaHoi kapgiomionartii (QOKC/LUKC-KMIT).

MATEPIAAU TA METOAU AOCAIAXXEHHSA

OrasiA AiTepaTypHUX AXKEPEA

Mip6ip ny6nikauin BukoHaHo 3a 6a3amun gaHnx PubMed
(https://pubmed.ncbi.nim.nih.gov/), Clinical Key Elsevier
(https://www.clinicalkey.com), Cochrane Library
(https://www.cochranelibrary.com/), eBook Business
Collection (EBSCO) (https://www.ebsco.com/) Ta Google
Scholar (https://scholar.google.com/), y sikux BUCBITNIO-
Banucsi BIiAOMOCTI LIOOO MEXaHi3MiB  aHTpaLuuMKniH-
iHOYKOBaHOI KapioTOKCMYHOCTI, cepueBo-CyanHHOI 6e3-
nekn CeneKkTMBHUX  IHrBITOpiB  LIMKNOOKCUreHasn-2,
a TakoxX KapaionpoTEKTOPHOro noTeHuiany Me3eHxiMarnb-
HUX CTOBOYPOBMX KNiTUH Ta X CEKPETOPHNX NPOAYKTIB.

Ha nepwomy etani 3gifcHioBanu nowyk nitepatyp-
HUX [Kepen 3a KMNioYoBMMM crnoBamu Ta iX kombiHa-
uisimu: doxorubicin, anthracycline cardiotoxicity, celecoxib,
COX-2 inhibitors, cardiovascular risk, oxidative stress,
cardiomyopathy, mesenchymal stem cells, MSC condi-
tioned medium, MSC secretome, exosomes, cardiopro-
tection, cell-free therapy.

Ha ppyromy etani nposogwnu aHamnis pestome
nybnikauin i3 BuknoYeHHAM pobiT, Wo He Bignosiganu
TeMaTuui OOCRigKEHHS, Manu OnucoBuUiA Xapaktep 6e3
eKkcrnepvMeHTansHoro abo KMiHiYHOro Oo6rpyHTYyBaHHS,

gap. The only specific cardioprotective agent approved
to reduce anthracycline cardiotoxicity remains dex-
razoxane; however, its use is restricted to certain patient
categories, in particular due to concerns about a possible
impact on the antitumor efficacy of therapy [14].

Over the past decade, attention has increasingly
focused on the potential of mesenchymal stem cells
(MSCs) in the treatment of cardiotoxic injuries. Although
initially the therapeutic potential of MSCs was associated
primarily with their ability to differentiate and directly
repair tissues, it is now proven that the leading role
in their restorative effects is played by their secretome —
a complex of biologically active molecules, including
cytokines, growth factors, and extracellular vesicles [15].
For this reason, a new paradigm is emerging: cell-free
therapy, in which the key action is exerted not by the
cells themselves but by their secretory products, in
particular MSC-conditioned medium (MSC-CM).

The advantages of the cell-free approach over
classical cell therapy deserve special attention. MSC-CM
carries no risk of tumor transformation, immune incor-
poration, or microvascular embolization, demonstrates
better standardization, scalability, long-term storage
via cryopreservation, and stability of biological properties
after thawing [16, 17]. This makes MSC-CM an attractive
platform for the development of safe next-generation
biotherapeutic products.

Objective — to theoretically substantiate and
experimentally evaluate the effect of mesenchymal
stem cell-conditioned medium (MSC-CM) in comparison
with the reference B-blocker carvedilol on biochemical
markers of cytolysis and oxidative stress in a model
of combined doxorubicin/celecoxib-induced cardiomyo-
pathy (DOX/CCS-CMP).

MATERIALS AND METHODS

Review of literary sources

The selection of publications was performed using the
databases PubMed (https://pubmed.ncbi.nim.nih.gov/),
Clinical Key Elsevier (https://www.clinicalkey.com), Co-
chrane Library (https://www.cochranelibrary.com/), eBook
Business Collection (EBSCO) (https://www.ebsco.com/),
and Google Scholar (https://scholar.google.com/), which
provided information on the mechanisms of anthracy-
cline-induced cardiotoxicity, cardiovascular safety of
selective cyclooxygenase-2 inhibitors, as well as the
cardioprotective potential of mesenchymal stem cells
and their secretory products.

At the first stage, a search of the literature was
conducted using the following keywords and their com-
binations:  doxorubicin, anthracycline cardiotoxicity,
celecoxib, COX-2 inhibitors, cardiovascular risk, oxidative
stress, cardiomyopathy, mesenchymal stem cells, MSC
conditioned medium, MSC secretome, exosomes, cardio-
protection, cell-free therapy.

At the second stage, abstracts of publications were
analyzed with exclusion of studies that did not corres-
pond to the research topic, were descriptive in nature
without experimental or clinical substantiation, or did not

OpuwuriHanbHi 4oCnigpKeHHSs

464

Original research



YKpaiHCbKWI pagionorivyHnin Ta oHKonorivHWiA >xypHar. 2025. T. 33. Ne 4. C. 461-483
Ukrainian journal of radiology and oncology. 2025;33(4):461—483

ISSN 2708-7166 (Print)
ISSN 2708-7174 (Online)

abo He cTOoCcyBanucs CepLEeBO-CYOUHHUX acnekTiB Al
JokcopybiunHy, Uenekokcnby 4M NpomdyKTiB  cekpeLii
Me3eHXiMarnbHMX CTOBOYPOBMX KNiTWH.

Ha TpeTbomy eTtani 3aiicHlOBan“ MNOBHOTEKCTOBUMI
aHani3 BigibpaHmx ny6nikawii 3 OLiHKOM X MeToaonoriy-
HOT $IKOCTi, PEeneBaHTHOCTI MOCTaBMEHUM 3aBAaHHSM
Ta BIiAMNOBIOHOCTI KPUTEPIsIM BKIHOYEHHS 00 BUBIpKM
ONsi NofanblUOro KOHTEHT-aHaniay.

Kpumepismu eknrodeHHs nybnikayiti do eubipku,
siKa nidnszana KOHMeHm-aHarnisy, bynu:

1) HasiBHICTb Cy4YaCHMX AaHUX LWOAO0 NaToreHeTu4-
HUX MEXaHi3miB [OKCOpPYOiLUH-iIHOYKOBaHOI KapaioTok-
CUYHOCTI Ta/abo cepLeBO-CyAMHHMX edeKTiB cenekTus-
HUX iHribiTopis LJOIM-2, 3 akueHToM Ha OKcuMaaTUBHUIA
CTpec, uMToni3, anonTo3 i pemoaentoBaHHsA Miokapaa;

2) BignoBigHICTb JocnigXeHb MpuHUMNAM [doKa-
30BOi MeaMUMHM, BKIKOYHO 3 eKcrnepuMeHTanbHUMK
in vivo [ in vitro mogensmMmn, cuctemaTuYHnMm ornsgamm
abo meTaaHanizamu;

3) HasiBHiCTb eKkcrnepuMeHTanbHux abo ornsigoBMX
OaHUX LWOOO0 KapLionpOTEKTOPHMX eqeKTIB Me3eHXi-
MarnbHUX CTOBOYPOBUX KMIiTWH, TX KOHAWLIOHOBAHOMO ce-
penoBuLLa, ek30COM abo iHLIMX KOMMOHEHTIB CEKPETOMY
B MOAensix MeankaMeHTO3HO-iHAYKOBaHOI kapaiomionarii.

EKCnepuMEeHTAAbHI AOCAIAXEHHS

EkcnepuMeHTanbHi gocnigXeHHs npoBeaeHo Ha 6asi
XapkiBCbKOro  HauioHanbHOro  yHiBepcuUTeTy  iMeHi
B.H. KapasiHa MiHicTtepctBa oCBiTM | Haykm YKpaiHu.
[ocnigXeHHs BUKOHAHO Ha 28 cTaTeBO3piNMX paHaoM-
OpenHUX camusix HeniHinHux wypis macoto 200-220 T,
aKux yTpuMmyBanu y BiBapii. lNMpoTokon 3aTBepaXeHo
Komicieto 3 nutaHb eTukn Ta OioeTukn MeaudHoro
dakynbTeTy XapKiBCbKOrO HauiOHanbHOro YHiBepcuUTeTy
imeHi B.H. KapasiHa MiHicTepcTBa ocBiTW | Haykn YKpaiHu.
Mepen noyaTKOM €KCMEPUMEHTY TBapUHW MPOXOaUNn
14-geHHn KapaHTuH BignosigHo go CT-H MOS YkpaiHu
42-6.0:2008, nicna 4yoro iX paHOoMmilyBanu y rpynu
no 7 ocobuH i yTpMMyBanu Ha CTaHAapTHOMY pauioHi
3 BiflbHMM AOCTYNOM A0 Boau Ta kopmy [30].

MpoTtarom pocnigy 3gincHioBanu  iHAMBIQyanbHe
MapKyBaHHS LLypiB, KOHTpOMNb Macu Tina, 3ararnbHoro
CTaHy, NoBefiHKOBUX peakuin i pednekciB. Yci maHiny-
nauii npoogunu B nepuin nonosuHi aHsa (8:00—11:00)
ONsi 3HMXKEHHS BNNUBY A060BMX puUTMIiB. Y pasi 3armbeni
TBapWH BMKOHYBamnu PO3TUH i3 MAKPOCKOMIYHOK OLLiHKO
OpraHiB 4epeBHOI MNOPOXHWHW. EBTaHasilo npoBoaunu
MeTogom gekanitauii [31].

ExkcnepumeHTM 34ilcHiOBanu BigNOBIAHO OO Hauio-
HanbHUX | MibkHAPOOHNX HOPMaTUBHO-NPaBOBUX akTiB [32],
3okpema: 3akoHy YkpaiHm «[lpo 3axucT TBapuH Bif
)opcTokoro nosogxeHHs» Ne 3477-1V (2006 p.), Haka-
3iB MiHicTepctBa oOCBiTM | Hayku YkpaiHu YkpaiHu
Ne 249 (2012 p.) Ta MiHicTepcTBa OXOpPOHW 300POB’'S
YkpaiHn Ykpainn Ne 944 (2009 p.), 3aranbHuUX eTU4HuX
npyvHUUNIB ekcnepuMeHTiB Ha TBapuHax (Kuis, 2001 p.),
Oupektnen  2010/63/EU, €Bponemncbkoi  KOHBEHLiT
(Ctpacbypr, 1986 p.) Ta pekomeHgauin ARRIVE 2.0
(2020 p.). Yci maHinynsauii BMKOHaAHO 3 AOTPUMAaHHAM
GioeTuyHnx Hopm Ta npuHumnie 3R (Replacement,
Reduction, Refinement), wo nepepbavatoTs BUKOpUC-
TaHHA TBapuH nuwWe 3a BiOCYTHOCTI anbTepHaTUBHUX
METOAIB OTPUMaHHSA [JOCTOBIpPHUX pe3ynbTaTie, 3any-
YeHHs1 MiHiManbHO HeobXigHOI KINbKOCTI TBApWH 3aBOsKM
onTuMmi3auii An3anHy eKCnepuMEHTY Ta CTaTUCTUYHOMY
06r'pyHTYBaHHI0 BUGIPKM, @ TaKoX YOOCKOHANeHHs1 yMOB

address cardiovascular aspects of the effects of doxo-
rubicin, celecoxib, or secretion products of mesenchymal
stem cells.

At the third stage, a full-text analysis of the selected
publications was performed with assessment of their
methodological quality, relevance to the stated objec-
tives, and compliance with the inclusion criteria for
further content analysis.

The inclusion criteria for publications subjected
to content analysis were as follows:

1) availability of up-to-date data on pathogenetic
mechanisms of doxorubicin-induced cardiotoxicity and/or
cardiovascular effects of selective COX-2 inhibitors, with
an emphasis on oxidative stress, cytolysis, apoptosis,
and myocardial remodeling;

2) compliance of the studies with the principles
of evidence-based medicine, including experimental
in vivo [ in vitro models, systematic reviews, or
meta-analyses;

3) availability of experimental or review data on the
cardioprotective effects of mesenchymal stem cells,
their conditioned medium, exosomes, or other compo-
nents of the secretome in models of drug-induced
cardiomyopathy.

Experimental studies

The experimental studies were conducted at
V.N. Karazin Kharkiv National University of the Ministry
of Education and Science of Ukraine. The study was
performed on 28 sexually mature random-bred male
non-linear rats weighing 200-220 g, which were housed
in the vivarium. The protocol was approved by the
Commission on Ethics and Bioethics of the Medical
Faculty of V.N. Karazin Kharkiv National University of
the Ministry of Education and Science of Ukraine. Before
the start of the experiment, the animals underwent
a 14-day quarantine in accordance with ST-N of the
Ministry of Health of Ukraine 42-6.0:2008, after which
they were randomized into groups of 7 animals and
maintained on a standard diet with free access to water
and feed [30].

During the experiment, individual marking of rats,
monitoring of body weight, general condition, behavioral
responses, and reflexes were performed. All manipu-
lations were carried out in the first half of the day
(8:00-11:00) to reduce the influence of circadian rhythms.
In the event of animal death, necropsy with macroscopic
evaluation of the abdominal organs was performed.
Euthanasia was carried out by decapitation [31].

The experiments were conducted in accordance
with national and international regulatory legal acts [32],
including: the Law of Ukraine «On the Protection of
Animals from Cruelty» No. 3477-IV (2006), orders of
the Ministry of Education and Science of Ukraine
No. 249 (2012) and the Ministry of Health of Ukraine
No. 944 (2009), the General Ethical Principles of Animal
Experiments (Kyiv, 2001), Directive 2010/63/EU, the
European Convention (Strasbourg, 1986), and the
ARRIVE 2.0 guidelines (2020). All manipulations were
performed in compliance with bioethical standards
and the principles of 3R (Replacement, Reduction,
Refinement), which npegycmaTtpuBatot the use of animals
only in the absence of alternative methods for obtaining
reliable results, the involvement of the minimum nece-
ssary number of animals through optimization of experi-
mental design and statistical justification of sample size,
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YTPUMaHHS Ta NPOBEAEHHSI NpoLeayp i3 3acToCyBaHHSM
afekBaTHOI aHecTesil, aHanbresii 1 ryMaHHMX MeToaiB
eBTaHaasii gns MiHimizauii 6onto, cTpecy Ta AMCKOMGOPTY.
TBapvH po3noainsanu no rpynax MerogomM paHgomisaduii,
a OUiHIOBaHHA pesynbraTiB 3AilcHoBanu y 3acninne-
HOMY peXuMi, Konu AOChiOHWUK, WO aHanidyBaB AaHi,
He 3HaB MPO HaNeXHiCTb TBAPWHW A0 TIiET UM iHLIOT rpynu,
O [03BOMSANO 3HU3UTU PU3UK CUCTEMATMYHOI MOXMUOKM
Ta nigByLLyBano AOCTOBIPHICTb EKCNEPUMEHTY.

XApAaKTEPUCTUKA 06'EKTY AOCAIAXKEHHS

(KC-MCK)

KoHguuioHoBaHe  cepegoBulle  Me3eHXiManbHUX
ctoBOypoBuMx knitnH (KC-MCK) oTtpumyBanu Lwinsixom
KynbTuBYBaHHS nynoBuHHUX MCK y ctaHaapTHUX ymoBax
razoBoro iHkybaTopa (37°C, 5% CO2). Ansa nigTpumaHHs
XWUTTE3AaTHOCTI  3acTocoByBanu 6e3cupoBaTkoBy MO-
xuBHy cymiw DMEM/F12 (Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12).

36ip cepepoBuMlla NpoBOAUNM Ha eTani crauioHap-
HOro pocTy nicnsi TPeTboro nacaxy (puc. 1), konu kni-
TUHHa KynbTypa dopmyBana CyuinbHUIA LWap, Wo Bidya-
nigyBanu nig iHBepToBaHMM Mikpockonom. OTpumaHuin
KynbTypanbHUiA CyrnepHaTaHT o4uLLany MeTogoMm yrsTpa-
dineTpaudii  3a  gonomoroto  cuctemn  Vivaflow-200
(Sartorius) 3 membpaHamu Millipore (Himeuwumna). Oani
OuMLLeHe cepefoBuLLE PO3NOAINsAnM y Mikponpobipku,
3amopoxyBanu Ta 36epiranv npu Temnepatypi — 20°C
00 BUKopucTaHHs [33].

82| 37°c,5%co,
Vivaflow
200
{ >
-
KyneTHBYBaHHA

Me3eHXIMansHUX
cToRGYPOBMX KNITHH

cepenoBdwe MCK,
siGpane nicna
TPETLOMD Nacamy

CM-MSC Collected
After Third Passage

Cultivation of
Mesenchymal
Stem Cells

KoHguuicHoBaHe YneTpadineTpauia CravpapTHiauina

Ultrafiltration
(Vivaflow-200) CEePEACBHLLA MCK 3a

as well as improvement of housing conditions and
procedures using adequate anesthesia, analgesia, and
humane methods of euthanasia to minimize pain, stress,
and discomfort. Animals were allocated to groups by
randomization, and outcome assessment was performed
in a blinded manner, where the researcher analyzing the
data was unaware of the animal’s group assignment,
which reduced the risk of systematic bias and increased
the reliability of the experiment.

Characteristics of the study object
(MSC-CM)

The conditioned medium of mesenchymal stem
cells (MSC-CM) was obtained by culturing umbilical
cord MSCs under standard conditions of a gas incubator
(37°C, 5% CO2). To maintain cell viability, a serum-free
nutrient mixture DMEM/F12 (Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12) was used.

The medium was collected at the stationary growth
phase after the third passage (Fig. 1), when the cell
culture formed a continuous monolayer, which was
visualized using an inverted microscope. The obtained
culture supernatant was purified by ultrafiltration using
a Vivaflow-200 system (Sartorius) with Millipore mem-
branes (Germany). Subsequently, the purified medium
was aliquoted into microtubes, frozen, and stored at —
20°C until use [33].

BeeneHHa KC-MCK
Wwypam y Ao3i

KOHAMUIOHOBaHOro 0,6 mn/kr macu Tina

Intramuscular
Administration
of CM-MSC to Rats
¢ ataDose of 0.6 mL/kg

BMICTOM ranexkTuHy-1

Standardization
of CM-MSC for
Galectin-1 Conten

Puc. 1. Cxema oTpMMaHHs KOHAULIOHOBaHOIO cepeafoBULLa Me3eHXiMarnbHUX CTOBOYPOBUX KMITUH
Fig. 1. Scheme of obtaining mesenchymal stem cell-conditioned medium

BionoriuHy aktuBHicTe KC-MCK craHpapTmayBanm
3a piBHEM ranekTuHy-1, KM y roToBoMy npenapari cta-
HoBuB 6,0 nr/mn. [na ekcnepuMMeHTanbHUX Qocnig-
xeHb KC-MCK BBogunu wypam B/M y gosi 0,6 mn/kr macu
Tina [34].

EkcnepuMeHTaAbHA AOKCOPYGiLLMH-

TA LLeA€KOKCUB-iHAYKOBAHA KapAiomionaTis

XpoHiyHy noegHaHy kapgiotokcmyHictb OOKC Ta
LIKC BuB4yanu Ha mogeni kombiHOBaHOi AokcopybiunH-
Ta uenekokcmb- inaykoaHoi kapgiomionartii (QOKC/LIKC-
KMI), saky mopentoBanu LUMASIXOM BHYTPILLIHBOLLITYHKO-
Boro (B/wrn) BeegeHHa LIKC («Lenebpekc®», P-Papm
Ixepmani TM6X, Himewunna) y nosi 100 mr/kr macu Tina
1 p/a npotsrom 28 gHiB [35] HapisHo 3 JOKC (EBEBE
®apma lec.m.6.X. Hdr. KI, ABscTpisi), sikuid BBOAMIMU

The biological activity of MSC-CM was standardized
by the level of galectin-1, which in the finished prepara-
tion was 6.0 pg/mL. For the experimental studies,
MSC-CM was administered to rats intramuscularly at
a dose of 0.6 mL/kg body weight [34].

Experimental doxorubicin-

and celecoxib-induced cardiomyopathy
Chronic combined cardiotoxicity of DOX and CCS
was studied using a model of combined doxorubicin- and
celecoxib-induced cardiomyopathy (DOX/CCS-CMP),
which was established by intragastric (i.g.) administration
of CCS (Celebrex®, R-Pharm Germany GmbH, Germany)
at a dose of 100 mg/kg body weight once daily for
28 days [35], separately from DOX (EBEWE
Pharma Ges.m.b.H. Nfg. KG, Austria), which was admi-
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y posi 5 mr/kr macu Tina 1 pa3 Ha TWXOEHb NPOTArom
4 TuxHiB [36] 3 kymynaTuBHO 003010 20 Mr/K.

O6rpyHTYBaHHSA BU6opy Ao3n AOKC

O6paHnini pexxum MoaentoBaHHSA XpoHiyHoi [OKC-
iHgykoBaHoi KMI1 (kymynaTtusHo 20 Mr/kr) € BanigoBaHum
y wypiB i BiATBOpKOE KMIHIYHO peneBaHTHY, [0303a-
NEXHY XPOHIYHY KapLiOTOKCUMYHICTb i3 3HMXKEHHAM Ha-
COCHOI (PyHKUiT Ta TUMNOBUMW TFiCTOMOMYHUMMK 3MiHaAMMU
MioKapga 3 uiTkuMu exokapgiorpadivyHumm 1 Mopdo-
NOTYHUMUN KPUTEPISIMU YLLIKOKEHHS cepus. [oaaTkoBo
BanigHiCTb nigxody «noBifbHOI Kymynsuii» nigTeepa-
XKYHOTb MPOTOKOMU HU3bKMX LLUOTWXHEBUX O03 (2—3 Mr/Kr
npotarom 5-6 Tux.; KymynatMBHo 12—-15 wr/kr), ki
BiOTBOPIOOTb AMCAYHKLiIO NiBOro LUNyHOYKa Ta pemoae-
noBaHHSA, Xo4ya OpMyHTb Jdewo M'AKWUA deHoTUn
NOpiBHAHO 3 KymynsiTuBHoOl fosoto 20 mr/kr [37, 38].
Tomy BMOpaHa cxema OnTMMarnbHO MOEOHYE BiATBOPHO-
BaHICTb, NPUAHATHY BUXMBAHICTb TBAPWH | TEXHIYHY NpocC-
ToTy 6€3 HeobXxigHOCTI BeHO3HOro foctyny, 3abesne-
yytoun cTabinbHe hopMyBaHHS MoZerni XpOHiYHOT Kapgio-
TOKCUYHOCTI ANs1 OLHKN KapAionpOTEKTOPHMX BTPYYaHb.

OGrpyHTYBaHHSA BU6opy Ao3u LLKC

Halyacriwe 3acTocoByl0Tb BUCOKO4030BI CXEMU BBeE-
neHHs LIKC (=25-50 abo 100 wmr/kr/poGy) BnpoaoBX
14-28 pHiB Anst iHAYKUiT GiOXiMIYHMX O3HaK YLUKOOXKEHHSI
cepusi abo gns 3arocTtpeHHs dhoHoBoi natonorii [39].
Pexxum nepopansHoro BeegeHHs LIKC y gosi 100 mr/kr
woaeHHo npotarom 14 ni6 BigTBOpIOE TpUBane 3acrocy-
BaHHa LIKC T1a 3abesneyye crtabinbHe ¢opmMyBaHHS
CUCTEMHUX epeKTIB, LLO NaTOreHeTMYHO NOB’A3aHi 3 Kap-
OIOTOKCMYHICTIO: MPUrHIYEHHS CUHTE3y NpOCTaUMKIliHY
3 eHpoTenianbHOI naHku, gucbanaHc cyouHHUX Mmepia-
TOpIiB, iHiUiaUia OKCMOATMBHOMO CTpecy, MNOpYLUEHHSs
eneKTPOniTHOro romeoctasy i BTOPWHHI 3MiHW eHepre-
TWUYHOrO Ta BYrrieBogHOro 06miHy B Miokapai.

KC-MCK BBogunu y nikyBanbHO-NpoginakTmyHomy
pexumi 1 p/aHa 1,7, 14,21 Ta 28 aHi (ycboro 5 BBeaeHb).
[HocnimpkeHHs npoBeaeHo Ha 28 wypax-camusx (200-220 ),
paHOoMi30BaHUX Ha 4 rpynu no 7 TBapwuH (Tabn. 1).

nistered at a dose of 5 mg/kg body weight once weekly
for 4 weeks [36], with a cumulative dose of 20 mg/kg.

Rationale for the choice of the DOX dose

The selected regimen for modeling chronic DOX-
induced CMP (cumulative dose of 20 mg/kg) is validated
in rats and reproduces clinically relevant, dose-dependent
chronic cardiotoxicity with reduced pumping function
and typical histological changes in the myocardium,
with clear echocardiographic and morphological criteria
of cardiac injury. Additionally, the validity of the «slow
accumulation» approach is supported by low weekly dose
protocols (2—-3 mg/kg for 56 weeks; cumulative dose
12-15 mg/kg), which reproduce left ventricular dysfunc-
tion and remodeling, although they produce a somewhat
milder phenotype compared with a cumulative dose
of 20 mg/kg [37, 38]. Therefore, the chosen scheme
optimally combines reproducibility, acceptable animal
survival, and technical simplicity without the need for
venous access, ensuring stable formation of a chronic
cardiotoxicity model for the assessment of cardiopro-
tective interventions.

Rationale for the choice of the CCS dose

High-dose CCS regimens (=25-50 or 100 mg/kg/day)
administered for 14—28 days are most commonly used
to induce biochemical signs of cardiac injury or to
exacerbate underlying pathology [39]. Oral administration
of CCS at a dose of 100 mg/kg daily for 14 days repro-
duces prolonged CCS use and ensures stable develop-
ment of systemic effects pathogenetically associated
with cardiotoxicity: inhibition of prostacyclin synthesis
from the endothelial component, imbalance of vascular
mediators, initiation of oxidative stress, disturbance
of electrolyte homeostasis, and secondary changes in
energy and carbohydrate metabolism in the myocardium.

MSC-CM was administered in a therapeutic — prophy-
lactic regimen once daily on days 1, 7, 14, 21, and 28
(a total of 5 administrations). The study was conducted
on 28 male rats (200-220 g), randomized into 4 groups
of 7 animals each (Table 1).

Ta6nuus 1. Po3nogin ekcrnepyMeHTanbHUX TBApUH 3a rpynamm Ta yMOBaMun MOAENOBaHHS i NiKyBaHHS
wypis 3 JOKC/LUKC-ingykoBaHoto KMIT (N=28)
Table 1. Distribution of experimental animals by groups and conditions of modeling and treatment
in rats with DOX/CCS-induced cardiomyopathy (N = 28)

lpyna/Group | n

YmoBu ekcnepumenTy / Experimental conditions

iHTaKTHI LLypwW, SKUM LLOAEHHO BNPOAOBX 28 AHIB B/LUN BBOAUNM AMCTUNBOBaHY Body, a Ha 1, 7, 14, 21
Ta 28 gHi B/m BBoaunu 0,9% posunH NaCl y nosi 1,0 mn/kr;

intact rats that received intragastric (i.g.) administration of distilled water for 28 days and i.m. injections
of 0.9% NaCl solution at a dose of 1.0 mL/kg on days 1, 7, 14, 21, and 28 of the experiment;

wypw 3i 3mogensoBaHoto JOKC/LKC-KMI 6e3 nikyBaHHS (KOHTporbHa rpyna), skum Ha 1, 7, 14, 21

Ta 28 gHi B/m BBogunu 0,9% posunH NaCl y posi 1,0 mn/kr;

rats with modeled DOX/CLX-induced CMP that did not get treatment (control group) and received

i.m. injections of 0.9% NaCl solution at a dose of 1.0 mL/kg on days 1, 7, 14, 21, and 28 of the experiment.

1] 7

wypwm 3i amogenboBaHoto JOKC/LUKC-KMI, skum Ha 1, 7, 14, 21 Ta 28 AHi eKCnepuMeHTy B/LUM BBOAWIU
pedepeHc-npenapat kapsegunon y gosi 30 mr/kr [40];

rats with modeled DOX/CLX-induced CMP that received i.g. injections of reference drug carvedilol

at a dose of 30 mg/kg on days 1, 7, 14, 21, and 28 of the experiment [40];

KC-MCK'y posi 0,6 mn/kr [34]

wypwm 3i amogenboBaHoto JOKC/LUKC-KMIT, sakum Ha 1, 7, 14, 21 Ta 28 gHi ekcnepuMeHTy B/M BBOAMNU

rats with modeled DOX/CLX-induced CMP that received i.m. injections of MSC-CM
at a dose of 0.6 mL/kg on days 1, 7, 14, 21, and 28 of the experiment [34]
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Ak  pedbepeHc-npenapat o00paHO HeCcenekTUBHUI
(B Ta a1) agpeHobnokatop kapseaunon («Kapeegunon-
3eHTiBay, TOB «3eHTiBa», Yecbka Pecnybnika), skun
HanexuTb A0 6a30BUX 3acobiB y KapaionoriyHMx NpoTo-
Konax nikyBaHHS cepueBOi HedoCTaTHOCTI, Mae Bupa-
XKEeHi aHTUOKCMAaHTHI Ta MeMbGpaHocTabinizyBarnbHi
BnacTtusocTi [40].

Kapsegunon (KPB) BBoAMnAM BHYTPILUHBOLLNYHKOBO
(8/wn) y posi 30 mr/kr Ha 1, 7, 14, 21 Ta 28 gHi ekcne-
pumeHTy 3a 60 xB LIKC [40]. KPB ta LUKC BBOgUNM Y BU-
rnagi BogHo-nonicop6atHoi cycneHsii Ha Tween-80 [41].

Ha 35 peHb TBapwH BMBOOUNN 3 EKCNEPUMEHTY
wnsixom Aekanitadii [31], nicnst Yoro BigGupanu amilaHy
BEHO3HO-apTepianbHy KpoB A noAanbLlumMx OCNioKEHb.

BioxiMi4Hi ME@TOAM AOCAIAXEHHS

0Ons opepxaHHa nnasmy LUinbHy KpoB 36upanu
y npobipkn 3 aHTMKOarynsiHToM — eTuneHgiamiHTeTpa-
ourtoBoto kucrnotoro (EATA), nicns 4oro npoBoaunu
ueHTpudyrysaHHs npotarom 15 xa npu 3000 g. CupoBatky
OTpMMYyBanu LWNSXoM 3abopy KpoBi y CkMsiHi Npobipku
6e3 aHTukoarynsiHta, BUTPMMYBanu i Npu KiMHaTHIN
Temnepatypi (20-26°C) Oo 3aBepLlUEeHHA NPUPOLHOro
BioOiNeHHs cupoBatky, sKy Biobupanu Ta [0[aTKoBO
ueHTpudyrysanu 15-20 x8 npu 3000 g.

AcnapTartamiHoTpaHcdepasy (ACAT) Ta anaHiHaMiHO-
TpaHcdepady (AnAT) BusHavanu pepMeHTaTUBHUM
metogom 3a Reitman S. & Frankel S. BignosigHo [0
K® 2.6.1.1/2, BUKOPUCTOBYKOHUM CUPOBATKYy KpOBI $IK
JocnigxyBaHun  marepian;  pesynbrat  Bupaxanu
B MKMonb/(Mnixrog) [42].

PisHi anbgerigodeHinrigpasonis (API) BusHavanu
CNeKTPOOTOMETPUYHO i3 3aCTOCYyBaHHAM 2,4-OUHITPO-
deHinrigpasvHy y cupoBaTui KpOBi 3 BUPaXEHHAM
pe3ynksTaTiB B YMOBHMX OAMHULSIX HA rpam Ginka [43].

KoHueHTpauito kapbokcudeHinrigpasoHis (KPI') oui-
HIOBanu aHarmnoriYHum CcrnekTpocpoTOMETPUYHUM METO-
[OM Ha OCHOBI B3aemogii 3 2,4-anHIiTpodeHinrigpasnHom;
pesynsTaT TakoX HOpMyBanu Ha BMICT binka Ta noga-
Banu B yMOBHUMX OOMHULSIX HAa rpam Ginka [44].

MeToAM CTATUCTUYHOI 06PO6GKHU

OnpautoBaHHA €KCNePUMEHTANbHUX OAaHUX 34iACHIO0-
Bann 3a pgonomoroto «Microsoft Office Excel 2016».
MporpamHMin NakeT BMKOPUCTOBYBanu AN BUKOHAHHSA
NEPBUHHMX CTaTUCTUYHUX PO3PaxyHKIB, BU3HAYEHHS
BapiaUiiHUX XapakTepucTuk Ta nobyaoBu rpadivyHnX
mModenen pesynbratis. Tun  pos3noginy nokasHUKIB
nepesipsinn 3a pgonomorol kputepito LWanipo-Yinka
(Shapiro-Wilk, n<50), gkuin BBaxa€TbCA ONTUMaNbHUM
AN HEBENUKUX BUGIPOK i O3BOMSIE OLIHUTK BiANOBIAHICTb
JaHnX HopmanbHOMY po3noginy. [Ans KOHTPomno piBHOCTI
avcnepcin  foaaTkoBO 3acTocoByBanu TecT JleBeHa
(Levene’s test), Wo gae MOXNUBICTbL 06I'PyHTOBAHO BMKO-
pUCTOBYBaTW NapameTpuyHi CTAaTUCTUYHI NpoLeaypu.

Y BuMnNagkax, KOMM XapaKTepUCTUKU  po3nodiny
He BIiOXUNANUCS Big HOPMarbHMX, PI3HULIO MK Hesa-
NEXHMMM rpynamMu OLiHIOBanuM 3a 4ONOMOro t-kputepito
CtbiogeHTa. 3a BiACYTHOCTI HOpManbHOCTI po3noginy
BMKOPUCTOBYBanu HenapameTpuyHui U-tect MaHHa—
YiTHi, WO FPYHTYETbCS HA paHroBOMY aHanisi AaHux.
Ons pocnigpkeHHs 3MiH ycepenuHi opHiei BUGipku npwu
MOBTOPHUX  BMMIpIOBAHHSX  3aCTOCOBYBanu  NapHWiA
Kputepin BinkokcoHa, sikn € HaginHMM MeTogoM Ans
aHanisy guHaMmiky HenapaMeTpUYHUX NOKa3HUKIB.

As a reference drug, the nonselective (B and a1)
adrenergic blocker carvedilol («Carvedilol-Zentivay,
Zentiva LLC, Czech Republic) was selected, which be-
longs to the basic agents in cardiology treatment proto-
cols for heart failure and has pronounced antioxidant
and membrane-stabilizing properties [40].

Carvedilol (CRV) was administered intragastrically (i.g.)
at a dose of 30 mg/kg on days 1, 7, 14, 21, and 28 of
the experiment, 60 min before CCS administration [40].
CRV and CCS were administered in the form of an aque-
ous polysorbate suspension based on Tween-80 [41].

On day 35, the animals were withdrawn from the
experiment by decapitation [31], after which mixed
venous — arterial blood was collected for further studies.

Biochemical research methods

To obtain plasma, whole blood was collected into
tubes containing the anticoagulant ethylenediamine-
tetraacetic acid (EDTA), followed by centrifugation for
15 min at 3000 g. Serum was obtained by collecting
blood into glass tubes without anticoagulant and keeping
it at room temperature (20-26°C) until natural serum
separation was completed; the serum was then collected
and additionally centrifuged for 15—20 min at 3000 g.

Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were determined by the enzy-
matic method according to Reitman S. & Frankel S.
in accordance with KPh 2.6.1.1/2, using blood serum
as the test material; the results were expressed
in ymol/(mLxh) [42].

Levels of aldehyde phenylhydrazones (APH) were
determinedspectrophotometricallyusing2,4-dinitrophenyl-
hydrazine in blood serum, with results expressed in
arbitrary units per gram of protein [43].

The concentration of carboxyphenylhydrazones (CPH)
was assessed by a similar spectrophotometric method
based on interaction with 24-dinitrophenylhydrazine;
the results were also normalized to protein content and
expressed in arbitrary units per gram of protein [44].

Methods of statistical analysis

Experimental data processing was performed using
«Microsoft Office Excel 2016». The software package
was used for primary statistical calculations, determi-
nation of variation characteristics, and construction
of graphical models of the results. The type of data
distribution was tested using the Shapiro-Wilk test
(Shapiro-Wilk, n<50), which is considered optimal
for small samples and allows assessment of conformity
to a normal distribution. To control the equality of vari-
ances, Levene’s test was additionally applied, enabling
justified use of parametric statistical procedures.

In cases where distribution characteristics did not
deviate from normality, differences between indepen-
dent groups were assessed using Student’s t-test. In the
absence of normality of distribution, the nonparametric
Mann—Whitney U test was used, which is based on rank
analysis of data. To investigate changes within a single
sample under repeated measurements, the paired
Wilcoxon test was applied, which is a reliable method
for analyzing the dynamics of nonparametric indicators.

Data with a normal distribution were presented
in the format M+m (mean + standard error of the mean;
M+SE) with calculated 95% confidence intervals. In the
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[aHi 3 HopmanbHWUM PO3MOA4iNoM npeacTaBnanm
y dopmati Mim (cepegHe + cTaHgapTHa noxubka
cepegHboro; M+SE) 3 pospaxoBaHumu 95% posipunmu
iHTepBanamu. Y pasi acCMMeTpUYHOro posnogdiny pesynb-
Tatn nogasanu sk Me [LQ; UQ] (megiaHa 3 mixksap-
TUNBHUM [iana3oHoM), Wo Hanbinb agekBaTHO Bigo6-
pakae po3kug nokasHukis [45—47].

PE3YABTATU

Monpu 3Ha4yHWI nNporpec y PO3YMiHHI MexaHi3miB
OOKCOPYOBIUNH-IHAYKOBaHOI KapAiOTOKCUYHOCTI Ta Hako-
NMUYEHHST JAaHWX NPO MOTEHUiNHI CepueBO-CyAVHHI pu3un-
KM 3aCTOCYBaHHS LIENEKOKCMOyY, mMogernb KOMOGiHOBaHOi
OOKC/UKC-ingykoBaHOi  kapgiomionatii  MpakTU4HO
He gocnifgpkeHa. Y Ton yac sk icHytodi nybnikauii (tabn. 2)
cBigyaTe npo nepcnekTuBHicTe MCK Ta ix cekpetomy
y npocpinaktuyi Ta nikyBaHHI MeAMKaMEHTO3HOI KapAio-
Mionarii, xogHe AocnimkeHHss He posrnsgano KC-MCK
SK IHCTPYMEeHT ansa kopekuii kombiHoBaHoi JOKC/LIKC-
KM, wo dopmye o4eBnaHy nporanviHy 3HaHb.

case of an asymmetric distribution, results were pre-
sented as Me [LQ; UQ] (median with interquartile range),
which most adequately reflects data variability [45—47].

RESULTS

Despite significant progress in understanding the
mechanisms of doxorubicin-induced cardiotoxicity and
the accumulation of data on potential cardiovascular risks
associated with celecoxib use, the model of combined
DOX/CCS-induced cardiomyopathy remains practically
unexplored. While existing publications (Table 2) indicate
the promise of MSCs and their secretome in the preven-
tion and treatment of drug-induced cardiomyopathy,
no study has considered MSC-conditioned medium
as a tool for correction of combined DOX/CCS-CMP,
which forms an evident knowledge gap.

Ta6nuus 2. Ornag ekcnepuMeHTanbHUX AOCNiOXKEHb, NPUCBAYEHNX KapAionpoOTEKTOPHUM edheKkTam
KoHAuMUioHoBaHoro cepefoBuilia MCK Ta ek3ocoMarnbHux npenapatiB y Mogensix 4OKCopYOilnH-iHayKOBaHOI kapgioTOKCUYHOCTI
Table 2. The review of experimental studies concerned with cardioprotective effects
of conditioned environment of MSC and exosomal drugs in the models of doxorubicin-induced cardiotoxicity

ABTOp, piKk

Tun Gionpenapaty

Mogenb aocnigkeHHs
Model of study

OcHoBHi MexaHiamu aji

CTrcnuin 3micT pesynbraTie

CTOB6YPOBYX KMITUH aMHIOTUYHOT
PiAVHM Ta Me3eHXiManbHUX KMiTUH

Conditioned environment
of amniotic fluid stem cells
and mesenchymal cells

KapAioMiouuTiB 3 JOKCOPYGiLIMHOM;
OOCNIIXEHHs in vivo:
eKcnepuMeHTanbHa Moaens
[nokcopy6iluH-iHaykoBaHOT
kapaiomionarii Ha MuLax

In vitro study: cardiomyocyte

culture with doxorubicin;

in vivo study: an experimental
mouse model of doxorubicin-
induced cardiomyopathy

Author, year Type of biodrug (in vitro | in vivo) Main mechanisms of action Brief summary of results
1 2 ] 4 5] 6
1 Villa F., 2021 [21] KonauuioHoBaHe cepepoBuLle [HocnimkeHHs in vitro: kyneTypa AHTNaNONTOTUYHWI 3MeHLeHHs 3arnbeni

Ta @aHTUOKCUAAHTHWIA BNMUB,
ctabinisauis miToxoHapiansHoT
DyHKLUT, 36epexeHHs
©eHepreT4Horo o6MiHy

Anti-apoptotic and antioxidant
effects, stabilization of
mitochondrial function,
preservation of energy metabolism

KapAioMioUMTIB, 3HKEHHS
OKUCHOTO CTpecy, NOKpaLLeHHs!
CTPYKTYPHOTO CTaHy mMiokapaa
i HacocHoi tbyHKLiT cepus

Reduction of cardiomyocyte death,
decreased oxidative stress,
improvement of myocardial
structural integrity and cardiac
pumping function

2 Zhang Y., 2015

KonauuioHoBaHe cepeposuLle
Me3eHXiManbHUX KNiTuH
KICTKOBOrO MO3Ky Ta iHAYKOBaHWUX
NIAOPUNOTEHTHUX KITITUH

Conditioned environment of
mesenchymal cells of the bone
marrow and induced
pluripotent stem cells

[ocnimxenns in vitro: kynetypa
kapaiomiouuTiB 3 AOKCOpPYBiLVHOM;
DOCRIMKEHHS in vivo:
eKcnepumMmeHTanbHa moaernb
[[OKCOpYBiLWH-iHAYKOBaHOTO
YWKOMKEHHA cepus Ha Muliax

In vitro study: cardiomyocyte

culture with doxorubicin;

in vivo study: an experimental
mouse model of doxorubicin-
induced cardiac injury

MocnabneHHs anonTosy

Ta OKMUCHOTO CTpecy, akTUBaLlis
haKTOpiB BMXMBAHHS KNITUH,
KOpeKLUist NopyLueHoi dpyHKLiT
Miokapaa

Attenuation of apoptosis and
oxidative stress, activation of
cell survival factors, correction of
impaired myocardial function

MokpalueHHs dpakuii Bukuay,
3MEHLUEHHS NaTonoriyHoro
pemMopentoBaHHsi; KOHAULIOHOBaHe
cepefoBwLLE iHAYKOBAHMX
NIIKPUNOTEHTHUX KNiTUH

€ edpeKTUBHILLMM 3a cepefoBuLLEe
KNiTUH KICTKOBOTO MO3KY

Improvement of ejection fraction,
reduction of pathological
remodeling; conditioned
environment of induced pluripotent
stem cells is more effective than
the one of the bone marrow cells

3 [LeedJ. 2021 [22]

Mo3akniTUHHI BE3MKYNn
Me3eHXiManbHUX KNiTuH
(ek3ocomarbHuin Npenapar)

Extracellular vesicles
of mesenchymal cells
(an exosomal drug)

LocnigxeHns in vitro:
kapaiomioumTu 3 fokcopyGiLnuHOM;
[ocnimxeHHs in vivo:
eKcnepuMeHTanbHa Mogenb
[[oKcopyObiLMH-iHaYyKoBaHOT
kapaiomionarii Ha MuLax

In vitro study: cardiomyocytes
with doxorubicin;

in vivo study: an experimental
mouse model of doxorubicin-
induced cardiomyopathy

MiacuneHHs Ginkie KNiTMHHOMO
BWXMBaHHS, 3HWKEHHS! aronToay,
perynsiyis curHanbHWX LNsXiB
YLUKOKEHHS!

Upregulation of cell survival
proteins, reduction of apoptosis,
modulation of injury-related
signaling pathways

HagiiHwii 3axvcT kapgiomiouuTis,
3MEHLLIEHHS1 anonToay,
NOKpaLLEHHS! CKOPOTANBOT chyHKLiT
cepus

Reliable protection of
cardiomyocytes, reduction of
apoptosis, improvement of
cardiac contractile function

4 | AiS. 2024 [23]

Ek3ocommn MeseHxiMmanbH1X KnituH

Mesenchymal cell exosomes

[ocnimxeHns in vivo:
eKcnepumMmeHTanbHa moaernb
[[oKcopy6iLnH-iHAyKoBaHOT
KapAiOTOKCUYHOCTI Ha Lypax

In vivo study: an experimental rat
model of doxorubicin-induced
cardiotoxicity

AHTMaNONTOTUYHUIA,
npoTu3ananbHui

i NpoTUIBPOTUYHMI BNNKB,
moaudikalis mapkepis
YLIKOZKEHHS! | 3ananeHHs

Anti-apoptotic, anti-inflammatory,
and anti-fibrotic effects, modulation
of injury and inflammation markers

3MeHLUeHHs 3ananeHHs i dibpoay,
NOKPAaLLEHHS riCTONOriYHoI
KapTUHW Ta pyHKLUIT Miokapaa

Reduction of inflammation and
fibrosis, improvement of
myocardial histology and function
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MponoBxeHHs Tabnuui 2
Continuation of table 2

1 2

3

4

5

6

5 [ Tian C., 2022 [24]

Ek3ocommn meseHximanbH1X KnituH
KICTKOBOrO MO3Ky, 36araveHi
[I0BrONaHLIoroBolo

Hekogytodoto PHK

Mesenchymal cell exosomes
of the bone marrow enriched with
long non-coding RNA

LocnimxeHns in vivo:
eKcnepuMeHTanbHa Mogenb
[AokcopybiLnH-iHayKoBaHOT
KapAioTOKCUYHOCTI Ha MULax

In vivo study: an experimental
mouse model of doxorubicin-
induced cardiotoxicity

lanbMyBaHHs 3anansHoOro kackaay,
HopManisaLis perynsaTopHux
MexaHi3MiB KMiTUHHOT BignoBigi

Inhibition of the inflammatory
cascade, normalization of
regulatory mechanisms of the
cellular response

BHIKEHHS 3ananbHOMO ypaKeHHs
Ta NoKpaLLeHHst YHKLIOHaNbHNUX
NoKa3sHWKIB cepList

Reduction of inflammatory injury
and improvement of cardiac
functional parameters

6 Imam R., 2024 [25]

Ek3ocommn MeseHXiMarnbH1X KnituH

Mesenchymal cell exosomes

[ocnigxeHns in vivo:
eKcrnepuUMeHTanbHa Mogens
[[okcopy6BiLnH-iHayKoBaHOT
KapAiOTOKCUYHOCTI Ha Lypax
3 MOPPOMETPUYHIUM aHani3om

In vivo study: an experimental rat
model of doxorubicin-induced
cardiotoxicity with

morphometric analysis

3MeHLUeHHs! anonToay i ibpoay,
BiJHOBNEHHS MIKPOCTPYKTYpH
Miokapaa, Hopmanisauis
KiNbKOCTI 1 cpyHKUT TenoumTis

Reduction of apoptosis and
fibrosis, restoration of myocardial
microstructure, normalization

of telocyte number and function

BiaHOBNEHHA apXiTEKTOHIKN
Miokapaa, BUPaXEHE 3HUKEHHS
CTYNEHs TOKCUYHUX 3MiH

Restoration of myocardial
architecture, marked reduction
of the severity of toxic changes

7 | Zhuang L., 2020 [26]

Ek3ocommn meseHxiMmanbHuX KnituH
nicnsa ctumynsuii pakropom
iHAyKUiT mirpauii makpodaris

Mesenchymal cell exosomes
after stimulation with macrophage
migration-inducing factor

LocnimxeHnst in vitro: KNiTUHHI
Mogeni CTapiHHA KapaioMiouuTis;
[oCnimXeHHs in vivo:
eKcnepuMeHTarnbHa Mogenb
[AoKcopybiLMH-iHaYKOBaHOMO
YLUKOIKEHHS CEpLS Ha MULLIAxX

In vitro study: cardiomyocyte
aging cell models;

in vivo study: experimental mouse
model of doxorubicin-induced
cardiac injury

MocnabneHHs npoueciB KNiTMHHOTO
cTapiHHA Yepes perynsuito
Hekoaytoumx PHK ta mikpoPHK

Attenuation of cellular aging
processes through regulation of
non-coding RNAs and microRNAs

3MeHLIeHHs ibpo3y, 3HUKEHHS
MapKepiB KMiTUHHOTO CTapiHHSA,
YacTKOBE BiJHOBNEHHS
MeXaHi4HUX BNacTUBOCTEN
Miokapaa

Reduction of fibrosis, decrease
in cellular aging markers,
partial restoration of myocardial
mechanical properties

8 | Zzheng H., 2024 [27]

Ek3ocomm iHaykoBaHmx
NNIOPUNOTEHTHUX KNITUH,
36arayeni MikpoPHK

Exosomes of induced pluripotent
cells enriched with microRNAs

LocnimxenHs in vivo:
eKcrepuMeHTanbHa Mofenb
[Aokcopy6BiLnH-iHayKoBaHOT
kapaiomionarii Ha Muwax

In vivo study: experimental mouse
model of doxorubicin-induced
cardiomyopathy

[anbMyBaHHS KMITUHHOTO CTaPiHHS,
HopMmanisauis ekcnpecii Mapkepis
YLWKOMKEHHS | pereHepauii

Inhibition of cellular aging,
normalization of expression of
injury and regeneration markers

MokpalueHHs dpakuii Bukuay,
3MeHLIeHHs1 ibpo3y i MapkepiB
nepeaYacHoro CTapiHHs
KapaiomioumnTis

Improvement of ejection fraction,
reduction of fibrosis,

and decrease in markers of
premature cardiomyocyte aging

9 Milano G., 2020 [28]

EK30cOMM NPOreHiTopHMX
KNiTUH cepus

Exosomes of cardiac
progenitor cells

LocnimxeHns in vivo:
eKcnepuMeHTarnbHa Mogenb
KOMGIHOBaHOI TOKCUYHOCTI
Jokcopy6iunHy Ta TpacTysymady
Ha MULIax

In vivo study: experimental mouse
model of combined doxorubicin
and trastuzumab toxicity

BHIDKEHHS anonTosy, 3aX1CT
CTPYKTYPHUX €NneMeHTiB Miokapaa
npu noeaHaHiv aii npenapartis

Reduction of apoptosis, protection
of myocardial structural
components under combined
drug exposure

36epexeHHs dpakuii BUkuay,
3MEHLLEHHS! CTPYKTYPHOTO
YLLKOZKEHHS! Miokapaa npu
KOMGIHOBaHil KapAiOTOKCUYHOCTI

Preservation of ejection fraction,
reduction of myocardial structural
damage in combined cardiotoxicity

Wei H., 2022 [29]

Ek3ocomu mMe3eHxiManbHUX KnituH
AK HOCIlA AOKCOPYBiLMHY

Mesenchymal cell exosomes as
a doxorubicin delivery vehicle

LocnigxenHs in vivo:
eKcnepuMeHTanbHa Mogenb
NyXMUHW Ta CUCTEMHOT
TOKCWYHOCTi Ha MULIax

In vivo study: experimental
mouse model of tumor and
systemic toxicity

TapreToBaHe AOCTaBNEHHS
[[oKcopyBiLWHY A0 NyXnnHK,
3MEHLUEHHS Or0 HaKOMUYEHHS
B Miokapai

Targeted delivery of doxorubicin
to the tumor, reduction of its
accumulation in the myocardium

3HayHe 3HWKEHHS
KapAiOTOKCUYHOCTI MOPIBHAHO
3 BiNlbHUM JOKCOpY6iLIMHOM Npu

Significant reduction of cardiotoxicity
compared to free doxorubicin
while preserving antitumor efficacy

AHani3 ekcnepMMeHTanbHUX pobiT, Yy3ararnbHEHUX
y Tabn. 2, cBiguuMTb, WO OCHOBHMIA MacuB [oOKasiB
CTOCYETbCA  KapAionpoTekTopHoro noteHuiany MCK
Ta ix cekpetomy, 3okpema KC-MCK i eksocomanbHux
npenaparie, y mogensix isonboBaHoi JOKC-iHgykoBaHol
KapgioToKCu4HOCTI [21]. Y umMXx JOCHISKEHHAX MOKa3aHo,
O napakpuHHiI dakTopu, SKi BXoAATb A0 CKnady KOH-
AvuioHoBaHoro cepepoBuilia abo ek3ocom, peanisyloTb
aHTManNoNTOTUYHUIA Ta aHTUOKCUMOAHTHUIN edeKkTw, cTa-
Gini3ytoTb MiTOXOHApPIanbHY OyHKUitO Ta cnpusitoTb 36e-
PEXEHHIO eHEepreTMYHoro obMiHy KapaiomiouuTis, LWO
acoLitoeTbCA 3i BMEHLLEHHSAM CTPYKTYPHOTO YLLIKOXKEHHS
MiokapAa Ta NoKpaLleHHsIM Moro HacoCHOT doyHKLUiT [21].

MopanbLlunii pO3BUTOK LbOTO HaMpsAMKY npeacTasne-
HWIN pobGoTamu, B AKUX aKLEHT 3pobrneHo Ha 3aCToCyBaHHiI
ek3ocom MCK sk 6inblw cTaHgapTusoBaHoro Ta ©Giono-
rYHO aKTMBHOrO KOMMOHEHTa cekpeToMy. BctaHoBneHo,
WO eKk3ocoMmarnbHi npenapaTtyv 34aTtHi - MocunoBaTh
eKcnpecito OinkiB KNITMHHOTO BWXUBAHHS, 3HWXKYBaTU
iHTEHCUBHICTb anonTo3y Ta MogynioBaTu CUrHasnbHi LWns-
XV YLIKOMKEHHSA KapAioMiouMTiB, WO CYNPOBOMKYETLCS
MOKpaLLEeHHsIM CKOpPOTIMBOI PyHKLIii cepus B yMoBax

Analysis of experimental studies summarized in
Table 2 indicates that the main body of evidence con-
cerns the cardioprotective potential of MSCs and their
secretome, in particular MSC-conditioned medium
and exosomal preparations, in models of isolated DOX-
induced cardiotoxicity [21]. These studies demonstrate
that paracrine factors contained in the conditioned
medium or exosomes exert antiapoptotic and antioxidant
effects, stabilize mitochondrial function, and contribute
to preservation of cardiomyocyte energy metabolism,
which is associated with reduced structural myocardial
damage and improved cardiac pump function [21].

Further development of this field is represented by
studies focusing on the use of MSC-derived exosomes as
a more standardized and biologically active component
of the secretome. It has been established that exosomal
preparations are capable of enhancing the expression of
cell survival proteins, reducing the intensity of apoptosis,
and modulating cardiomyocyte injury signaling pathways,
which is accompanied by improved cardiac contractile
function under conditions of DOX-induced CMP [22].
In vivo models have additionally demonstrated a reduction
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OOKC-iHgykoBaHoi KMI1 [22]. Ha wmogenax in vivo
[0OATKOBO MPOAEMOHCTPOBAHO 3MEHLLEHHS 3anarnbHoi
peakuii Ta ibpo3y, a Takox MOKpaLLeHHS! rCTONoriYHol
KapTuHU Miokapga [23, 24].

Okpemi gocnigKeHHs 30cepekeHi Ha poni peryns-
TopHux PHK y peanisauii kapgionpoTeKTopHuUX edekTiB
ek3ocoM. [lokasaHo, WO ek3ocomn MCK, 36arayeHi
JoBronaHutorosoto  Hekogytodoo PHK abo mopudiko-
BaHi LWINAXOM MonepeaHbOol CTUMYNSAUii KNiTUH-4OHOPIB,
30aTHi NpuUrHivyBaTV 3anarnbHWiA Kackaf, 3MeHLlyBaTh
NPOsIBM KNITUHHOTO CTapiHHS Ta YacTKOBO BigHOBMOBATU
MexaHi4yHi BnacTMBOCTi Miokapga [24, 26, 27]. Ui pe-
3yneTatu nigkpecniooTb GaraTopiBHeBUI xapaktep il
€K30COM, SIKUIA BMXOAMTb 32 MEeXi CyTO aHTManonToTh4-
HUX edpeKTiB i BKIOYAE enireHeTUYHy perynsuito KniTuH-
HOI BiANOBIAi HA TOKCUYHE YLLIKOOKEHHS.

BogHo4yac HaBiTb [AOCHIOXEHHS, WO MOAEnNoTb
nigsuLleHe dapmakonoriyHe HaBaHTaXXeHHS Ha MioKkapa,
06MeXyTbCA iHWMMKU KOMBIHaLiaMU KapOioTOKCUYHMX
areHTiB, 3okpema noegHaHHaM [OKC i TpacTy3ymaby,
e €eK30COMU MpPOreHiTOpHUX KNiTUH cepus 3abesnedy-
Banu 30epexeHHs pakuii BukuMay Ta CTPYKTYpHOI
uinicHocti miokapga [28]. Okpemun nigxig npeacras-
neHnn BukopmcTaHHsam ek3docom MCK sk Hocis JOKC,
WO [J03BONSANO 3MEHLUMTU WOr0 HAKOMUYEHHS B Mio-
Kapgi npu 36epexeHHi npoTunyxnuHHoi gii [29]. OgHak
i B uux pobotax He poarnsganacs Mogenb MoegHaHol
OOKC/LUKC-KMIM.

TakMM YMHOM, y3aranbHeHHs faHux Tabn. 2 ceiguuTb
Npo BWCOKY KapQionpoTeKTOpHy nepcnektuBHicTe MCK
Ta ix cekpetomy, 3okpema KC-MCK i ek3ocomanbHux
npenapariB, Y KOHTEKCTi MeamkameHTo3Hoi KMI1. lMpote
BiCYTHICTb eKCrnepuMeHTanbHUX AOCHiaAXeHb, CrnpsMo-
BaHUX Ha ouiHky edekTnHocTi KC-MCK came B ymoBax
noegHaHoi JOKC/UKC-KMI1, dopmye uiTko okpecneHy
nporanvHy CcyyacHux 3HaHb. 3anoBHEHHSA LUi€i npora-
NVHAW € METOAONOrYHO O6rpyHTOBaHMM | HayKOBO
3Ha4yLWUM, OCKINbKA [O03BOMUTb OLIHUTM  crneumdiky
YLWKOOKEHHs1 Miokapda npv KombGiHOBaHin dhapmako-
noriyHin aii Ta noteHuian KC-MCK sk 3acoby uine-
cnpsiIMOBaHOi  kapaionpoTekuii B ymoBax nigBuULLEHOro
TOKCMYHOTO HaBaHTaXEHHS.

3a pesynsratamy NpoBeAEHUX eKCrnepuMeHTanbHNUX
JocnigpkeHb HaMu BCTAHOBMEHO YiTKUA  LUMTOMITUMHUIA
3cyB Ha Tni JOKC/LUKC-KMI1, akuin NposBnseTbCs piskum
3pOCTaHHAM aKTUBHOCTI amiHoTpaHcdepas y cupoBaTLi
Ha 35 peHb ekcnepumeHTy (Tabn. 3). AnAT y wypis
koHTponbHOi rpynn 3 JOKC/UKC-KMIT pgocsrana
2,00 [2,00; 2,00], wo Ha 233,3% nepesuLLyBano nokas-
HUKK iHTakTHUX wypis 0,60 [0,55; 0,85] npu BUCOKIN
cTaTucTuyHin BiporigHocTi (p<0,001). AHanoriuHo AcAT
y KOHTpOni gopisHioBana 6,60 [6,40; 6,60], wo Ha 266,7%
BuLWe Bif iHTakTHMX 3Ha4veHb 1,80 [1,80; 2,08] (p<0,001).
Take napanenbHe nNiaBULLEHHS 060X dhepMeHTiB dop-
MY€E y3romkeHun npodinb UUTOMNITUMHOMO YLUKOMXKEHHS
npuv MNOEQHaHIA KapLiOTOKCUMYHIA Ail, Wo nigkpecnoe
Tsokkicte mogeni JOKC/UKC-KMIN Ha nisHbomy eTani
CMOCTEPEXEHHS.

OuiHka dapmakonoriyHoi Kopekuii CBig4YMTb npo
CYTTEBE 3HWXEHHS IHTEHCUBHOCTI LMTONI3y nig BMAMAMBOM
060X BTpyYaHb, MNPUYOMY BUpPAXKEHICTb edekTy €
Ginbwoto y rpyni 3 KC-MCK. 3a ymoB gopaBaHHs KPB
AnAT 3meHwyBanacs go 1,40 [1,20; 1,40] 3 gocToBipHOIO
pisHMLEl0 nopiBHAHO 3 KoHTponem (p<0,001; 30,0%).
AcAT y uin xe rpyni 3HmxyBanacsa o 4,40 [4,05; 4,40],
O TaKOX CyNpOBOMAXYBarioCsl CTaTUCTUYHO 3HaYyLLUM

in inflammatory response and fibrosis, as well as impro-
vement of myocardial histological appearance [23, 24].

Some studies focus on the role of regulatory RNAs
in mediating the cardioprotective effects of exosomes.
It has been shown that MSC exosomes enriched with long
noncoding RNA or modified by prior stimulation of donor
cells are able to suppress inflammatory cascades,
reduce manifestations of cellular senescence, and
partially restore the mechanical properties of the myo-
cardium [24, 26, 27]. These results emphasize the
multilevel nature of exosomal action, which goes beyond
purely antiapoptotic effects and includes epigenetic
regulation of the cellular response to toxic injury.

At the same time, even studies modeling increased
pharmacological burden on the myocardium are limited
to other combinations of cardiotoxic agents, in particular
the combination of DOX and trastuzumab, where
exosomes of cardiac progenitor cells preserved ejection
fraction and myocardial structural integrity [28]. A sepa-
rate approach involves the use of MSC exosomes as
carriers of DOX, which allowed reduction of its accumu-
lation in the myocardium while preserving antitumor
activity [29]. However, even in these studies, the model
of combined DOX/CCS-CMP was not addressed.

Thus, generalization of the data in Table 2 indicates
high cardioprotective promise of MSCs and their secre-
tome, in particular MSC-conditioned medium and exo-
somal preparations, in the context of drug-induced CMP.
However, the absence of experimental studies aimed at
evaluating the effectiveness of MSC-conditioned medium
specifically under conditions of combined DOX/CCS-CMP
forms a clearly defined gap in current knowledge.
Filling this gap is methodologically justified and scien-
tifically significant, as it will allow assessment of the
specificity of myocardial injury under combined pharma-
cological exposure and the potential of MSC-conditioned
medium as a means of targeted cardioprotection under
conditions of increased toxic load.

According to the results of the conducted experimen-
tal studies, we established a pronounced cytolytic shift
in DOX/CCS-CMP, manifested by a sharp increase in
serum aminotransferase activity on day 35 of the experi-
ment (Table 3). ALT in rats of the DOX/CCS-CMP control
group reached 2.00 [2.00; 2.00], which exceeded values
in intact rats 0.60 [0.55; 0.85] by 233.3% with high statis-
tical significance (p<0.001). Similarly, AST in the control
group was 6.60 [6.40; 6.60], which was 266.7% higher
than intact values 1.80 [1.80; 2.08] (p<0.001). Such para-
llel elevation of both enzymes forms a consistent
profile of cytolytic injury under combined cardiotoxic
action, emphasizing the severity of the DOX/CCS-CMP
model at the late stage of observation.

Analysis of pharmacological correction indicates
a substantial reduction in the intensity of cytolysis
under the influence of both interventions, with a more
pronounced effect observed in the MSC-CM group.
With the addition of CRV, ALT decreasedto 1.40[1.20; 1.40]
with a significant difference compared with the control
(p<0.001; 30.0%). AST in the same group decreased
to 4.40 [4.05; 4.40], which was also accompanied by
a statistically significant reduction relative to the control
(p<0.001; 33.3%). At the same time, the use of MSC-CM
demonstrated a deeper normalization: ALT was
0.90 [0.80; 0.90] compared with the control (p<0.001;
55.0%), and AST was 2.70 [2.55; 2.80] with a significant
decrease (p<0.001; 59.1%). Comparative analysis
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3MEeHLUEHHAM BigHOCHO koHTponto (p<0,001; 33,3%).
BopHouac 3actocyBaHHsa KC-MCK gemoHcTpyBano 6inbLu
rmmboky Hopmanisauito: AnAt ctaHosuna 0,90 [0,80; 0,90]
npwv NopiBHsAHHI 3 koHTponeM (p<0,001; 55,0%), a AcAT —
2,70 [2,55; 2,80] 3 gocTtoBipHMM 3HMXeHHAM (p<0,001;
59,1%). lMopiBHANBHUI aHania Mk gBOMa nigxogamwu
nokasaB popatkoBy nepesary KC-MCK Hag KPB: ana
AnAT pisHuua mix rpynoto KC-MCK i KPB crtaHoBuna
35,7% i3 ctatncTnyHoto 3HavyicTio (p<0,01), ons AcAT —
38,6% (p<0,001). Takum uymHom, KC-MCK 3abesnedvye
Ginbl rMMboke 3MEeHLLEeHHs akTUBHOCTI 060X TpaHcde-
pa3, Hixx KPB, wWo cBigunTb nNpo BUWMA MNOTEHUian
y CTPUMYBaHHi  UUTOMITUYHOI  XBWMi, NpUTaMaHHOI
nisHeomy etany JOKC/LIKC-KMTI.

between the two approaches showed an additional
advantage of MSC-CM over CRV: for ALT, the difference
between the MSC-CM and CRV groups was 35.7%
with statistical significance (p<0.01), and for AST, 38.6%
(p<0.001). Thus, MSC-CM provides a deeper reduction
in the activity of both transferases than CRYV, indicating
a higher potential for restraining the cytolytic wave
characteristic of the late stage of DOX/CCS-CMP.

Ta6nuua 3. Bnnme KC-MCK Ta kapseaunony (KPB) Ha piBeHb amiHOTpaHcdepas

y cuposartui kposi wypis 3 JOKC/LIKC-KMI Ha 35 geHb ekcnepumenTy (M + m (95% [l) abo Me [LQ; UQ], n=28)
Table 3. The effect of MSC-CM and carvedilol (CRV) on blood serum aminotransferase level
in rats with DOX/CLX-induced CMP on day 35 of the experiment (M £ m (95% CI) or Me [LQ; UQ], n=28)

YmoBu ekcrnepumenTy / Experimental conditions

(AcAT / AnArT)
De Ritis ratio (AST / ALT)

(95% Al: 2,35-3,71
95% ClI: 2,35-3,71)

(95% [: 3,08-3,40
95% Cl: 3,08-3,40)
p,=0,6 [7,0%]

(95% [I: 2,93-3,75
95% Cl: 2,93-3,75)
p,=0,7 [2,9%]

[LocnigpKyBaHUn NOKa3HMK, | rpyna / group Il rpyna / group Il rpyna / group 1V rpyna / group
OAVHWL BAMIDIOBAHHS KoHTporb JOKC/LIKC-KMM + JOKC/LIKC-KMM +
Parameter, units of mea- [HTaKTHI LLypu (QOKC/LIKC-KMIT) KapBeAMUIIon KC-MCK
surement Intact rats Control DOX/CLX-induced CMP | DOX/CLX-induced CMP
(DOX/CLX-induced CMP) + carvedilol + MSC-CM
n 7 7 7 7
AnAT, MkMonb / (Mnxrop) 0,60 [0,55: 0,85] 2,00 [2,00; 2,00] 1,40 [1,20; 1,40] F?fg ([)%??55033]]
) ,00; U, o o ,<U, ,07%
ALT, umol / (mLxh) p,<0,001 [233,3%] p,<0,001 [30,0%] 6.<0,01 [35.7%
ACAT, MKMOnb / (Mn%roa) 1,80 [1,80; 2,08] 6,60 [6,40; 6,60] 4,40 [4,05; 4,40] p2<7(()) ([)%15?5\5?3]]
) ,oU; 2, o o ,<U, 17
AST, umol / (mLxh) p,<0,001 [266,7%] p,<0,001 [33,3%] 0:<0.001 [38,6%]
3,08+0,2
KoedbiuierT ne Pitica 3,0340,3 8,2420,1 8,3420,2 (95% 1I: 2,75-3,40

95% Cl: 2,75-3,40)
p,=0,6 [5,1%]

p.=0,3 [7,8%]

lMpumimku:

p, — piBEHb CTATUCTUYHOI BIPOriAHOCTi PO3BIKHOCTI NOKA3HUKIB;

[%] — 3HaueHHs1 po36ixXHOCTEN NOKAa3HWKIB Y BiACOTKAX;

IHaekcamu 1, 2, 3 BKazaHO HOMep rpynu, 3 MOKa3HWKaMu K0T NPOBEAEHO 3PiBHAHHS.

Notes:

p, — level of statistical significance of differences between the indicators;

[%] — percentage values of differences between the indicators;

Indices 1, 2, 3 indicate the group numbers with whose indicators the comparison was performed.

HesBaxatoum Ha cyTTeBYy AMHAMiKy abCOnOTHUX
3HavyeHb AnAT i AcAT, cniBBigHoweHHA e Pitica 3anu-
wanocss 6nusbkuMm y pi3HMx rpynax, 6e3 craTucTU4HO
3Ha4YyLWKUX BiAMIHHOCTEN. Y iHTaKTHUX BOHO CTaHOBMIIO
3,0310,3 (95% Al: 2,35-3,71), y koHTponi — 3,24+0,1
(95% [l: 3,08-3,40), y rpyni 3 KPB — 3,34+0,2 (95% [I:
2,93-3,75), y rpyni 3 KC-MCK - 3,08%0,2 (95% Al
2,75-3,40). BigcyTHicTb gocCTOBipHUX 3MiH KoedilieHTa
3a HasABHOCTI 3HA4YHOro 3ameHLUeHHs sk AnAT, Tak i AcAT,
y rpynax Kopekuii Bkadye Ha npornopuinHe nNpurHiyeHHs
aKTMBHOCTI 060X (DEPMEHTIB, L0 Ma€e O3HaKW y3rogxe-
HOI Mopepalii uMToniTMYHNX npoueciB 6e3 3cyBy y Bia-
HOCHOMY BHECKY OKpEMUX TpaHCaMiHa3.

[etanbHilwe posrnagaloyM MediaHHi Ta iHTepksBap-
TUMbHI XapakTepucTuKW, cnig akueHTysaTw, wo AnAT
y KoHTponi 6yna ctabinbHO nigBuLLEHO 3 BKpal By3b-
kM poskmngom 2,00 [2,00; 2,00], wo Bigobpaxae cdop-
MOBaHUN «nNnaTto»-piBeHb UMTOMI3y B ymoBax 35 OHSA
OOKC/LUKC-KMI1. BrpyyaHHst KPB 3meHLwyBano AnAT go
1,40 [1,20; 1,40], Togi sixk KC-MCK — go 0,90 [0,80; 0,90],
LLIO He N1LIe HWXYe 3a KOHTponb, a i bnwk4ye Ao diana-

Despite the substantial dynamics of absolute ALT
and AST values, the De Ritis ratio remained similar
across groups, without statistically significant differences.
In intact animals it was 3.03+0.3 (95% CI: 2.35-3.71),
in the control group 3.24£0.1 (95% CI: 3.08-3.40), in the
CRV group 3.34+0.2 (95% CI: 2.93-3.75), and in the
MSC-CM group 3.0840.2 (95% CI: 2.75-3.40). The ab-
sence of significant changes in the coefficient in the
presence of a marked decrease in both ALT and AST
in the correction groups indicates proportional suppre-
ssion of the activity of both enzymes, which has features
of coordinated moderation of cytolytic processes
without a shift in the relative contribution of indivi-
dual transaminases.

Considering the median and interquartile characte-
ristics in more detail, it should be emphasized that ALT
in the control group was stably elevated with an extre-
mely narrow spread of 2.00 [2.00; 2.00], reflecting
a formed «plateau» level of cytolysis under conditions
of day 35 of DOX/CCS-CMP. CRYV intervention reduced
ALT to 1.40 [1.20; 1.40], whereas MSC-CM reduced it
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30HY iHTaKTHWUX 3Ha4YeHb. [1na ACAT cnocTepiraeTbca aHa-
noriyHa KapTuHa: KOHTporibHa MediaHa 6,60 [6,40; 6,60]
pisko koHTpacTye 3 4,40 [4,05; 4,40] Ha Tni KPB
i 2,70 [2,55; 2,80] y pasi KC-MCK, ge ocTtaHHi nokasHuk
TsKie 4o iHTakTHoro AgianasoHy 1,80 [1,80; 2,08]. CykynHo
ue niaTBepaXye Ginblu BigYYTHUA «LUTONPOTEKTOPHUN»
edekt KC-MCK, skmn nepeBuLLye 3HUXKEHHS, AOCATHYTe
3a pgonomoroto KPB, y mexax o6ox mapkepis uMTOnisy
Ta Npy HAsBHOCTI MiXXrpynoBOi CTaTUCTUYHOI 3HAYYLLOCTi.

3 omsgy Ha Te, WO [JOCMiOXEHHs npoBedeHe
Ha 35 aeHb, Konu Hacnigku NoegHaHo  KapAioTOKCUYHOCTI
HabyBaloTb CTIiKOrO XapakTepy, OTpuMmaHi edekTn
KC-MCK matotb ocobnusy Bary. 3MeHLeHHs1 AnAT i ACAT
Ha 55,0 i 59,1% BiaNoBigHO Yy NOPIBHSAHHI 3 KOHTPONeM
npu p<0,001 Bkasye He nuwe Ha cnag akTUBHOCTI
depMeHTIB, a 1 Ha MOTEeHUiHy cTabinizauito KNiTMHHUX
MembpaH Ta MPUrHIYEHHS BTOPWMHHOMO YLUKOMKEHHS,
wo nigTpumyetbea B Mogeni JOKC/LUKC-KMI. Oopat-
KOBO, MNOpPIiBHSAHHA i3 KPB, ge 3HMXeHHs CTaHoBWIO
30,0 i 33,3%, mpemoHctpye, wo KC-MCK dopmye
SIKICHO iHWKMIA piBeHb GioxiMiyHOT Bignosiai — i came us
MiXrpyrnoBa nepesara NigTBEpKEHA 3HaYyLUMK p ons
AnAT (p<0,01) Ta AcAT (p<0,001) (Tabn. 3).

Baxnneo nigkpecnuTn, WO OAHOCMNPSIMOBAHICTb 3MiH
AnAT i AcCAT 3a BiOCYTHOCTI BipOrigHMX KONMBaHb
e PiTtica Bukniodae aptedakt BUGIPKOBOro NpUrHiYeHHs
OfHi€el TpaHcaMiHa3n. YMOBHO «napanernbHe» 3HWKEHHS
060X (hepMeHTIB CTBOPIE BPaXKEHHSI CKOOPAMHOBAHOIO
echekTy, KonM BTPyYaHHS He nulle 3MeHLlye MikoBe
NiABULLEHHS, @ N CTUCKaE iIHTEPKBAPTUIIbHUI Liana3oH
[0 3Ha4YeHb, HABNMXXEHNX 40 iHTaKTHUX TBapuWH. Taka puca
€ perneBaHTHOK AnNs OLiHKM BiAHOBIEHHS rOMeoCcTaThy-
HUX MEeXaHi3MiB Ha TNi TPMBaNoi KapAiOTOKCUYHOI arpeci.

[MopiBHIOKUYN BENUYMHKU Ta PiBHI 3HAYYLLOCTI, JOpey-
HO aKLEeHTYBaTu CTyNiHb «BMXOAY» MOKa3HWKIB y Gik HOp-
Mu. Akwo ana KPB «3anuwkoBi» 3Ha4YeHHs1 BCe e po3-
TawoBaHi Buwe iHTakTHUX Mex (AnATt 1,40 [1,20; 1,40]
npotn 0,60 [0,55; 0,85]; AcAT 4,40 [4,05; 4,40] npoTwn
1,80 [1,80; 2,08]), To anst KC-MCK AnArT 0,90 [0,80; 0,90]
BXE MeXye 3 |(HTakTHMM iHTepBanoMm, a AcAT
2,70 [2,55; 2,80] nomiTHO 36nmxyeTbes 3 HUM. Llen «rpa-
OieHT HopMmanisauii» i € Kno4YoBMM MiACYMKOM Ang
iHTepnpeTauii kapgionpoTekTopHoro noteHuiany KC-
MCK 'y KOHTEKCTi noegHaHOoi KapAioOTOKCUYHOCTI.

OkpeMoi yBaru 3acnyroBye cTaTUCTUYHA CTPYKTypa
BigMiHHOCTEN. [Ins BCiX KMNOYOBUX MOPIBHSIHb 3 KOHTPO-
nem y rpynax BTpy4aHHs gocsarHyto p<0,001, wo Bigno-
BiJae Ayxe BWCOKIA HaAiMHOCTI BMCHOBKIB LUOAO 3HU-
KEHHS  LUMTOMITUYHMX MapkepiB. MixrpynoBsa pisHUUA
Ha kopuctb KC-MCK (p<0,01 gna AnAT i p<0,001
ansa AcAT) OONOBHIOE KapTUHY Pi3HOCNPSMOBaHOI edek-
TMBHOCTI | [03BOMsie BMEBHEHO CTBEpPAXyBaTU Npo
Buwy pesynsratuBHicTe KC-MCK nopisHsHo 3 KPB
y uii Mmogeni (tabn. 3).

Takum umHom, noegHaHa gis JOKC i LUKC dopmye
CTIVIKUIA LMTONITUMHUIA CUHAOPOM, BiOOpaXXeHU KpaTHUM
nigsuwieHHsamM AnAT i AcAt. Obuasa BTpyyaHHs — KPB
Ta KC-MCK — pocTtoBipHO nocnabntoloTb iHTEHCUMBHICTb
uutonisdy, ogHak KC-MCK 3abGesneuye O6inbw rnmboky
KOpeKLito 3 HabnMKeHHsM [0 IHTaKTHUX [JianasoHiB
i MiaTBEpOXXEHOK MIXIPYNoBOK MepeBarold 3a oboma
depmeHTamu. BigcyTHicTb 3Hauywmx 3miH ge Pitica npu
NMOMITHOMY 3HWXXEHHI abCOMNTHMX 3Ha4YeHb TpaHcaMiHa3
CBiAYNTb NPO MPOMOPLUINHUIA XapaKTep KOpUryto4oro
BMMMBY, WO KOPEME 3 YHIIKOBAHNM 3MEHLLUEHHSIM
aKTUBHOCTI 000X hepMeHTiB 6e3 3MilleHHs iXHbOoro

to 0.90 [0.80; 0.90], which is not only lower than the
control but also closer to the range of intact values.
A similar pattern was observed for AST: the control
median of 6.60 [6.40; 6.60] sharply contrasts with
4.40 [4.05; 4.40] under CRV and 2.70 [2.55; 2.80]
with MSC-CM, the latter approaching the intact range
of 1.80 [1.80; 2.08]. Taken together, this confirms a more
pronounced «cytoprotective» effect of MSC-CM, excee-
ding the reduction achieved with CRV for both cytolysis
markers and with intergroup statistical significance.

Given that the study was conducted on day 35, when
the consequences of combined cardiotoxicity acquire
a stable character, the observed effects of MSC-CM are
of particular importance. Reductions in ALT and AST
by 55.0 and 59.1%, respectively, compared with the
control at p<0.001 indicate not only a decrease in enzyme
activity but also potential stabilization of cell membranes
and suppression of secondary injury maintained in the
DOX/CCS-CMP model. Additionally, comparison with
CRYV, where reductions were 30.0 and 33.3%, demonst-
rates that MSC-CM forms a qualitatively different level
of biochemical response — this intergroup advantage
being confirmed by significant p values for ALT (p<0.01)
and AST (p<0.001) (Table 3).

It is important to emphasize that the unidirectional
changes in ALT and AST in the absence of significant
fluctuations in the De Ritis ratio exclude artifacts of
selective suppression of a single transaminase. The con-
ditionally «parallel» reduction of both enzymes creates
the impression of a coordinated effect, whereby the inter-
vention not only reduces peak elevation but also com-
presses the interquartile range toward values close to
those of intact animals. This feature is relevant for
assessing the restoration of homeostatic mechanisms
under conditions of prolonged cardiotoxic aggression.

Comparing magnitudes and significance levels, it is
appropriate to emphasize the degree of «shift» of indi-
cators toward normal values. If for CRV the «residual»
values remain above intact limits (ALT 1.40 [1.20; 1.40]
vs 0.60 [0.55; 0.85]; AST 4.40 [4.05; 4.40] vs
1.80 [1.80; 2.08]), then for MSC-CM ALT 0.90 [0.80; 0.90]
already borders the intact interval, and AST
2.70 [2.55; 2.80] noticeably approaches it. This «norma-
lization gradient» is the key outcome for interpreting
the cardioprotective potential of MSC-CM in the context
of combined cardiotoxicity.

Special attention should be paid to the statistical
structure of differences. For all key comparisons with
the control in the intervention groups, p<0.001 was
achieved, corresponding to very high reliability of conclu-
sions regarding reduction of cytolytic markers. The inter-
group difference in favor of MSC-CM (p<0.01 for ALT
and p<0.001 for AST) complements the picture of
differential effectiveness and allows confident assertion
of the higher efficacy of MSC-CM compared with CRV
in this model (Table 3).

Thus, the combined action of DOX and CCS forms
a stable cytolytic syndrome, reflected by multiple increa-
ses in ALT and AST. Both interventions — CRV and
MSC-CM - significantly attenuate the intensity of cyto-
lysis; however, MSC-CM provides a deeper correction
with approximation to intact ranges and a confirmed
intergroup advantage for both enzymes. The absence
of significant changes in the De Ritis ratio with a marked
reduction in absolute transaminase values indicates
a proportional nature of the corrective effect, correlating
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cnisBigHoweHHs. OTpuMaHi gaHi cTBoploOTh BioxiMivyHe
nigrpyHTa Ans BWCHOBKY MpO  KapAionpoTeKTOpHWIA
noteHuian KC-MCK y mogeni JOKC/LKC-KMTT.

OuiHka BMiCTY npogykTiB okucHoi mogudikauii Ginkis
y cupoBaTui Ha 35 geHb ekcnepumeHTy BUsiBANa BUpa-
XeHi nopyweHHsa Ha Tni JOKC/UKC-KMI, wo nigteepa-
XKYE PO3BUTOK OKCUAATMBHOIO MOLUKOMKEHHS OinkoBumx
CTPYKTYp (Tabn. 4)

with a uniform decrease in the activity of both enzymes
without shifting their ratio. The obtained data provide
a biochemical basis for concluding the cardioprotective
potential of MSC-CM in the DOX/CCS-CMP model.
Assessment of the content of products of oxidative
modification of proteins in serum on day 35 of the experi-
ment revealed pronounced disturbances under condi-
tions of DOX/CCS-CMP, confirming the development

of oxidative damage to protein structures (Table 4).

Ta6nuus 4. Bnnue KC-MCK Ta kapsegunony (KPB) Ha BMiCT npoayKTiB OKMCHOT Moaundikauii Ginkis y cupoBaTLi KpoBi
wypis 3 JOKC/LKC-KMI Ha 35 geHb ekcnepumeHTy (M £ m (95% [l) abo Me [LQ; UQ], n=28)
Table 4. The effect of MSC-CM and carvedilol (CRV) on the levels of protein oxidative modification products in the blood serum
of rats with DOX/CLX-induced CMP on day 35 of the experiment (M = m (95% CI) or Me [LQ; UQ], n=28)

YMOBU eKCrepuMeHT

| Experimental conditions

arbitrary units (a. u.) / g protein

95% Cl: 5,8-7,9)

p,<0,001 [166,7%]

p,<0,01 [32,0%]

[ocnig>kyBaHn NOKasHUK, | rpyna / group Il rpyna / group Il rpyna / group 1V rpyna / group
OAMHUL BUMIpIOBaHHS KoHTpornb OOKC/LIKC-KMI + OOKC/LIKC-KMIN +
; Parameter, IHTaKTHI LWypw (AOKC/LIKC-KMIT) KapBeaunon KC-MCK
units of measurement Intact rats Control DOX/CLX-induced CMP | DOX/CLX-induced CMP
(DOX/CLX-induced CMP) + carvedilol + MSC-CM
n 7 7 7 7
. 8,6+0,4
PiseHb ADT, 18,3+0,8 12,4+1,2 o M- 78
yM. of. / T Ginka (950/65;—'%%_7 o | (©5%a1166-199 (95% [1I: 10,2-14,7 9(;,5’ /E;im// 77'88_%%)
APH level, oLy ST 95% Cl: 16,6—19,9) 95% Cl: 10,2-14,7) SRS

p,<0,001 [53,1%]
p,=0,008 [31,0%]

PiBeHb KOr,

yM. oA. / 1 Binka

KPH level,

arbitrary units (a. u.) / g protein

10,3+0,7
(95% AI: 8,8-11,7
95% Cl: 8,8-11,7)

25,4+1,8

(95% f: 21,8-29,1
95% Cl: 21,8-29,1)
p,<0,001 [147,2%]

16,90,9

(95% [I: 15,1-18,6

95% Cl: 15,1-18,6)
p,<0,01 [33,7%]

11,9£0,8 //
(95% [I: 10,3-13,4
95% Cl: // 10,3-13,4)
p,<0,001 [53,4%]

p.<0,01[29,7%]

lMpumimku:

p, — piBE€Hb CTATUCTUYHOI BIPOriAHOCTI PO3BIKHOCTI NOKA3HUKIB;

[%] — 3Ha4eHHs1 po36i>KHOCTEN NOKA3HUKIB Y BiACOTKAX;

IHoekcamu 1, 2, 3 BKazaHO HOMEP rpynu, 3 MOKasHWKaMu K0T MPOBEAEHO 3PiBHAHHS.

Notes:

p, — level of statistical significance of differences between the indicators;

[%] — percentage values of differences between the indicators.

Indices 1, 2, 3 indicate the group numbers with whose indicators the comparison was performed.

Y koHTponbHin rpyni wypis 3 JOKC/LIKC-KMIT pi-
BeHb A®I craHosuB 18,310,8 (95% Al: 16,6—-19,9), wo
nepeBuLLyBano iHTakTHi 3HaveHHa 6,9+0,6 (95% [l:
5,8-7,9) Ha 166,7% npu BWUCOKIA CTAaTUCTUYHIN 3Ha4y-
wocTi  (p<0,001). AnHanoriyHo, KOHUeHTpauia K®I
y KOHTponi 3poctana go 25,4+1,8 (95% [Al: 21,8-29,1),
wo Ha 147,2% Oinble 3a iHTakTHi nokasHukn 10,3+0,7
(95% [Al: 8,8-11,7), Takox 3 p<0,001. Taka CUHXPOHHA
akTuBauis 060X MapkepiB CBiAYATb MPO IHTEHCUBHY
reHepauiio BinbHOpaAUKanbHUX MpoueciB 3 Bupaxe-
HAM  YLUKOAXEHHAM OinkoBmMx Momnekyn npu  Kombi-
HOBaHiN Kap4iOTOKCUYHOCTI.

3actocyBaHHa KPB crnpusino 3MEHLUEHHI0 iHTeH-
CVBHOCTI OKMCHOT MoaudikaLii, ogHak edpekT ByB YacTKo-
BUM. Tak, piBeHb A®T y rpyni 3 KPB 3Hn3neca go 12,4+1,2
(95% Al: 10,2-14,7), wo BignoBigano 3MEHLUEHHI Ha
32,0% BigHocHO koHTponto npu p<0,01. BogHouyac KoIr
pocsras 16,9+0,9 (95% [Al: 15,1-18,6), T06TO 3meHLy-
BaBcA Ha 33,7% (p<0,01). HesBaxatoum Ha OOCTOBIp-
HICTb OTpMMaHWX pe3ynbTaTiB, MOKa3HWKW 3anuiianucs
CYTTEBO BULUUMMU 3@ iHTaKTHI, LLIO BKa3ye Ha 0OMEXEHICTb
KoMmneHcaTopHoro noteHuiany KPB y nogonaHHi okcu-
JatmBHoro ancbanaHcy.

Binbl BMpaxeHW KoOpurytounn edekT Big3Ha4YeHo
npu 3actocyBaHHi KC-MCK. VY uin rpyni piseHb APl
ctaHoBuB 8,6+0,4 (95% [Al: 7,8-9,3), Wwo o3Hayano 3Hu-
XeHHs1 Ha 53,1% y nopiBHAHHI 3 KoHTpornem npu p<0,001.

In the control group of rats with DOX/CCS-CMP,
the level of aldehyde phenylhydrazones (APH) was
18.3+0.8 (95% CI: 16.6-19.9), which exceeded intact
values of 6.9£0.6 (95% CI: 5.8-7.9) by 166.7% with high
statistical significance (p<0.001). Similarly, the concent-
ration of carboxyphenylhydrazones (CPH) in the control
group increased to 25.4+1.8 (95% CI: 21.8-29.1), which
was 147.2% higher than intact values of 10.3+0.7
(95% Cl: 8.8—11.7), also with p<0.001. Such synchronous
activation of both markers indicates intense generation
of free radical processes with pronounced damage to
protein molecules under combined cardiotoxicity.

The use of CRV contributed to a reduction in the
intensity of oxidative modification; however, the effect
was partial. Thus, the level of APH in the CRV group
decreased to 12.4+1.2 (95% CI: 10.2-14.7), correspon-
ding to a 32.0% reduction relative to the control at
p<0.01. At the same time, CPH reached 16.91+0.9
(95% CI: 15.1-18.6), i.e., decreased by 33.7% (p<0.01).
Despite the statistical significance of the obtained
results, the values remained substantially higher than
intact levels, indicating the limited compensatory poten-
tial of CRV in overcoming oxidative imbalance.

A more pronounced corrective effect was observed
with the use of MSC-CM. In this group, the APH level
was 8.6x0.4 (95% CI: 7.8-9.3), which meant a 53.1%
reduction compared with the control at p<0.001. CPH in
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K®r y uinm xe rpyni gopisHioBas 11,9+0,8 (95% [l:
10,3-13,4), ameHwwmBLIUCL Ha 53,4% BiAHOCHO KOHTPOIO
(p<0,001). MpumiTHUM € ToW hakT, Wo obmasa mapkepu
nicna 3actocyBaHHa KC-MCK Habnwkanucsa po giana-
30HY iHTaKTHMX 3HA4YeHb, LIO CBIAYUTb MPO MPAKTUYHO
NoBHY Hopmanisauito GiNkoBMX KOMMOHEHTIB aHTMOKCK-
AaHTHoro GanaHcy. [looaTkoBO MiXIpynoBe MOPIBHSAHHSA
BusiBuno cytreBy nepesary KC-MCK Hap KPB: piBeHb
APl 6yB Hwxkuum Ha 31,0% (p=0,008), a KOI' — Ha
29,7% (p<0,01), wo nigTBEpaXYyE BULLY aHTUOKCUAAHT-
Hy edpekTuBHicTb KC-MCK y naHii mogeni (tabn. 3).

Takum YuHOM, pe3ynbTaTu AEMOHCTPYIOTb  YiTKWUiA
natepH: JOKC/LUKC-KMIT npussoguTb [0 3HA4YHOro
HaKOMUYEHHS1 MPOAYKTIB OKUCHOT Moaudikauii 6Ginkis,
Wwo BigobGpaxae nNpPOrpecyymini OKCMOATUBHWUIA CTPecC
i CTPYKTYpHE YyLUKOOXKEHHSs1 GinkoBux monekyn. KPB yacT-
KOBO 3MeHLye Ui nposisu, ogHak KC-MCK 3abGesneuye
Ginblw rMMOOKY KOpeKUilo 3 BiAHOBMEHHSIM MOKa3HWUKIB
[0 piBHS, BNN3bKOro 40 iHTaKTHUX. Y3rogKeHe 3HMKEHHS
AQl i KOI' npu BigCyTHOCTI NPOTUMNEXHUX 3pYyLUEHb nig-
TBEPOKYE KOMMMEKCHUIN XapakTep aHTMOKCUAAHTHOI Aji
KC-MCK, sikuit oxonntoe pi3Hi naHkm 6inkosoi moandikalii.

Baxnueo Big3Haumtn, wo edekt KC-MCK mae He
nuwe KinbKicHy, ane n sikicHy xapaktepuctuky. MNpu KPB,
nonpu CTaTUCTUYHO [OCTOBIpHE 3HWXKEHHs, 30epira-
€TbCSl 3HAYHe BIOXWUIEHHSI Bi4 HOPMU, WO MOxe OyTu
iHTEepnpeToBaHe $IK YaCTKOBWUWA KOHTPOMb Hajg oKcuaa-
TnBHUM KackagoM. Hatomicte KC-MCK He Tinbku 3meH-
Wye BeMUUMHY BIOXUNEHHS, a W (paKkTUYHO «3pi3ae»
nikoBi 3Ha4YeHHs, Habnmxatoum ix 0o disionoriyHNX Mex.
Lle cTBoptoe nigrpyHTs 4N BUCHOBKY Mpo GinbLu NOBHWUIA
i CTINKN aHTUOKCUAAHTHUIA €QOEKT.

Y3aranbHiowun, OOCRiAKEHHS NigTBEpPOXYE, WO no-
eaHaHa pia OJOKC i LIKC cynpoBogXyeTbCs CyTTEBUM
NMOCUMNEHHAIM OKUCHOI Mopaudikauii 6inkie, wWo nposie-
naeTbcsa piskuMm nigeueHHamM APl ta KO dapmako-
noriyHa kopekuis KPB nocnabnioe, ane He ycyBae Ui
3miHn. Hatomictb KC-MCK pemoHcTpye BupaxeHuin
AHTMOKCUMOAHTHWUIA NOTeHUian, eMeKTUBHO MOoAymo4u
NpoLECUM OKUCHOTO MOLUKOMKEHHS OBIiNKOBUX CTPYKTYp
i Habnmkalumn iXHi napameTpu A0 iHTAKTHMX 3HaYEHb.
OTpuMaHi pesynstatu opMylOTb NEPEKOHNNBE €eKcne-
pUMeHTanbHe NiATBEPAXEHHS Kap4ionpOTEKTOPHOI poni
KC-MCK 'y 3HWXKeHHi iHTEHCMBHOCTI OKCMOATUBHOMO
ctpecy npu JOKC/LUKC-KMIT.

OBrOBOPEHHSA

Y npoBegeHoMy AocnigXeHHi 6yno oTpumaHo nepe-
KOHMMBI AaHi Woao opMyBaHHS UMTONITUMHOIO Ta
OoKCMAATMBHOIrO yLliKogXeHHs Yy wypie i3 JOKC/LUKC-
KMIM, wo Bigobpaxanocss niaBULLEHHSM aKTUBHOCTI
AnAT i AcAT Ta HakonunyeHHam APl i KOI™ y cuposartui
Ha 35 geHb ekcnepuMeHTy. Taki 3MiHM MOXYTb po3rnsaa-
TUCA $IK NPOSIB iIHTEHCMBHOIO YLUKOMKEHHS BinkoBumx
i MeMOpaHHMX CTPYKTYp, LUO XapakTepHe Ans aHTpa-
UMKNiH-acoLiioBaHMX MOpYyLUeHb, TOAI K MNOEAHaHHA
3 UKC noTeHuiiHO nocunioe uen npouec. Y AOCTYMHIn
nitepatypi nigkpecneHo, wo OOKC 3gaTHun nopyLuy-
BaTM MITOXOHApianbHUIN MeTaboniam i cTumynoBaTu
reHepauito APK, cTBOplOlOUM YMOBM AOf1S1 MOCUMEHHSA
OKCUOATMBHOTO HaBaHTaXXEHHSI Ta PO3BWTKY MOLUKOA-
KEHHSA KNITUHHUX KOMMNOHeHTIB [48]. lMigBnweHHa APl
i Kor, BusisneHe B mogeni JOKC/LKC-KMI, ysrogxy-

the same group was 11.9+0.8 (95% CI: 10.3-13.4),
decreasing by 53.4% relative to the control (p<0.001).
Notably, both markers after MSC-CM administration
approached the range of intact values, indicating almost
complete normalization of protein components of the
antioxidant balance. Additionally, intergroup comparison
revealed a significant advantage of MSC-CM over CRV:
the APH level was lower by 31.0% (p=0.008), and
CPH by 29.7% (p<0.01), confirming the higher antioxidant
efficacy of MSC-CM in this model (Table 3).

Thus, the results demonstrate a clear pattern:
DOX/CCS-CMP leads to significant accumulation of
products of oxidative modification of proteins, reflecting
progressive oxidative stress and structural damage
to protein molecules. CRV partially reduces these mani-
festations; however, MSC-CM provides a deeper correc-
tion with restoration of parameters to levels close to
intact values. The coordinated decrease in APH and CPH
in the absence of opposite shifts confirms the complex
nature of the antioxidant action of MSC-CM, encom-
passing different links of protein modification.

It is important to note that the effect of MSC-CM
has not only a quantitative but also a qualitative charac-
teristic. With CRV, despite statistically significant reduc-
tion, a marked deviation from normal persists, which may
be interpreted as partial control of the oxidative cascade.
In contrast, MSC-CM not only reduces the magnitude
of deviation but also effectively «cuts off» peak values,
bringing them closer to physiological limits. This provides
a basis for concluding a more complete and sustained
antioxidant effect.

In summary, the study confirms that the combined
action of DOX and CCS is accompanied by a significant
enhancement of oxidative modification of proteins,
manifested by a sharp increase in APH and CPH.
Pharmacological correction with CRV attenuates but
does not eliminate these changes. In contrast, MSC-CM
demonstrates pronounced antioxidant potential, effec-
tively modulating processes of oxidative damage to
protein structures and bringing their parameters closer
to intact values. The obtained results provide convincing
experimental evidence of the cardioprotective role
of MSC-CM in reducing the intensity of oxidative stress
in DOX/CCS-CMP.

DISCUSSION

In the present study, convincing data were obtained
regarding the formation of cytolytic and oxidative injury
in rats with DOX/CCS-CMP, reflected by increased ALT
and AST activity and accumulation of APH and CPH
in serum on day 35 of the experiment. Such changes
may be regarded as manifestations of intense damage
to protein and membrane structures characteristic of
anthracycline-associated disorders, while combination
with CCS potentially enhances this process. Available
literature emphasizes that DOX is capable of disrupting
mitochondrial metabolism and stimulating ROS gene-
ration, creating conditions for increased oxidative burden
and development of cellular component damage [48].
The increase in APH and CPH detected in the DOX/CCS-
CMP model is consistent with data on accumulation
of products of oxidative protein modification due to
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€TbCSl 3 [JaHWMMK MPO HAKOMWYEHHS MPOAYKTIB OKUCHOT
mMoamdikauii  6inkiB  yHacnigok iHTeHcuBHOi gl A®K
Ha 6inkoBi cybcTpatn npu  MeaMKaMEHTO3HO-IHAYKO-
BaHin KMI [49].

®dopmyBaHHS BUPaXXEHOro LMTONITUYHOTO CUHAPOMY,
LLIO NPOSIBNSAETLCA 3POCTaHHAM aKTUBHOCTI AnAT i AcAT,
MOXHa TpaKTyBaTW SK HacnigoK MopyLleHHs UiniCHOCTI
KNITUHHUX MeMOpaH i BUBINbHEHHS BHYTPILUHbOKIITUH-
HUX (bepMeHTIB y cucteMHuii kposoTik. Obuasi TpaHc-
amiHasn B JaHOMY eKCMepUMEHTI AeMOHCTpYBanu y3roa-
KEHY TeHOEHUl0 [0 MiABULLEHHS, LIO BKa3lye He Ha
BMOIPKOBE YLUKOMKEHHST OKPEMUX KNITMHHUX KOMMapT-
MEHTIB, @ Ha KOMMNIEKCHICTb TOKCUYHOro npouecy. 3rigHo
3 niTepaTypHUMU OaHWMK, Y BUNAAKy aHTpauMKIiH-
iHOYKOBaHOrO CTpecy MITOXOHAPII CTalTb OCHOBHUM
JKxepernoM HaanuuwkoBoro yTBopeHHs ADK, Wwo notel-
LiMHO 3anyckae kKackag nepokcuaauii Ta akTusauito
wnsxie anonto3y [50]. KombiHauisa 3 LIKC, iHribitopom
LOr-2, moxe pogatkoBO 3MiHIOBATUM MNPOCTaHOIgHWUN
GanaHc i eHgoTenianbHWIA CTaTyc, MOCUIIOYM OKcuaa-
TUBHUA KOMMOHEHT YLUKOOXKEHHS, §IK Le 3a3HayeHo
B ekcnepumeHTanbHux pobotax [51]. CyKynHicTb umx
JaHux possonge npunyckatu, wo mogens JOKC/LIKC-
KMI1, BukopucTaHa B HalwOMy AOCHIOXKEHHI, CTBOPHOE
YMOBU AN PO3BUTKY CTIMKOrO OKCMAaTMBHOMO Aucba-
NaHCy 3 BUPAXeHO LIUTONITUYHO BiANOBIaAl0.

Mom’sikleHnn xapakTep o6roBopeHHsi nepenbdadae
obepexHicTb Yy hopMyntoBaHHI NPUYUHHO-HACHIAKOBUX
3B’A3KiB, MPOTE Y3rOMKEHICTb OTPUMaHWX pesynbraTiB
[03BONSIE CTBEPMKYBATH, LLO 3POCTAHHS MapKepiB OKUC-
Hoi Mogudikauii 6inkiB € Baromnm iHAMKATOPOM BUCHa-
KEHHS1 aHTMOKCUAAHTHOro MoTeHUiany Ta HaKOMUYeHHs
NPOOYKTIB  OKCUMOATUBHOIO  YLIKOMKEHHSA. Y  TBapuH
i3 JOKC/UKC-KMIM Taki siBMWa MOXyTb BigobpaxaTu
K MEPBUHHUA BMNSIMB TOKCUYHUX areHTiB, TaK i BTOPUHHI
KOMMNEHCATOPHI  3pYyLUEHHS!, MOB’'AI3aHi 3 afAanTMBHO
BignoBiaAw Ha TpuBanun cTtpec. Y ny6nikauisx npo
OOKC-KMI nigkpecnoeTbcs, WO OKcuaaTMBHA MOOM-
dikauis 6inkiB € paHHbOI Ta LOBrOTPMBASIO O3HAKOK
TOKCMYHOTO BMNIMBY, SIKa KOPEMHOE i3 3HMKEHHSM CKOPOT-
nMBOCTI W pemopgentoBaHHsaM Miokapaa [24]. Tomy nig-
BuweHHA APl | KOI™ y Hawwomy AocnimkeHHi Moxe pos-
rnagaTtucs sik Mapkep rmubLimnx naTonoriyHnx 3pyLueHb,
Lo 3a4inatoTb CTPYKTYPY i PYHKLiI0 KMITUHHMX GinkiB.

KoperyBanbHun Bnnme KC-MCK Ha tni JOKC/LUKC-
KMI1 nposiBuBCcA 3MeHLUEHHAM akTMBHOCTI ANAT i AcAT
Ta 3HWKeHHAM BMicTy APl i KOl Xoua iHTepnpetauis
MexaHi3miB noTpebye obepexxHOCTi, Taki 3MiHW y3rogKy-
I0TbCA 3 BigOMUMMM BnacTmsocTamu cekpetomy MCK,
SAKUA MICTUTb LIMTOKIHW, dpakTopm pocTy, MikpoPHK i nosa-
KNiTUHHI Be3unkynu. Lli 6ioakTMBHI KOMMOHEHTU MOXYTb
BNNMBaTU Ha pefokc-6anaHc, MOoAymo4Yn aKTUBHICTb
aHTUMOKCMAAHTHMX (PEPMEHTIB Ta LWNAXiIB  KNITUHHOMO
BWXUBAHHA. 3a [aHMMM eKcrnepuMeHTanbHUX pobiT,
nosaknituHHi Beankynu MCK 3gaTHi BnnuBatv Ha MiTo-
XOHApianbHi YHKLUIT, WO CYNnpOBOMXKYETbCA 3MEHLLUEH-
HsiM yTBOpPeHHst ADK i cTabinisauieto BHYTPILLUHbOKNITUH-
Horo cepepoBulia [23]. Y LbOMY KOHTEKCTi 3HWXEHHSA
AQDl i KO y tBapuH, sikum BBoaunum KC-MCK, moxe
CBIQYMTW NPO BiQHOBMNEHHST BINKOBMX CTPykTyp abo npo
NPUrHiYeHHs iX HagmipHoi moandikauii nig gieto ADK.

Y niTepaTypi NOBIOOMMSETLCH, WO €K30COoManbHi
MiKpoPHK MCK KOHTpONntolTb akTMBHICTb EHiB, MOB’s-
3aHUX i3 3ananeHHaM, anonTto3oM i MeTaboniyHum ba-
naHcom [52]. Bnnue KC-MCK y Hawlomy ekcrnepuMeHTi
MoXe OyTW MOB’'A3aHWUiA i3 perynsuiero Uux CUrHamnbHUX

intensive ROS action on protein substrates in drug-
induced CMP [49].

The formation of a pronounced cytolytic syndrome,
manifested by increased ALT and AST activity, can be
interpreted as a consequence of disruption of cell mem-
brane integrity and release of intracellular enzymes into
the systemic circulation. Both transaminases in this
experiment showed a coordinated tendency to increase,
indicating not selective damage to individual cellular
compartments but the complexity of the toxic process.
According to literature data, in anthracycline-induced
stress, mitochondria become the main source of exce-
ssive ROS generation, potentially triggering peroxidation
cascades and activation of apoptotic pathways [50].
Combination with CCS, a COX-2 inhibitor, may additio-
nally alter prostanoid balance and endothelial status,
enhancing the oxidative component of injury, as noted
in experimental studies [51]. Taken together, these data
suggest that the DOX/CCS-CMP model used in our study
creates conditions for the development of sustained
oxidative imbalance with a pronounced cytolytic response.

The tempered nature of the discussion implies
caution in formulating causal relationships; however, the
consistency of the obtained results allows the assertion
that increased markers of oxidative protein modification
are a significant indicator of antioxidant potential deple-
tion and accumulation of oxidative damage products.
In animals with DOX/CCS-CMP, such phenomena may
reflect both the primary effects of toxic agents and
secondary compensatory shifts associated with adaptive
responses to prolonged stress. Publications on DOX-
CMP emphasize that oxidative protein modification is
an early and long-lasting sign of toxic exposure, corre-
lating with reduced contractility and myocardial remo-
deling [24]. Therefore, the increase in APH and CPH
in our study may be considered a marker of deeper
pathological shifts affecting the structure and function
of cellular proteins.

The corrective effect of MSC-CM against DOX/CCS-
CMP manifested as a decrease in ALT and AST activity
and a reduction in APH and CPH levels. Although inter-
pretation of mechanisms requires caution, such changes
are consistent with known properties of the MSC
secretome, which contains cytokines, growth factors,
microRNAs, and extracellular vesicles. These bioactive
components may influence redox balance by modulating
antioxidant enzyme activity and cell survival pathways.
According to experimental data, MSC-derived extra-
cellular vesicles are capable of affecting mitochondrial
functions, accompanied by reduced ROS formation
and stabilization of the intracellular environment [23].
In this context, the decrease in APH and CPH in animals
treated with MSC-CM may indicate restoration of protein
structures or suppression of their excessive modification
under ROS action.

Literature reports indicate that MSC exosomal
microRNAs regulate the activity of genes associated
with inflammation, apoptosis, and metabolic balance [52].
The effect of MSC-CM in our experiment may be related
to regulation of these signaling pathways, gradually
reducing cellular sensitivity to stress factors. The decrease
in transaminase activity may be interpreted as evidence
of partial restoration of membrane integrity or limitation
of secondary injury caused by oxidative stress.

Comparison of MSC-CM with carvedilol demonst-
rates an interesting trend: although both approaches

OpuwuriHanbHi 4oCnigpKeHHSs

476

Original research



YKpaiHCbKWI pagionorivyHnin Ta oHKonorivHWiA >xypHar. 2025. T. 33. Ne 4. C. 461-483
Ukrainian journal of radiology and oncology. 2025;33(4):461—483

ISSN 2708-7166 (Print)
ISSN 2708-7174 (Online)

WNaxiB, WO MOCTYNOBO 3MEHLUYE YYTRAMBICTb KNiTUH
0O CTpecoBux (akTopiB. 3HMXKEHHS aKTUBHOCTI TpaHC-
amiHa3 npv UbOMY MOXe iHTeprnpeTyBaTUca $K CBid-
YeHHs1 4aCTKOBOrO BifHOBMEHHS MeMOpaHHOI LinicHOCTI
abo O0OMeXeHHsI BTOPMHHOMO YLUKOXEHHS!, 3yMOBIe-
HOro OKCUAaTUBHUM CTPECOM.

MopiBHaAHHA KC-MCK i3 kapBeannonom geMOHCTpye
uikaBy TeHAeHUilo: xoda obwuaBa niaxogou 3HWXKyBanu
NPOSIBA LMTONMi3y Ta OKCUAATUBHOIO YLLKOMKEHHS, edhekT
KC-MCK 6yB 6inbw BupaxeHum. Takuii pesynbrat
MOXXHa pO3rMsiAaTh B KOHTEKCTI GaraToBEKTOPHOIO Mexa-
Hi3amy paii cekpetomy MCK, skuim Bknwoyae He nuue
AHTMOKCMOAHTHY aKTMBHICTb, ane n Moaynsuio npsiMux
CUrHanbHUX LUNAXIB YLWKOMKEHHs. Kapeegunon, sBigomMumn
sK B-bnokaTop 3 aHTUOKCUAAHTHUMWU BIACTUBOCTSIMMU,
BNNMBaEe MNepeBaXHO Ha MembpaHHy cTabinbHICTb
i kBeputoBaHHA APK, Togi sk KC-MCK noteHuinHO 3a-
Oiloe WnpLwniA cnekTp MonekynsipHux miweHen. Lle go-
3BONnsie npunyckatu, wWo 6e3kniTuHHI  Gionpenapatu
MOXyTb 3abe3nedyBaT Oinbll KOMMMEKCHUIA 3axucTt
y Moaensix MegukameHTo3Ho-iHaykoBaHoi KMIT.

OTxe, pes3ynsTaT HaWoro [OCHiQKEHHsI [03BOSs-
toTb po3rnsgatm KC-MCK sk nepcnektuBHuiA  3acid
MOZYMOBaHHSA LMTOMITUYHOMO Ta OKCMOATUBHOIO YLLUKOA-
xeHHa npyn JOKC/LUKC-KMIM. 3HmxkeHHa AnRAT, AcAT,
Al i KOI' npu BeegeHHi KC-MCK moxHa TpakTyBatu
K NposiB  3naroakeHoi Aii 6i0akTUBHMX KOMMOHEHTIB
cekpetomy MCK, ski BnnvMBalTb Ha KMO4YOBI naTo-
reHeTUYHi NaHkn MeguKameHTO3HO-iHaykoBaHoi KMIT.
Y nowm’siKweHin iHTepnpeTauii Ui pesynbtat He npe-
TEHAOYTb Ha BCTAHOBMEHHSI OCTATOYHOMO MEXaHi3my,
ane OEeMOHCTPYIOTb CTabinbHy W Y3romxeHy MO3UTUBHY
OVHaMmiKy, WO cniBnagae 3 Cy4YacHWMM YSBMEHHAMU
npo pereHepatnBHmi noteHuian MCK Ta ixHix noxigHux.

BUCHOBKHU

Ha wmopgeni pokcopybiunH/uenekokcnod-inaykoBaHoi
Kapgiomionartii BCTAHOBMEHO PIi3KO BUPaXEHWUA LUUTORi-
TUMHUI CUMHOPOM: aKTUBHICTb anaHiHamiHoTpaHcdepasm
36inbwmnacs Ha 233,3%, a akTUBHICTb acnaptaTam-
iHoTpaHcdepasn — Ha 266,7% NOPIBHAHO 3 IHTAKTHUMU
wypamum (p<0,001). Lie cBig4MTb Npo 3HaYHE YLLKOOKEHHS
KNiTUH cepueBoro M'A3a Ta QOPMYBaHHA  CTiNKOI
kapgiomionartii Ha 35 foOy ekcnepuMEHTY.

Ak kapBegunon, Tak i KOHAWULIOHOBaHE cepenoBuLLe
Me3eHXiManbHUX CTOBOYPOBUX KMiTWMH, JOCTOBIPHO 3MEH-
LyBanu akTUBHICTb anaHiHamiHoTpaHcdepasn Ta acnap-
TaTaMiHoTpaHcdepasu, ane KoHAWULIOHOBaHe cepeno-
BULLIE Me3eHXiManbHNX CTOBOYPOBUX KMITUH [isno edek-
TUBHILWIE. 3HWKEHHs anaHiHamiHoTpaHcdepasn CTaHo-
Burno 55,0% (p<0,001), a acnapTatamiHoTpaHcdepasu —
59,1% (p<0,001). MixrpynoBi nepeBarn CTaHOBWM
35,7% (p<0,01) Ta 38,6% (p<0,001).

HokcopybiunH/uenekokcnb-iHoykoBaHa kapgiomiona-
Tis cynpoBoAXyBanacsi 3Ha4yHUM MiABULLEHHAM NpPOayK-
TiB OKMCHOT Moaundikauii 6inkiB: piBeHb anbaerigodeHin-
rigpasoHiB 3pic Ha 166,7% i piBeHb kapGokcudeHin-
rigpasoHiB 3pic Ha 147,2% (p<0,001). KoHauuioHoBaHe
cepenoBuLLEe Me3eHXiMarnbHMX CTOBOYpPOBUX KNITUH 3HU-
XyBano anbgerigodeHinrigpasodn Ha 53,1% (p<0,001)
Ta kapbokcudeHinrigpasoxu Ha 53,4% (p<0,001), icToTHO
ecekTmBHiWwe 3a kapegunon (p=0,008 Ta p<0,01).

reduced manifestations of cytolysis and oxidative
injury, the effect of MSC-CM was more pronounced.
This result can be considered in the context of the
multivector mechanism of action of the MSC secretome,
which includes not only antioxidant activity but also
modulation of direct injury signaling pathways. Carvedilol,
known as a B-blocker with antioxidant properties, prima-
rily affects membrane stability and ROS quenching,
whereas MSC-CM potentially engages a broader spect-
rum of molecular targets. This suggests that cell-free
biopreparations may provide more comprehensive
protection in models of drug-induced CMP.

Thus, the results of our study allow MSC-CM to be
considered a promising means of modulating cytolytic
and oxidative injury in DOX/CCS-CMP. The decrease
in ALT, AST, APH, and CPH with MSC-CM administ-
ration may be interpreted as a manifestation of coordi-
nated action of bioactive components of the MSC secre-
tome, affecting key pathogenetic links of drug-induced
CMP. In a tempered interpretation, these results do not
claim to establish a final mechanism but demonstrate
stable and consistent positive dynamics consistent
with current concepts of the regenerative potential
of MSCs and their derivatives.

CONCLUSIONS

In the model of doxorubicin/celecoxib-induced cardio-
myopathy, a sharply pronounced cytolytic syndrome
was established: alanine aminotransferase activity
increased by 233.3%, and aspartate aminotransferase
activity by 266.7% compared with intact rats (p<0.001).
This indicates significant damage to cardiac muscle cells
and formation of persistent cardiomyopathy on day 35
of the experiment.

Both carvedilol and mesenchymal stem cell-condi-
tioned medium significantly reduced alanine amino-
transferase and aspartate aminotransferase activity;
however, mesenchymal stem cell-conditioned medium
was more effective. The reduction in alanine aminotrans-
ferase was 55.0% (p<0.001), and in aspartate amino-
transferase 59.1% (p<0.001). Intergroup advantages
were 35.7% (p<0.01) and 38.6% (p<0.001).

Doxorubicin/celecoxib-induced cardiomyopathy was
accompanied by a significant increase in products of
oxidative protein modification: aldehyde phenylhydrazo-
nes increased by 166.7% and carboxyphenylhydrazones
by 147.2% (p<0.001). Mesenchymal stem cell-conditio-
ned medium reduced aldehyde phenylhydrazones
by 53.1% (p<0.001) and carboxyphenylhydrazones
by 53.4% (p<0.001), significantly more effectively than
carvedilol (p=0.008 and p<0.01).
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yMOBaMu YTPUMaHHsi Ta PECYPCHUMU pamKaMu.

Hocnign
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i3 OfHi€l0 [03010, NEPEBAXHO CypOraTHUMMK MOKa3HMKamu Ta
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Limitations of the study

The authors of the manuscript explicitly acknowledge that
interpretation of the results is limited by species- and model-
specific factors, housing conditions, and resource constraints.
In vivo [ in vitro experiments in male rats under standardized

conditions,
endpoints,

using a single dose, predominantly surrogate
and a short observation period do not allow

definitive conclusions regarding long-term safety and clinical
relevance. Group sizes of seven animals and partial rando-
mization/blinding reduce precision and increase the risk of
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cucTeMaTUYHUX Noxunbok; MixnabopaTtopHoi pennikauii He Bu-
KOHaHO, TOX 30BHILLHS BanigHICTb i NEPEeHOCUMICTb Ha NI0AMHY
obmexeHi. [Ons 3MeHLleHHs1 BnnuBiB AoTpumaHo HactaHoB
Logo MNoBigOMMNEHHSA MPO AOCHiAXeHHA Ha TBapuHax (Animal
Research: Reporting of In Vivo Experiments — ARRIVE)
i HanexHoi na6opatopHoi npaktukm (Good Laboratory
Practice — GLP), craHgapTnsoBaHO npOTOKONW, AeTanbHO
ONMCaHoO CTaTUCTUYHI Mpouenypu. Pesynbratn € nonepegHimu;
niagTBepMKeHHs1  noTpebye  6GaraToUeHTPOBMX  MOBTOPEHb,
aHanisy fo3a — edpeKT, BKIMKYEHHS1 060X cTaTen i pisHUX BiKOBMX
rpyn, BMKOPUCTaHHSI OPraHoifiB/MoACbKMX TKAHWH Ta OUjiHio-
BaHHS KMiHIYHO 3HAYyLLMX KIHLEBUX TOYOK.

MepcnekTUBU NOAQABLLMX AOCAIAXEHb

Mopanblui  JocnifkeHHs [AOUiNbHO ChnpsMyBaTWM Ha po3wwun-
PEHHS eKCMepuMeHTanbHOI Mogeni Ta YTOYHEHHS MexaHi3MiB
KapaionpoTEKTOPHOrO edeKkTy KOHAWLIOHOBAHOrO cepedoBuLLa
Me3eHXiManbHUX CToBOYpOBMX KMiTUH. NepcnekTuBHUMKU € po-
601K, cnpsiMOBaHi Ha BM3HAYEHHS1 ONTUMAanbHUX 003 i pexXunmis
BBEOEHHS KOHAWLIIOHOBAHOTO CepefoBuLla, a TakoX Ha [o-
CNigXeHHs1 TPUBANOCTi Ta CTabiNbHOCTI KOro TepaneBTUYHOI Aii.
Baxnueum HanpsmMoM MoOXe CTaTu MOPIBHAHHS eeKTUBHOCTI
pi3HMX TUMiB CTOBOYPOBMX KNITMH Ta iX MPOAYKTIB cekpeuii
3 METOH BCTaHOBMEHHS Hanbinbw edeKTUBHMX BionoriyHnx
areHTiB AnA NpodinakTUKM N KOpeKLii KapAioTOKCUYHOCTI.

KoHdAikT iHTepeciB

Bci aBTopu nopanu po pepakuii 3anoBHeHy €auHy dopmy
PO3KPUTTS KOHMMIKTY iHTepeciB MikxHapoaHOro KoMiTeTy pe-
naktopiB MegnyHux xypHanis «ICMJE» (International Commi-
ttee of Medical Journal Editors), sika gocTtynHa 3a nocunaHHsAM:
http://www.icmje.org/conflicts-of-interest/.  AsTopu  pykonucy
CBIiOOMO 3acBig4vyloTb BIiACYTHICTb (hakTu4HOro abo nmoTeHUin-
HOro KOHGMIKTY iHTepeciB LWo[o pesynbraTiB  Liei pobotu
3 (papmMaueBTUYHUMK KOMMNaHisMK, BUPOBHUKamn BiomeanyHmx
NPUCTPOIB, IHWWMW OpraHisauismMu, Yni NpoaykTn, nocnyru, di-
HaHcoBa NigTpUMKa MOXyTb OyTU NOB’A3aHi 3 NpegMeToM Haaa-
HWUX MaTepianiB abo siki cnoHcopyBanv NpoBeAeHi AOCHIAKEHHS.

AOTpMMGHHﬂ €TUYHUX HOPpM

ABTOpU pyKONUCy CBIAOMO 3aCBiAYYIOTb, LLO €KCriepUMeEHTanbHI
OOCnifpKeHHs MpoBedeHO 3rigHO 3  BMMOraMu  HanexHoil
nabopatopHoi npakTtukm «GLP» (Good Laboratory Practice),
KoHBeHLUjii Pagu €Bponv Npo 0XopoHy XpebGeTHUX TBapuH, Lo
BMKOPUCTOBYIOTHCSI B €KCMEpUMEHTax Ta B iHLUMX HayKOBMX
uinax Big 18 Gepe3nss 1986 p., [dupekTuBu EBponecbkoro
napnameHnty Ta Pagu €C 2010/63/€C Big 22 BepecHsi 2010 p.
npo 3axuCT TBapwWH, $IKi BUKOPUCTOBYIOTbCS ANS HayKOBUX
uinen, Hakasy MiHicTepcTBa OXOpPOHW 300pOB’S YKpaiHW Big
14 rpyaHsa 2009 p. Ne 944 «[po 3aTBepmxeHHs lMopsaky npo-
BefleHHs JOKNIHIYHOro BUBYEHHS Mikapcbkux 3acobiB Ta ekcre-
pTU3M MaTepianiB AOKMiHIYHOrO BUBYEHHS MiKapCbKUX 3acobiBy,
3akoHy Ykpainu Big 21 ntotoro 2006 p. Ne 3447-1V «[po 3axucT
TBapWH BiA >XOPCTOKOrO MOBOAXEHHS» Ta iH.). [ocnimkeHHs
cxBaneHe Kowmicielo 3 nuTaHb eTukn Ta 6GioeTukn mMeamu-
Horo cpakynbTeTy XapKiBCbKOrO HauioHanbHOro YyHiBepcuTeTy
imeHi B.H. KapasiHa MiHicTepcTBa 0CBIiTW | Haykn YkpaiHu.

BUKOPUCTAHHS LUTYYHOrO iIHTEAEKTY

ABTOpKM pyKOMWCYy CBIAOMO 3acBiAYyHOTb, WO Yy Npoueci npo-
BeEeHHSA JOCNIAKEeHHSA Ta NiAroTOBKM LbOro PyKOMUCY HE BUKO-
pPUCTOBYBanM >XOAHWX IHCTPYMeHTIB abo cepBiciB reHepaTue-
HOrO LUTYYHOTO iHTENeKTy ANSA BMKOHaHHA OyAb-sKMX 3aBAaHb,
nepeniyeHnx y TakcOHOMii AeneryBaHHA 3aBAaHb reHepaTvB-
HOMY LWWTy4YHOMY iHTenekTy «GAIDeT» (Generative Artificial

systematic bias; inter-laboratory replication was not performed,
thereby limiting external validity and translatability to humans.
To mitigate these influences, the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines and Good Labora-
tory Practice (GLP) were followed, protocols were standardized,
and statistical procedures were described in detail. The results
are preliminary and require confirmation through multicenter
replication, dose — response analyses, inclusion of both sexes
and different age groups, use of organoids/human tissues,
and assessment of clinically meaningful endpoints.

Prospects for further research

Further studies should be directed toward expanding the
experimental model and clarifying the mechanisms of the
cardioprotective effect of mesenchymal stem cell-conditioned
medium. Promising directions include determination of optimal
doses and administration regimens of the conditioned medium,
as well as investigation of the duration and stability of its thera-
peutic effects. An important avenue may be comparison of
the efficacy of different types of stem cells and their secretory
products in order to identify the most effective biological agents
for prevention and correction of cardiotoxicity.
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