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AHOTAIIA

Morty3ok O. II. CkopoTivBa aKTHUBHICTh CKEJETHHX M’S31B 32 XPOHIYHOI
aJIKOTOJIbHOT MiomaTii Ta ii Kopekiis Bonopo3unHHUME Ceo (yepeHamH.

Hucepraiisi Ha 3100yTTS HAyKOBOTO CTYIMEHS JOKTOpa OIlOJIOTIYHMX HayK 3a
cremianpHicTIO 03.00.02 - Giodizuka — KuiBCbKuM HaIllOHAJILHUM YHIBEPCHUTET IMEHI
Tapaca llleBuenka, Kuis, 2026.

3a BUKOpPUCTAaHHA TEH30METpii, OIOXIMIYHOTO Ta TICTOJOTIYHOTO AaHAJI31B
JOCTIDKEHO CKOPOTJIMBY aKTUBHICTh CKEJICTHUX M s31B (IIBUJIKHUX 1 MOBUIBHUX) IIypIB 3a
XPOHIYHOI aJIKOroJIbHOT MiomaTii Ta ii Kopekuito Boaopo3uMHHUMHU Ceo (ynepeHamu
3aJIEKHO BiJ 103, CXEMH (710 B)KMBAHHS aJKOTOJI0, BXKUBAHHSA Pa30M 3 aKOTOJIEM 1 MICIs
B)KMBAHHS aJIKOTOJII0) Ta MEPOPATBHOTO 3aCTOCYBaHHS.

VYnepiie Ha MOJENAX aJKOTOJI30BaHWX TBApWH JOBEIEHO, IIO 3aCTOCYBaHHS
Bogopo3unHHUX Cg QyJiepeHiB y TepaneBTUYHIN cXeMi BBEACHHS (IepopalibHa I0JCHHA
n03a 1 MI/KT pa3oM 3 aJIkOToJieM YIpoJaoBk 3, 6 1 9 MicsIIB), sika BUSBHIACS HaMOUIbBII
e()EeKTHBHOIO, HOPMAaIi3y€ Yac BCTAHOBJICHHS TJIQJKOTO TETaHyca M’ s31B, 30UIbIIyE iX
CWJIOBY BIJNOBi/Ib, 3MEHIIYE «TPEMOp» Ta MOJOBXKYE HYaC HACTAaHHS M S30BOi BTOMH
MOPIBHSIHO 3 KOHTpoJjeM. biloxXiMiyHI JOCHIPKEHHST KpOBI Ta M’S30BOi TKaHWUHU
MIIOCTITHUX TBApWH 3aCBIIYMIIA BIJIHOBJICHHS TTOKa3HUKIB IMPO- Ta aHTHOKCHIAHTHOTO
OanaHCy Ta KJIHOYOBUX (DEPMEHTIB €HEPreTUYHOro oOMiHy. ['iCTOJOTIUHI JOCHIAKEHHS
MIATBEPAWIN 3HWKEHHS JAUCTPOMIYHUX 1 HEKPOTHMYHUX 3MIH Yy M SI30BHX BOJIOKHAX 3a
BUKOpPUCTaHHSI BOJOPO3UMHHUX Cgp (yNiepeHiB pa3oM 3 aJIKOroyieM. TaKoXX BHSIBICHO
3MEHIIECHHS PIBHS (PEPMEHTIB-MapKepiB ypa’K€HHS MEYIHKH MOPIBHAHO 3 KOHTPOJEM. Y
MEYIHI[l CHOCTepiraiu cladko BUPaXEHY ApiOHOKpAIIMHHY JIMIAHY JUCTpodito
renaToluTIB, OaloHHa JUCTpo(dis Oysia BIACYTHSA, IO CBIIYUTH MPO TeNaTONPOTEKTOPHY
nito Boaopo3unHHUX Ceo PyJiepeHis.

VYmepuie B pamMkax MOJEIBHUX PO3PAaXyHKIB IMOKa3aHO, 10 HaHOYacTHHKUA Cey
dbynepeHiB 3aaTHI e(PEKTUBHO 3B’S3yBaTH MOJICKYJIM €TaHOJA, BHUKIIOYAIOUU iX 3
MEeTa0OJIIYHOTO ITUKITY, 1, TAKUM YMHOM, 3MCHIITYBAaTH HETaTHUBHUM BIUIMB QJKOTOJIO HA
OpraHi3M 3arajioM 1 CKOpOTJIMBY aKTUBHICTh CKEJIETHUX M 531B 30KpeMa.

OpnepxaHi  pe3yJbTaTH  CBiYaTh  MPO  NEPCHEKTUBHICTb  BUKOPUCTAHHSA
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Bosopo3unHHUX Cgo (PyTepeHiB-aHTHOKCUIAHTIB Yy Tepamii ajaKorojJbHOI MiomaTii Ta
MIOB’SI3aHUX 3 HEIO ypaXKeHb MEUiHKH.

Kuio4uoBi ciioBa: ckeneTHi M s31; aTKOTOJIbHA 1HTOKCUKAITIS; XpPOHIYHA aJIKOTOJIbHA
Mionarisi; GloMexaHIuHI mapaMeTpHu CKOPOUEHHS M’ s13a; O10XIMIYHMIA aHaJ13; TICTOJIOTTYHUHN

aHaii3; Bogopo3unHHu Ceo GynepeH; aHTHOKCHIAHTHA JIis; MOJEIIOBaHHS

SUMMARY

Motuziuk O. P. Contractile activity of skeletal muscles in chronic alcoholic
myopathy and its correction by water-soluble Ce fullerenes.

Dissertation for the scientific degree of Doctor of Biological Sciences in speciality
03.00.02 - biophysics — Taras Shevchenko National University of Kyiv, Kyiv, 2026.

Using tensometry, biochemical and histological analyses, the contractile activity of
skeletal muscles (fast and slow) in rats with chronic alcoholic myopathy and its correction
by water-soluble Cg fullerenes depending on the dose, regimen (before alcohol
consumption, consumption together with alcohol and after alcohol consumption) and oral
administration were investigated.

For the first time, it has been proven in models of alcoholized animals that the use of
water-soluble Cg fullerenes in the therapeutic administration regimen (oral daily dose of 1
mg/kg together with alcohol for 3, 6 and 9 months), which turned out to be the most
effective, normalizes the time of establishment of smooth muscle tetanus, increases their
force response, reduces "tremor" and prolongs the time of onset of muscle fatigue compared
to the control. Biochemical studies of the blood and muscle tissue of experimental animals
showed the restoration of pro- and antioxidant balance indicators and key enzymes of energy
metabolism. Histological studies confirmed the reduction of dystrophic and necrotic
changes in muscle fibers with the use of water-soluble Ce( fullerenes together with alcohol.
A decrease in the level of enzymes-markers of liver damage compared to the control was
also found. In the liver, mildly expressed small-droplet lipid dystrophy of hepatocytes was
observed, balloon dystrophy was absent, which indicates the hepatoprotective effect of
water-soluble Cq fullerenes.

For the first time, within a calculation model it was shown that Cg fullerene
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nanoparticles are able to effectively bind ethanol molecules, excluding them from the
metabolic cycle, and thus reduce the negative impact of alcohol on the body in general and
the contractile activity of skeletal muscles in particular.

The results obtained indicate the prospects for the use of water-soluble Ce fullerene-
antioxidants in the therapy of alcoholic myopathy and associated liver lesions.

Keywords: skeletal muscles; alcohol intoxication; chronic alcoholic myopathy;
biomechanical parameters of muscle contraction; biochemical analysis; histological

analysis; water-soluble C¢ fullerene; antioxidant action; modeling.
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HEPEJIIK YMOBHHUX CKOPOYEHb
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BCTYII

AKTyaJIbHICTh J0OCHiIzKeHHsl. XPOHIYHUI aJIKOroJli3M - 3aXBOPIOBaHHS, IO
XapaKTePU3y€eETbC CHUHAPOMOM aJIKOTOJIBHOI 3aJIe)KHOCTI, BHACHIJOK SKOTO HACTAIOTh
crenuQiyHi COMaTUYHi, MIOTIaTUYHI Ta HEPBOBI po3naan. CMEPTHICTh BiJ alKOTOII3MY Ta
MOB'SI3aHUX 3 HUM CYITYTHIX 3aXBOPIOBaHb IOCIJIA€ TPETE MICIIE Y CBITI, MOCTYIAIOYUCh
JUIIEe CMEPTHOCTI BiJ CEPIEBO-CyIMHHUX 3aXBOPIOBAaHb 1 3JI0AKICHUX HOBOYTBOPEHB
[Volkow, et al., 2021]. 3rigao mannx BOO3 BHaACIiIOK BXXHUBAHHS QJIKOTOJIO HIOPIYHO
noMupae moHaj 3 MuIbiloHa 0ci0, cepell SKUX Moo Jroau BikoM 20-40 pokiB CKIIaIal0Th
omm3bpko 25% [Rehm, et al., 2009]. AnkoronbHy MIONaTii0 PO3IJAJAI0Th SIK CAMOCTIMHY
NaToJIOTIUHY (QOopMy, sKa PO3BUBAETHCS HE3AJEXKHO BIJ| IHIIUX MPOSBIB AJIKOTOJBHOT
XBOPOOU, TAKUX K YPaKEHHS MEUYIHKH, CEPIIEBOr0 M'si3a a00 aJIKOroJIbHOI MOJIIHEBpOMnaTii
[Predy, et al., 2001]. Po3pi3Hst0Th KUIbKa KIIHIYHUX (DOPM alKOTOJIBHOI MIomaTii, 10
PO3BUBAIOTHCA HA TJII IHTOKCHUKAIlli aJKOTOJeM Ta O0'€IHYIOTbCS €IUHUM TEPMIHOM —
«aJIKOTOJIb-IHAyKOBaHEe  ypaxkeHHs  M'sa31B»  [Fernandez-Sola, et al, 1996].
Haiinommupenimowo ¢GopMoOI0  ajJKoroib-1HAYKOBAHOTO YPaKEHHS M'SI31B € XPOHIYHA
aJKorojibHa MmiomaTis, ska 3ycTpidaetbes y 40-60% maifieHTiB, SIKi 3JI0BXKHBAIOTh
ankorosem [Vary, et al., 2008]. XpoHiuHa alKorosbHa MioNaTisl OB’ sA3aHa 13 CYKYMIHICTIO
CKJIQHUX O10XIMIYHMX, (DI310JIOTIYHUX 1 CTPYKTYpPHHX 3MiH CKEJIEeTHOTrO M'siza, Kl
BUHHMKAIOTh BHACIIIOK TPUBAJIOT aJIKOTOJIBHOT IHTOKCHKAIIT 1 MPU3BOASATH A0 BTPATH CUIIH
CKOpOYEHHS M’s3a 1 HOTO Macu. XpOHIYHA aJIKOTOJIbHA MIOMATIS MPOSBISETHCA TOCTPOIO
Ca0OKICTIO y M'sI3aX TOHIYHUMH CIIa3MaMH, BUCOKHM PIBHEM TPEMOPY Ta MIOTJIO0IHYPI€IO 3
BHCOKHM PHU3UKOM PO3BUTKY FOCTPOT HUPKOBOI HEOCTATHOCTI Ta JIETAJTLHOTO PE3yJIbTATY.
[Ipu maromopdomoriyHoMy MOCTIPKEHHI M'S31B 32 XPOHIYHOI aJKOTOJIbHOI Miomarii
BUSBJISIIOTH TOCTPUHN M'SI30BHIl HEKPO3 (paOAoMioi3) 3 TECTPYKIIEI M'SI30BUX BOJIOKOH 1
BHYTPIIIHbOKJIIITUHHUM HaOpSKOM, JI€HEpBallliHy CIIOHTaHHY AaKTUBHICTb Y BHIJISIL
MoTeHITiaMB (GiOPUIISIIi Ta 3MEHINIEHHS aMIUTITY A 1 TPUBAJIOCTI MMOTEHITIATIB il PyXOBUX
oaunHuIk [Bourgeois, et al., 2022].

JliarHoCcTHKa XPOHIYHOI aJKOTr0JIbHOI MIOIaTii MoB'sA3aHa 3 HU3KOK mpooiem. Ilo-
nepiie, XpoHiyHa (opma ajIKOTOJABHOI MiomaTii He CYNpPOBOIKYETHCS CYTTEBUM

MIIBUIICHHSAM PiBHA KpeatnHpochOKiHA3M Yy KpOBI; MO-Apyre, IpPH MPOBEACHHI
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enekTpomiorpadii He BHABIAIOTH XapaKTEPHUX Ui TEPBUHHOTO YpaXE€HHS M’ 3B
natojoriyHux 3MiH [Simon, et al., 2023]. Iloka3zaHo, 1m0 MOpP(OIOTIYHOI OCHOBOIO
XPOHIYHOT aNKOroJibkHOI Miomatii € arpodiss M'SI30BUX BOJOKOH 3a BIJCYTHOCTI O3HAK
¢$16po3y, HeKpo3y Ta 3amainbHOI 1HGIIBTpAIli, a CTYHIHb TSHKKOCTI aTpodii MoB’si3aHuil 3
TPUBAIICTIO BXKUBAHHS aJKOTOJIO 1 MPAKTUYHO HE 3aJIeXKUTh Bij ioro ao3u [Singh, et al.,
2000]. ITporpecyroua atpodist M'sI30BUX BOJIOKOH Bejie A0 BTpaTH Maibke 30% macu m'si3a.
BcranoBnieHo, 1m0 HaBiTh 4yepe3 5 POKIB MICHS MPUIMHEHHS B)XUBAHHS aJKOTOJIO HE
B1I0YBa€ThCS perpecy KIIHIYHMX 1 MOp(OJIOTIYHUX O3HAK 3axBoproBaHHs [Moser, et al.,
2022].

PO3BUTOK anKOroibHOI MIONATIi YacTKOBO TOSACHIOIOTh 3MIHEHMMH OKHCHO-
BI/IHOBHUMH CTaHaMHU Ta AUCOATaHCOM EHJOTCHHUX AHTHUOKCUJIAHTIB B OpPraHi3Mi, IO
3YMOBJIIO€ BIIMIHHICTh M1k KaTabosi3MoM 1 cuHTe30oM Oika [Otis, et al., 2009]. Ankorosb
0e3nocepeiHbO CIIpHsie YTBOPEHHIO akTUBHMX (opm kucHio (ADK), a iioro posman y
MEYIHI1 MPU3BOJUTH 10 YTBOPEHHS MOJIEKYJI, MOAANBIIANA METa0O0dI3M SIKHX IMPOAYKYE
A®K. AJTKOTOIb CTUMYJTIOE AKTUBHICTH IUTOXPOMIB Pyso, SIK1 TAKOXK CIIPUSIOTH YTBOPEHHIO
A®K. Takum unHoM, yTBopeHHs1 ADK 1 okrCcHMIT cTpec y renaToluTax BiAirparoTh OJHY 3
KJIFOUOBHX POJIE Y PO3BUTKY alIKOT0JIbHOI XBOpoOu nevinku [Wu, et al., 2003].

Edextusna inaktusaiis ADK Bogopozunnaumu HanogactuHkamu Ce Qyniepeny, sik
MOTY>KHUMHU aHTHOKCUJIAHTaMH, Y cuctemax in vivo [Goodarzi, et al., 2017; Gaur, et al. ,
2021] BiakpuBa€e HOBUI HAMPSIMOK /IS iX O10MEIUYHOTO 3aCTOCYBaHHS, 30KpeMa y Tepartii
3aXBOPIOBaHb, ONIOCEPEIKOBAHNX OKUCHUM CTpecoM. BaxkiinBo 3a3HaunTH, 10 MITOXOHIPI1
€ OCHOBHOIO opraHenorw mnpoaykyBanHsi A®K y ckeneTHux M's3ax 3a PO3BUTKY
QJIKOTOJIPHOI MiOMaTii, a BiITaK MOXKHA MPHUIMYCTUTH, 10 0100e3meyHi (mpuHaiMHI 3a
HU3BKHUX Jir0unx 103 [Prylutska, et al., 2019]) Bogopo3zuunni Cep QynepeHu 3 aKkTUBHOIO
MileHHi0 Ha MmiTtoxoHpli [Foley, et al., 2002] 3matHi 3MEHIIyBaTH HETATUBHY [IiI0
QJIKOTOJTI0 Ha (PYHKI[IOHYBAaHHS M’ SI30BOi CUCTEMH.

3B’5130K po00OTH 3 HAYKOBUMH NMpPOrpamMamM, IJiaHaMH, TeMamu. JlucepTaiiiiny
poOOTy BHUKOHAaHO B MeEXax HAyKOBO-AOCTIAHOI TemaTuku Kadeapu Oiodizuku Ta
HelpoOionorii  «biodi3uuHi  epekTh 1 MeXaHI3MU [l  €JIeKTPOMArHITHUX TIOJIB,

HaHOMaTtepialiB Ta (apMakoJIOTIYHUX PEYOBUH Ha OiojoriuHi 00’ektu» (Ne mepikaBHOI
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peectparii 0106U005751), mpo€ekTiB HAYKOBO-TEXHIYHOI (€KCTIEPUMEHTAIILHOT) pO3pOOKH
MOH VYkpainu «Po3pobka TexHomorii 3acTocyBanHs BOJOpOo3unHHUX Ceo QysIepeHiB Jist
3MCHIIICHHS] BTOMH CKeleTHuX M si3iB» (Ne nepskaBHOi peectpamii 0121U109986) Ta
«IHHOBaIIIIiHA HAHOOIOTEXHOJIOTIA AJI MPUCKOPEHHS MOCTTPaBMATHYHOTO BIJIHOBJICHHS
(GyHKII0HATBHOI aKTUBHOCTI OIOPHO-PYXOBOTO amapary» (Ne nepxaBHOI peecTparllii
0124U001303), a TakoXx HAyKOBOTO MOCHIHDKEHHS 1 PO3POOKH 3a PaxXyHOK TPAHTOBOI
MIATPUMKH KOHKYpCY «Hayka ju1st Bi0y10BU YKpaiHu Y BOEHHUN Ta TOBOEHHUH MEP10I1»,
npoekt HOJIY «Po3pobka TexHomorii 3actocyBaHHs BOgopo3uuHHUX Ceo PynepeHiB ais
BIIHOBJICHHSI (DYHKI[IOHAJIbHOI aKTUBHOCTI CKEJIETHUX M’SI31B Ha TJII MEXaHIYHOI TPaBMU»
((Ne nep>kaBHOi peectparii 0123U103585).

Mera Ta 3aBAaHHS JOCHIIKEHHSI: METOI0 poOOTH Oyno MpoaHaII3yBaTH
CKOPOTJIMBY AaKTHUBHICTb CKEJIETHUX M’SI31B 3a XPOHIYHOI ajJKOroJibHOI MmiomaTii Ta ii
KOPEKIIi10 BO10po3uuHHUMU Cgo QyJiepeHaAMHU.

JInst nocsirHeHHS i€l MeTH Oyau cOpMyIbOBaH1 TaKl OCHOBHI 3aBJAaHHS:

1. JOCIITUTH OlOMEXaHIYHI MapaMeTpu CKOPOYECHHS CKEJIETHUX M 31B (IIBUIKI Ta
MOBLIBH1) LIYpIB MICHS iX ajJkorofizamii ynpogosx 3, 6 1 9 micsuiB 3a aii BOAOPO3UYMHHUX
Ceo GynepeHiB 3aJIe’)KHO BiJl 03U, CXEMU (/10 BXKMBAHHS aJIKOTOJIIO, BXKUBAHHS Pa3oM 3
aKOTOJIEM 1 TTICJISl BXKUBAHHS aJIKOTOJII0) Ta IEPOPATHLHOTO 3aCTOCYBAHHS;

2. JTOCTIAUTH 010XIMIYHI TTOKa3HUKHU KPOB1 Ta M'I30BO1 TKAHWHU, T1CTOJIOTIYHI 3MIHU Y
M'si3aX IIypiB MICHS X aJIKOroJi3alii ynpoaosx 3, 6 1 9 micsiis 3a aii Bogopo3unHHUX Ceo
GynepeHiB 3aJI€KHO BiJ] 103U, CXEMHU Ta IEPOPATBHOTO 3aCTOCYBaHHS;

3. OLIIHUTH 3/1aTHICTh BOJIOPO3UMHHUX Cgo PyTEpeHiB 3MEHIIYBATH TSHKKICTh Mepediry
MATOJIOTIYHUX MPOIIECIB y MEUIHIII IIYypiB MICIs IX aJKorofizauii ynpoaoBx 3, 6 19 MicAiiB
3aJIEKHO BIJ 103U, CXEMH Ta MEPOPATILHOTO 3aCTOCYBaHHS;

4. TOCTIANTH MeXaH13MU i1 Bogopo3unHHUX Ceo PyiepeHiB 3a XpOHIYHOI aJTKOT0JIbHOT
MioTaTii.

O0’€eKT n0CiIKEeHHSI — CKOPOTIIMBA aKTUBHICTh CKEJIETHUX M’SI31B.

IIpeamer pociigkeHHs: - 6l0MeXaHIYHI TapaMETPU CKOPOUCHHS CKEJIETHUX M’ SI31B
Ta 010XIMIYHI MOKA3HUKH KPOBI 1 M'130BOT TKAaHWHH, TCTOJIOTIYHI 3MIHHM y M's3aX IIypiB 3a

XPOHIYHOI aJIKOTOJIbHOI MiomnaTii Ta Jii Bogopo3unHHUX Ce PysiepeHiB 3aJI€KHO BiJl J103H,
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CXEMHM Ta IEPOPAITBHOTO 3aCTOCYBaHHS.

MeToan [OOCHiIKEHHSI - MOJEIIOBAaHHSA aJKOTOJILHOI MiomaTii in  vivo;
TEH30METPUYHHUI aHalll3 CKOPOTIUBOI aKTUBHOCTI CKEJIETHUX M’A31B; CBITJIOBA Ta aTOMHO-
CHJIOBa MIKPOCKOMIl; JIWHAMIYHE pO3CIIOBaHHS CBITJa; MOJIEKYJSIpHA JHWHAMIKA;
O10XIMIYHMI aHAJII3; TICTOJOTIYHUM aHall3; CTATUCTUYHUH aHal3.

HaykoBa HOBHM3HA ojJep:kaHUX pe3yJbTaTiB. Pe3ynpTaTé  IOCHITKEHHS
NOTIMOI0ITh  (QYHIAMEHTAIbHI 3HAHHS 11010 PO3YMIHHS CKOPOTJIMBOI aKTHBHOCTI
CKCJIICTHMX M’ s31B 3a PO3BUTKY XPOHIYHOI aJKOTOJBHOI MiomaTii Ta ii KOpekmil
BOJI0po3UMHHUMHU Cgp PyJiepeHaMH 3aJI€KHO BiJ /103U, CIIOCOO0Y Ta CXEMHU 3aCTOCYBaHHSI.
30Kkpema, BIEpILIE 3alpolOHOBaHA TEPalleBTUYHA CXE€Ma BBEAEHHS BOJOPO3YMHHUX Cgo
dbynepeHiB (1oAeHHa TMepopaibHa J03a | MI/KT pa3oM 3 aJIKOTOJEM YHpPOJIOBK
€KCIIEpMMEHTA) MOKpallly€e O10MeXaHIuHI TapaMeTPU CKOPOUEHHS CKEJIETHUX M’ SI31B IIyPiB
HAa TJI iX TPUBAJIOI aJKOroJi3alli, M0 MIATBEPIKYEThCS JTaHUMHU O10XIMIYHOTO Ta
ricroyioriyHoro asamiziB. Bmepmie BctaHoBieHo, 10 Cg (yliepeH 3HMKYE pIBEHb
GayKTyaniifHUX KOJIMBaHb CHUJIM CKOPOUYCHHS M’5131B (TaK 3BaHHUM «TPEMOP») Ta MOJOBKYE
Yac J0 HACTaHHS iX BTOMU 32 XpOHIYHOI aJIKOT0JIbHOI MiOTaTii, 3SMEHIIIY€E TAXKKICTh IEpediry
MAaTOJIOTTYHHUX MPOLECIB y MEUIHIII IIyPiB HA Tl iX TPUBAJIOI AJIKOTOJIbHOI IHTOKCHKAIIIT, 1110
CBIJTYUTH TIPO MOTO TenaTOMPOTEKTOPHY Jit0. 32 BUKOPUCTAHHS MOJIETBHUX PO3PaXYyHKIB
BIIEpIIE MOKa3aHO, 10 HaHO4YacTUHKH Cgo (ynepeHiB 374aTHI €(EeKTUBHO 3B’SI3yBaTU
MOJIEKYJIM €TaHOJIa, 3SMEHIITYIOUHM TAKUM YMHOM 1X HETaTUBHUN BIUIMB Ha (YHKIIOHYBaHHS
M’S130BOT1 CUCTEMH.

IIpakTH4He 3HAYEHHS OJeP:KAHUX pe3yabTaTiB. [[poeMoHCTpOBaHI HA MOAEISIX
in vivo edexTn nii Bogopo3unHHuX Ceo PyTepeHiB y pi3HUX YaCOBHUX 1 JO30BUX J1alla30HAX
BIJIKpUBAIOTh HOBI MOXKJIMBOCTI JJIi CTBOPEHHS €(PEKTUBHHUX JIKAPChKUX 3ac001B Ha iXx
OCHOBI, IO CHPUSATHME 3HUKEHHIO OKHCHOTO CTpPECy y KIITHHaX 1 CYOKIIITHUHHHUX
CTPYKTypax OpraHi3aMy Ta 3MEHIICHHIO MAaTOJOTIYHOTO BIUIMBY BIIBHOTO €TaHOJA Ha
CKEJIETHO-M S130BY CUCTEMY.

Ocobuctuii BHeCOK 3100yBaua. J{ucepTaliis € CaMOCTIHHOIO HAyKOBOIO TIPAIICto, J1e
BHUCBITJICHO BJIACHI 171ei aBTOpa, SIK1 JO3BOJIMJIM BUPIIMIUTA TOCTaBJeH1 3aBaaHHs. PoboTa

MICTUTh TEOPETHUYHI Ta METOJIMYHI MOJIOKEHHS 1 BUCHOBKH, C(POpMyIhOBaHi 3700yBauemM
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ocobucto. Bukopucrani y nuceprartii i7iei Ta rimoTe3u IHIMUX aBTOPIB MAIOTh BIAMOBIIHI
MOCHJIaHHS.

Amnpobauis pe3yabrartiB aucepranii. OCHOBHI pe3yIbTaTH pOOOTH JOMOBIAATUCS Ha:
IV HaykoBo-npakTH4HINA KOH(pEpEHIIil ,,AKTyalbH1 MUTAaHHS MMaTOJIOT1I 3a YMOB Jii Ha/13BU-
yaitnux ¢aktopiB Ha opranizm’ (Tepuonins , 2013); V Beeykpainchkili HayKOBO-TIPAKTHY-
Hil KoHpepeHIi ,,bionoriuni nocmimxenus” (Kuromup, 2014 1 2015); I Bceeykpaincbkiit
HAyKOBO-TPAKTUYHIN KOH(pEpEeHIli 3 MDKHAPOJIHOIO0 yyacTio «CyyacHl mpoOjeMu BHKIa-
JaHHS Ta HAYKOBUX HociimpkeHb Oiomorii y BH3 Ykpainn» (Auinponerposcrk, 2014); XI
MDKHapoHIA KoHpepentii “Monoas 1 noctyn 6iomorii” (JIsBiB, 2015); X1 MixHapoaHiit
KoH(pepeHuii «bionoris: Big Mosiekynu A0 6iochepu» (Xapkis, 2016); XXI MizkHapoTHOMY
meauaHoMy koHrpeci (Tepuominb, 2017); XI MiknapoHiid HAyKOBO-TIPAKTHYHIN KOH(e-
pennii «Mosona Hayka BomuHi: TpiopuTeTH Ta NEPCHEKTUBU AOCTiKEeHB» (JIyIbK,
2017); HaykoBo-npaktuuHii koH(pepeHuii «dDi3ionoris — MeauluHi, (papMarii Ta negaro-
rili: akTyalibHI Mpo0iieMu Ta cydacHi nocsrHeHHs ( Xapkis, 2017); VII konrpeci HaykoBoro
TOBApUCTBAa AHATOMIB, TICTOJIOTIB, €MOpioJioriB, TomnorpadgoanatomiB Ykpainu (Ojeca,
2019); HaykoBo-npakTuuHiii koHpepenuii “IIpuknanni acnekTu Mop(}osorii excriepumeH-
TaNbHUX 1 KIHIYHUX Jochipkens” (TepHomnins, 2019); MiskHapoauux HayKOBUX KOH(e-
penuisix "Nanotechnologies and Nanomaterials” (JIbBiB, 2022, bykosens, 2023, Yxropon,
2024, bykosens, 2025); VII, VIII ta IX 3’i3gax YkpaiHcbkoro 610(pi3uyHOro TOBapUCTBA
(JIyask, 2015, Kuis, 2019 1 2023), a takox HaykoBux ceminapax HHII "[acturyT 6iomorii
Ta MeauuuHn" KHUIBCHKOTO HalllOHAJILHOTO YHIBepcUTEeTY iMeH1 Tapaca I1leBuenka Ta xade-
apu Pizionorii moauHu 1 TBapuH BHY imeni Jleci Ykpainku.

Huceprariiiss Ha 3700yTTS HAayKOBOTO CTyNEHS KaHauaara OlojoriyHux Hayk «Oco-
OJIMBOCTI €JIEKTPUYHOT aKTUBHOCT1 KOPH TOJIOBHOTO MO3KY IPH TBOPYIN JIITEpaTypHIN Mis-
JTBHOCTI» Oyna 3axuimiena 6 depBHs 2006 p. 3a crenianbHicTIO 03.00.13 — disionorist mro-
JIMHU 1 TBapuH. Martepiaiv 1 BACHOBKH KaHAUAATChKOI JucepTallii He BUKOPUCTAHI B KOJIHIM
YaCTHHI JOKTOPCHKOI UcepTallii aBTopa.

Anpobaunisa matepiajiB aucepranii. 3a MaTepiasiaMmu aucepranli omyomikoBaHo 10
cTaTeil y HayKOBUX (paxoBUX BHUJAHHSIX YKpaAiHUT Ta | cTaTTiO B 1HO3eMHOMY (haxOBOMY

BUJIaHHI, 17 cTaTell y mepioguYHUX HAYKOBUX BUJAHHSX, MIPOIHACKCOBAaHUX y 0a31 JaHUX
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Scopus, 3 Hux 10 crarell y BUgaHHsX, BIIHECEHUX JI0 mepuIoro i Apyroro kBaptuiiB (Q1 1
Q?2) BianmosigHo 1o kiracudikamii SCImago Journal and Country Rank, a Takox 20 Te3 go-
MOBIICH HA BITYM3HIHUX 1 MIKHAPOJIHUX KOH(PEPEHITISAX.

CrpykTtypa Ta o0car guceprauii. J[ucepTaiiiitna podoTa y BUTJIsA1 HAYKOBOI OO~
BiJIl BUKJIaJIecHa Ha 63 CTOpIHKAaX, CKJIAJIa€ThCs 31 BCTYMY, YOTHPHOX PO3MLIIB, y3araib-

HEHHs, BACHOBKIB 1 JIOJaTKa.
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OCHOBHMUH 3MICT POBOTHU

MATEPIAJIU TA METO/JIU JOCJII’KEHHSA

Yci ekcrepuMeHTH MpOBOAMWIM Ha Ja0OpaTOpHUX TBapUHAX 3 JOTPUMAHHIM
MDKHAPOJHUX TMPUHIMIIB «EBPONEHCHKOI KOHBEHIT PO 3aXUCT XPEOSTHUX TBApUH, K1
BUKOPHUCTOBYIOTHCSI B €KCIIEPUMEHTANIBHUX Ta 1HIIKUX HayKOBUX IUIsIx» (CtpacOypr, 1986),
Ta cTarTi 26 3akony Ykpainu «[1po 3axucT TBapuH BiJ KOPCTOKOTO MOBOIKEHHs (No3447 -
IV,21.02.2006), a TakoX yCiX 3arajJbHONPUUHATHX HOPM O10€TUKH Ta 01010T14HOT O€3IeKH.
[Ipotokon nocnimkeHHs OyB 3arBepkeHuid Kowmiciero 3  0Oloetuku KuiBchkoro
HaIllOHAJIBHOTO YHiBepcuTeTy iMeHi Tapaca IlleBuenka (mpotoxon Ne4 Bin 30 numas 2024
poKy).

B ekcnieppmMeHTax BUKOPUCTOBYBAJIM LypiB-caMIliB JiHli Wistar BikoM Bia 1 Micsis
Baroto 170 = 5 r (n=12 y xoxHii nigaocniaHii rpymi). KoHTponbHa rpymna oTpumyBaa
100% nutHy Bony. IlimmocmigHi TBapunu (3 rpynu) BxkUBaiu ankoroib (40% eranon y
NUTHIN BOJI1) ynpoaoBx 3, 6 1 9 MicsiiB. CoKMBaHHS KUJIBKOCTI €TaHONY pO3paxoBYyBaIU
y BigHomeHHi 0,5% Bix MacH Tila TBapUHU. 3HAYEHHS BMICTY aJKOTOJIO Y KPOBI LIypIB
BHU3HAYAJIM 3a JIONOMOTOI0 aHajizaTopa ainkoroito (AM1, Benukoopuranis). [lepepaxyHok
71034 TPOBOMIIN II0JJ0O0BO YIPOJAOBK €KCIIEPUMEHTY. [HIII TiAA0CTIAHI TBAPUHU TTOPSI 3
aJKOroJieM BxkuBaiu BogHUM po3uuH Ceo pynepeny (CeoBP®) y n1031 1 Mr/kr Baru TBapuHu
YOPOJOBX EKCIEPUMEHTY Ta OyJiM paHIOMHO TMOAUICHI Ha Takl Tpynu: 1 — mepopaibHe
BBeJIcHHSI CqoBP® 3a 1 rog mo npuitomy ankoromnto; 2 — nepopaibHe BBeleHHs CqoBP®
pazoM 3 ankorojieM; 3 — mepopaiibHe BBelneHHSI CqBP® uepe3 1 ron micinsa npuiiomy
AJIKOTOJTIO.

s orpumanns CeoBP® BUKOpHUCTOBYBAIM METO/, 110 0A3Y€EThCS HA IEPEHECEHH] MO-
nekyl Cep 3 TOJIyOJTy Y BOZY 32 yiIbTpa3BykoBoi 00pooku (8 I'mi, 8 ron) [Ritter, et al., 2015].
Otpumanuit CeoBP® y makcumanbHiii koHtenTpauii 0,15 mr/mi 36epirae ctabiIbHICTD YII-
ponoBxk 12—18 micaiiB 3a Temmnepatypu +4-25°C.

Po3mip HanowactuHok Ceo (Qynepeny y CeoBP® Bu3Hauanum merogamu aToMHO-
cuioBoi mikpockorii (ACM) ta quHamiuHoro po3citoBanss cBiTia (JJPC). ACM nani (puc.

1A) neMOHCTPYIOTh MPUCYTHICTh Y BOA1 SIK TOOAMHOKUX MoJiekyl Ceo (iameTp ~0,7 HM),
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Tak 1 X HaHOKJAacTepiB miametpom ~1,4, ~2.0, ~2,8 1 ~3,5 HM.

Hani JIPC (puc. 1b) Takox neMoHCTpyioTh NpUCYTHICTh Yy CqBP® Benukux
HAHOKJIACTEPIB 3 TiApOoaUHAMIYHUM giameTpoM ~64 (8%), ~75 (32%), ~82 (42%) i ~106
(18%) am. Hapemri, 3Hadenns na3era-noteHmiany mis CqoBP® ckmamano -25,3 mMB, mo
CBITYHUTH TIPO HETAaTHBHHM 3apsj MOBEPXHI HAHOYACTHHOK y PO3YMHI Ta HOTO BHUCOKY

CTaOLIBHICTh, TOOTO HU3BKY CTYIIHB arperaiiii HaHOYaCTUHOK 3 YaCOM.

~2.8 aM ~2 HM ~ 1.4 um

~3.5 M ~0.7 am 40+

w
o
Il

Kinbkicts, %o
N
(=}
1

[ e— ] 0 S
. 100 200
[ZERN] Hiamerp, Hm

A b
Puc. 1. ACM 306paxkenHss HaHO4acTUHOK Ceo PynepeHy (A) Ta po3nofin KUIbKOCTI
HaHo4acTUHOK Ce hysiepeHy BiAMOBIIHO J0 iX TiApoauHaMiyHoro aiametpy (b), mpucyTHix

y CeoBP® (0,15 mr/mm).

Jlnst peectpaitii enexTpodi3i0I0TrYHIX CUTHAIIB BUKOPUCTOBYBAIHM 12-TU pO3psi-
HUW aHanoro-uu@poBuil Ta 1udpo-ananorouid nepersoproBady (ALII-IIAIL, NI USB-
6009, CILIA). Buxiani imnyascu LHAIT (DS2A, Digitimer, CIIIA) 3aiiicHIOBaIM CTUMYJIS-
11f0 HepBiB. BXimHi curHamu yepes macmmoBad (Brownlee model 440, CIIIA) nogaBanm Ha
ANII 1 peectpyBanu 3 yactororo 10 kI'u. Cuiry CKOpoU€HHS BUALIEHOTO 3 OTOUYIOUUX TKa-
HUH CKEJICTHOTO M'si3a PEECTPYBAIU 3a JOTMIOMOTOI0 T€H30METpHUYHOTO oOnamHanHs (ASI
305C-LR Dual-Mode Lever System, CILIA). 3a nonepeaHb0i MiATOTOBKHU 10 EKCIEPUMEHTY
aHeCTe3110 MiJAOCIIIHUX TBapUH 31MCHIOBAIIM BHYTPIIIHLOUEPEBHUM BBEJCHHSIM 30Je-
Tty (25 mr/kr, Virbac, ®@paniist). CranmapTHa TiArOTOBKA BKIIIOYAIa KAaHIOIIOBAHHS (d.
carotis communis sinistra) AJi1 BAMIPIOBAHHS THCKY Ta JIAMIHEKTOMIIO Ha PIBHI OMEPEKO-

BOTO BIAJILITy CHUHHOTO MO3KY. JIJi MATOTOBKH IO MOYJIbOBAHOT CTUMYJIALIT €()EepPEeHTIB y
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L4-L5 cermenTax mepepi3aii BEHTpaJIbHI KOPIHII 0€3MOCepeaHbO y MICIIX IXHBOTO BU-
XOJly 31 CIIMHHOTO MO3KYy. CTUMYIIAILI0 edepeHTIB 3A1MCHIOBANIN €IEKTPUYHUMH IMITYJIb-
caMu TPUBAJICTIO 2 MC, C(hOPMOBAHUMHU 3a JOTIOMOTOI0 TeHepaTopa iMimyibciB. KoHTpoIb
30BHIITHHOTO HABAaHTAXKCHHS Ha CKEJIETHUI M’ 513 3/IIHCHIOBAJU 32 JJOTIOMOTOI0 CHCTEMU MeE-
XaHOCTUMYJISATOPIB. [171st popMyBaHHS CTUMYIIOIOYUX CUTHAIIB BUKOPUCTOBYBAJIM MIPOTpa-
MOBaH1 reHepaTOpy CUTHAIIB crelianbHol popmu. CKOpoUueHHS M’ s3a BUKIIMKAIU Oe3perna-
KCaIllIHOIO eJeKTpocTUMyJIsiii€eto yactororo 50 ' ynpoaosxk 2,4 1 6 ¢, a TakokK YaCTOTaMU
10, 151 20 ' yripoioBsx 6 c¢. Jlis akTuBariii M'si30BOi BTOMU BUKOPUCTOBYBaJIN Oe3periak-
cauiiny ctumyisiito yactororo 1 'y tpuBamictio 1800 c.

[Ipyn aHamizi CKOPOTIMBOI BIAMOBIJII CKEJIETHOTO M'si3a BUKOPHCTOBYBAJIM TaKi
OloMexaHIYHI TapaMeTpH, IK MapKepu AUCPYHKIT IEBHOI JIAHKH Y JIAHIIIO31 «30YIKEHHS —
BIIMOBIZIb» M’si3a, a came: 4ac 3HWIKEHHSI CHJIM CKOPOYEHHS M’si3a JI0 HYJbOBOTO PIBHS
MiCysl MPUNIMHEHHS CTUMYJIIL (tp); 4ac MOYaTKy CHIJIOBOI BIANOBiMAI M'si3a (JIATEHTHUN
NeP10J; tstart); YAC 3MEHILICHHS CHIIM CKOpOYeHHS M'si3a Ha 50% BiJ1 TOYaTKOBOTO P1BHS (ts0);
4yac JIOCSTHEHHS M'SI30BOI0 CHJIOI0 MAaKCUMaJIbHOTO PIBHS (tmax); YAC BCTAHOBJICHHS
[JIAIKOTO TeTaHycy M’si3a (t;); IMIyJIbC CUIIM M’si3a (S - po3paxoBaHa IUIONIA i KPUBOIO
CUJIM CKOpOYeHHs M’si3a); MiHiManbHA (Fuin) Ta MakcumanibHa (Fax) CHIIM CKOpOYEHHS
M’si3a; BeMMYMHA (DIYyKTyariiHUX KOJHMBAHb CHJIM CKOpodeHHS M’siza (Af); ammiityga
MMOOJAMHOKHUX CKOpPOUEHb M’si3a (fa).

Konnentpanii kpeatuniny, kpeatundocdokinazu (KDPK), makrara (JIA), nakrarme-
rigporenasu (JII'), mepokcuna Bonuwo (H»O»), BiAHOBIIEHOTO TIIyTaTiOHa, KapOoTiapar-
nedirutHoro Tpancdepuna (KIT), a Takoxk akTUBHOCTI KaTajla3u, CEJIEH-3aJIeKHOI ITyTa-
tionnepokcuaasu (I'Tl), cynepoxkcunaucmyrasu (CO/), ananin-aminorpancdepaszu (AJIT),
acnaprar-amiHotpaHcdepasu (ACT), ramma-rinyramintpancdepazu (I'T'T) Ta myxHoi poc-
darazu (JID) y kpoBi Ta M’s30Bili TKaHWHI MIJAOCIIIHUX TBAPUH, SK MapKEepU IOIIKO-
JOKEHHS M’ sI31B 1 TICUIHKH, BU3HAYAIU 3a JIOIMIOMOIor0 OioxiMiuamx aHaiizaTopiB RNL-200
ta JN-1101-TR2 (Hinepnaunu), ABX Micros ESV60 Ta Pentra C400 (®paniis).

3pa3ku CkeJIeTHUX M’s13iB Ta medinku (ikcyBamu y 10% dopmanini 1 3anmmuBanu y mna-
padid. BUroToBIsid 3pi3u TOBLIIMHOIO 5 MKM 1 (papOyBaiiu iX reMaTOKCUIIHOM Ta €03UHOM

a00 TreMaToKCWJIIHOM Ta TiKpokdykcuHOM 3a MetogoM Ban ['izona. Iludposi
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MikpodoTtorpadii 3pa3KiB OTPUMYBAJIU 3a JAOMOMOTOI0 CBITJIOBOIO MIKPOCKOMA, CyMillie-
HOTO 3 KoMmIT toTepoM (Mikpockon Olympus BX41 1 uudposa porokamepa Olympus C-5050
Zoom), Ta MPOBOJUIIN iX TICTOJIOTIYHHMIA aHAJI3 32 BUKOPUCTAHHS MPOTPAMHOTO 3a0e3re-
yenHs [magel (CILA).

Crpykrypa noonunokux Ceo dynepeHiB Oyia modyoBaHa 3a JJOMOMOTO0 IPOrpaMu
Avogadro [Hanwell, et al., 2012]. Hanoxnactepu Ceo ¢ynepeniB Oynau moOymaoBaHi 3a
jonoMororo makery nporpamu PackMol [Martinez, et al., 2003]. Ix momimanu y po3uns,
o MictuB 1000 mosekyn etanony 1 23832 Mosekyiu Boau, 1o Bianosigae 11% coupty
(MonenbHe HaOmkeHHs). MonekynsipHa nquHamika (M) mocnimxyBaHoi cuctemu Oyia
peanizoBana B pamkax nporpamu NAMD [Phillips, et al., 2020] 3 BUKOprCTaHHSIM CHIIOBOTO
noist CHARMM 36 3 tunom TYP3P atomiB Bonu ta napamerpamu Girifalco VDW st
Mosekyn Ce [Girifalco, 1991]. TpuBanicte M/l — 30 HC 32 HOpMaJTbHUX YMOB.

CratuctruyHy 00poOKy eKCIIepUMEHTAIBHUX PE3yJIbTATIB MPOBOJIMIIN 32 JOIIOMOTOIO
nporpamHoro makety Statistica 8.0 (Dell, CIIIA) 3 BHUKOpUCTaHHSM HOpPOUEAYpPHU
nucnepciitHoro ananizy (ANOVA) 31 3mimanum nuzaitHom. [lepenbayanu 18a MiKIpyIIOBI
dakTopu: 1) ankoromizaiis (Tpy piBHI — TpUBANICTh 3, 6 Ta 9 Mics1iB); 2) 3aCTOCYBaHHS
CosoBP® (nBa piBHI — BincyTHICTh Ta BUKopucTtanHa CeBP®). [Ipunymenus npo te, 1o
EKCIIEpUMEHTAJIbHI JaHl BIAMOBIAAIOTE HOPMAJbLHOMY pPO3MOILTY Oy TiepeBipeHi 3a
nonoMoror Tecty Illamipo-Yinka. [ns oOWIHKKM pIBHOCTI JUCHEPCId MDK TpynaMu
BUKOpucTOBYBaiM TecT JlepeHa. Kinbka mapHMX TOpIBHSHB MK PI3HMMH TpylaMu Ta
yMOBaMHU TIPOBOJWJIM 3a JIOMOMOTOI0 post-hoc tecty boudepponi. BiaminHOCTI MiX
rpynamu BBaxkanu 3HauymumH 3a p<0,05. KoxHa 3 ekciepuMEeHTaJIbHUX CHJIOBUX KPUBUX
€ pesyiabTaToM YycepenHeHHs 10-Tu aHaJIOTIYHUX eKcrhepuMeHTiB. bioximiuni maHi
NPECTABIJICHI K CEpeIHE 3HAYCHHS + CTaHJapTHA TIOMUJIKA CEPEAHBOTO TSI KOXKHOI TPyTIH

(MOBTOPIOBAHICTH BUMIPIOBaHb CKJIaJalia HE MEHIIE TPbOX Pas3iB).
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OCHOBHI PE3YJIbTATH JOCJIJIXKEHb TA iX OGIrOBOPEHHSA

PO3/1JI 1. biomexaHiyHi mapamMeTpH CKOPOYEHHSI CKeJEeTHHUX M’fI3iB IIypiB,
0ioxXiMiyHi NMOKA3HUKH KpOBi Ta M'AI30BOI TKAHWHH, TiCTOJIOriYHiI 3MiHM Yy Hiill 3a
XPOHIYHOI AJIKOT0JIbHOI MionaTii Ta Ail Bogopo34uHHuX Ceo yJiepeHis.

XpoHiuHa aJKOroJibHa MiomaTis croctepiraerbes y nmoHan 40% ocib, sxi TpuBanui
4ac 3J0BXXHUBAIOTh AJIKOTOJIEM, 1 XapaKTePU3YETHCS 3HIKEHHSIM M’ SI30BOT CHIIH, PO3BUTKOM
IPOKCUMAIBHOTO Mape3y Ta aTpodiero ckeaeTHUX M’ s31B. [{oci He 3°4COBaHO, SIKU YMHHHUK
Mae€ BUpIMIATbHE 3HAYCHHS IS 11 BHHUKHEHHS - TPUBAJIICTh BXKUBAHHS aJIKOTOJIIO, YU MOTO
KUIBKICTh. 3a3HAYMMO, MO ISl MATOJIOTisl HAMOUIbII BHUpa)eHa y M'si3ax, IO HIBUIKO
CKOpouyroThesa (musculus gastrocnemius). llIBuaki M's3uM  aJIKOTOJI130BaHUX TBapUH
PO3BUBAIOTh 3HAYHO OUIBIIY CHUJIYy CKOPOYEHHS IMijJ Yac BHCOKOYACTOTHOI CTUMYJISINT
MOPIBHSHO 3 MOBUIBHUMH M'sizamu (musculus soleus). XpoHIYHE BKUBAaHHS aJKOTOJIO
MPU3BOAUTH 0 3MEHIICHHS Macu musculus gastrocnemius Ta TUIONI iX TMOMEPEYHOTO
nepepizy. HaTtomicTh 3MEHIICHHSI aiaMeTpy BOJOKOH musculus soleus € He3HAYHUM 3a
MOJIOHUX YMOB aJIKOTOJI13aIl1i.

ETaHON € TOKCHYHUM areHTOM, L0 YMHUTh SK MPSIMHM, TaK 1 ONOCEPEIKOBAHMIA
BIUTHB Ha M’30BY CHCTEMY, CIIPHSIOUN PO3BUTKY aIKOroNbHOI Mionartii. Moro mMetaGomizm
TICHO TIOB’SI3aHUU 3 JTISUIBHICTIO (DEPMEHTIB, 3JIy4€HHUX JI0 MPOIIECIB OKUCHOTO CTPECY Ta
yTBOpeHHs A®K, 3m1aTHUX TMONIKOMKYBAaTU KITHHU 1 TKaHUHU. OKHCHHI CTpec
PO3BUBAETHCS BHACIIJIOK OPYIICHHS piBHOBaru Mixk reHepaiiero ADK ta edexkTuBHICTIO
AHTHOKCHJAHTHOTO 3aXUCTy. OCHOBHUM HUISXOM METabo01i3My €TaHOY € HOTO OKUCHEHHS
y MEYiHIl 3a Y4YacTIO aJKOTrOJbJAETIApOTreHa3H, a Takoxk uuToxpomy P-450 2E1, mio
CyNpoBOUKYy€eThCSl  yTBOpeHHsIM A®dK, mopymeHHs M penokc-06amaHCy KIITHH Ta
YIIKOJXKEHHAM TKaHUH P13HUX OPTaHiB.

Y TBapuH, SKi BXHMBQJIM aJKOTOJb YMPOJOBXK TPHUBAJIOTO Hacy, 3adikCoBaHO
3HM>KEHHSI aKTUBHOCTI (DEPMEHTIB CUCTEMU TIIyTaTIOHY, MOCUJICHHS KapOOHLUII3allil OUIKIB,
TIIBUILIEHHS PIBHIB XOJIECTEPUHOBUX TiIPOTEPOKCUIIB 1 MAIOHINAIBACTHIIB, IO BKa3ye
Ha PO3BHUTOK OKCHIATHUBHOTO YIIKOMKEHHS. Y JIOJEH, SKi 3J0BKMBAIOTH AJIKOTOJIEM,

HaaMipHa reHepaiiist AOK y mikpocomanbHIN Ta MITOXOHpiadbHIA CHCTEMaX MPU3BOIUTh
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710 TIOPYIICHHSI OKUCHEHHS JKUPHUX KUCIIOT 1 MOCWJICHHS IEPEKUCHOTO OKMCHEHHSI JITTITIB
(ITOJI) - miToXOHApIaNbHI YPAKEHHS BUSBJISIOTh Mal>ke y TPETUHU Malli€HTIB. BusBnenuii
BHUCOKHUH PIBEHB T'1IPONIEPOKCH/IIB XOJIECTEPUHY Y IIBUIKOMY M's31 TOPIBHSHO 3 MOBUILHUM
M'SI30M CBITYMTH MPO HU3bKY aHTHOKCHUIAHTHY aKTHBHICTh Y M'si3aX, OaraTux Ha BOJIOKHA
tunty II, 3a ankoronpHOi Miomatii. EQEKTHBHICTH AHTHOKCHUJIAHTHHX MEXaHI3MIB Yy
30anmaHcyBaHHI MiABUIIEHOTO yTBopeHHsS ADK y mBuakux m’s13ax 3HMKEHA, 0 POOUTH iX
OUIBII YYTIMBUMH JO0 OKHCHOTO CTPECYy Ta, 3PEIITO0, BEAE J0 MOPYUICHHS CKOPOTIMBOI
dbyHKIII1, IIBUIKOT BTOMH 1 TpaBMYBaHHS.

Byrneuesi Hanouactuaku Ceo QysiepeHiB Bigomi Ak edextuBHI BiaoBmoBadi ADK y
cucTeMax in Vitro Ta in vivo. IX aHTHOKCHIAHTHHMI MOTEHIia] TEpPEBHILYE AKTUBHICTh
BiTamiHa E y 3amoOiranHi NOpyIIEHHI0O MEMOpaHHOI IUTICHOCTI. BcTaHoBieHO, 110
Bofopo3unHH1 Ceo Qynepenn y manmux no3ax (0,1—-1 Mr/kr) 3MeHIIyIOTb M S30BY BTOMY
ypiB eeKTUBHIIIE, HDK TPaAMIiiHI aHTUOKCUAAHTH N-alleTHIILHUCTEIH 1 [-allaHiH, [Ki
IIMPOKO 3aCTOCOBYIOTh y CHOPTUBHIN MeaunuHi. BoHu nerko (macuBHa audysis ado
€HJIOLIUTO3) TMPOHUKAIOTh BCEPEAUHY KIITHH Ta HAKOIMUYYIOTHCA TEPEBAKHO B
MITOXOHpisiX. BcTanoBneHo, mo BennuuHa JI1]1so 11 urypiB 3a iX nepopaibHOTO BBEACHHS
ctaHoBUTh 600 Mr/kr. Cep QyJiepeHN HAKOMUUYIOTHCS MEPEBAKHO B MEYIHII, CEJIE3IHII Ta
IIUTYHKY 1 BUBOJISITHCS 3 OPTraHi3My YIPOJOBXK 72 IO 13 ce4ero. 3T1IHO HEIOIaBHUX JIAHHX,
BoAopo3unHHI Cgp (PyJepeHn XapaKTepu3yIOThCS TPUBAJIOK KIHETHKOIO eNMiHaIlli, 0
3a0e3reuye iXHIO MPOJOHTOBaHY (10 48 TOJ) CTUMYJIALIIO €HJIOT€HHOT aHTHOKCHUIAHTHOT
BIJIMTOBI1 TIPY M’ SI30BOMY HaBaHTa)KEHHI.

3aBgaHHSAM LIOTO €Talmy poOOoTH OyJIO OLIHUTH 10 BOJOpo3unHHUX Ceo PynepeHiB
Ha OlOMexaHIYH1 MOKAa3HUKH CKOPOTIWBOI aKTUBHOCTI musculus gastrocnemius 1typiB 13
XPOHIYHOK aJIKOTOJIbHOI 1HTOKCHKAIIIEI0 3aJieKHO BiJ J03U, CXEMHU Ta MNEPOpPaTbHOIO
croco0y BBEJICHHS; MpOaHalli3yBaT 010X1IMIYHI MOKa3HUKU KPOB1 Ta M’ 5130BOi TKAHWHH, SIK
MapKepiB M’ SI30BOTO MOITKOHKEHHS, @ TAKOXK MOPQOJIOTIUHI 3MIHUA Y M’ SI30BUX BOJIOKHAX;
HapellTi, NOPIBHATH €(EeKTUBHICTb Ail BOJIOpO3uMHHUX Cgo (yJepeHIB HA CKOPOTIHUBY
aKTUBHICTh musculus gastrocnemius Ta musculus soleus utypiB 3a XpOHIYHOI aJIKOTOJIBHOT

miomnarii.
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3HaueHHs KOHIIEHTpAIIil aJIKOTOJII0 y KPOBI IIYPiB MIC/IsI XpPOHIYHOTO B)KMBAHHS €Ta-
HOJTy KoJiuBaiocs Bif 147+5 mr/nn (3 micami BKuBaHHS ajnkoroir) g0 253+10 mr/mn (9
MICSIIIB BXXUBaHHS ankoroio). [lepopansue moaeHHe 3actocyBanHs CeBP® ympomox
EKCIIEpUMEHTA 32 ONTUMAJIBHOI 103U | MI/KT B paMKaxX TeparieBTUYHOI CXeMH (pa3oM 3 all-
KOT'0JIEM) HE MPU3BOJUIIO JI0 CTATUCTUYHO JIOCTOBIPHUX 3MIH Yy BHUILEBKA3aHUX 3HAUCHHSX
KOHIICHTpAITii aJIKOTOII0 y KPOBI IIypiB.

VY rpymni TBapuH, 1110 BXXUBAJIK aJIKOT0JIb, Bara Tijia 301abinuiacs 31 170 £ 5 T (KoHT-
poib) 10 200 + 10,220+ 101250 £ 10 r ynpoaosxk 3, 6 1 9 micsiiB, BianosiaHo. Haperri,
y Ipymi TBapHH, 010 OTpUMYyBaJia cymi ankoroibio 1 CeoBP® (1 mr/kr), cepeans Bara Tija
HE BIJIpI3HsIacs ICTOTHO BiJl Baru Tijia TBAPUH, 10 OTPUMYBAIH JIUIIIE AJIKOTOJb (B MeXax

CTaTHUCTUYHOI MIOXHUOKH).

cmmmuiﬂ AJIKOroJ1i3aLis

[
A 500 . |0sH

KOHTPO./Ib

E%m

aaxkoroaizania +C,,

~NFEER

3 \IICSIIII \llCHlllB \‘llLHlllB

Cujia ckopouenns M’siza

Puc. 2. Cuna 1-ro (1) 1 10-ro (10) ckopoueHs musculus gastrocnemius 1ypiB, BAKJIMKAHUX
6e3penakcaiiinoro ctuMyisiieto yactororo S0 ' TpuBanicTio 6 ¢: alkoromsaris - mypH,
SIK1 OTPUMYBAJIU aJIKOTOJIb; ajikoroizailis + Cep - IIypH, SIKI OTPUMYBAJIK CyMIII aJIKOTOJIIO
Ta CeoBP® (1 mr/kr); 3, 6 19 micailiB - ajqkoroJisaitisi, mo Tpuaia 3, 6 1 9 MicsIiB, Biamo-
B1JTHO.

M's30Ba c1abKICTh € HAUNOMKUPEHI UM KIIIHIYHUM IPOSBOM XPOHIYHOI aJIKOTOJIBHOT
MIOTATIi, [0 XapaKTEePU3YETHCS 3HIKCHHSIM CHJIM M'SI31B Ta 3MIHOIO Yacy JOCATHEHHS Bil-
NOBIJHUX MAapaMEeTPiB CHJIM CKOPOUYEHHS, SIKI BIJIMOBIJAIOTh YACTOTI HEPBOBUX IMITYJIbCIB,

IO CHOCTEepIraloTh y KOHTPOJIil. [ OLIHKKM MIONATUYHUX NOpYyUIeHb Yy musculus
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gastrocnemius MH 3aCTOCOBYBAJIM CTUMYJTIOIOUMH cUTHAI 9acToToro 50 ['1y puBasicTio 6 ¢
(puc. 2). Sk 6aunMo, 3a TPUBAJIOCTI AITKOTOJ13a1li 3 Mics1ll Ma€ MICII€ Pi3Ke 3HUKEHHS M's-
30BOi aKTUBHOCTI BXKe Ha 1-my ckopoueHnHi (Ha 50 £+ 3%) 3 momanbmuM i 3HUKEHHSIM Ha
10-my ckopouenni Ha 70 £ 3% Bix KOHTPOJIBHUX 3HAYEHD. 31 30UTBIICHHSIM TPUBAJIOCTI ajl-
KOT0JTi3allii mypiB 10 6 1 9 MICsIIB TaKOXK CIIOCTEPIra€ThCs 3MEHIIICHHS aMILTITYId CKOPO-
qeHHs1 musculus gastrocnemius. Y 1IypiB, siKi OTpuMyBaiin ainkoroib 1 CeBP® ogHOuacHO
YIPOJIOBXK €KCTIEPUMEHTY, CIIOCTEPITaly ITiIBUIIIEHHS M'sI30BOi CHITU MTOPiBHSHO 31 IIIypaMu

3 BIJIMIOBITHOT TPYITH aJIKOTOJI13aIlii.
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Puc. 3. 3nauenns GiomexaHiuHux mapameTpiB y Bunaaky 1-ro (1)1 10-ro (10) ckopoueHb
musculus gastrocnemius NypiB, BUKJIMKAHUX O€3peJIaKCalliifHOK CTUMYIISIIEI0 YaCTOTOIO
50 I'p TpuBamicTiO 6 C: amKOTOJi3aIlis - NypH, IKI OTPUMYBAIN aakoroib; Ceo - IypH, sKi
oTpuMyBaiu cymiul ainkoroito T1a CeoBP® (1 mr/kr); 3, 6 1 9 MicauiB - ankoroizariis, 110
TpuBana 3, 6 1 9 micsAuiB, BIANOBIAHO; S — IMIYJbC cUIU M'sA3a (mpuiiManacs 3a 100% y
BUMAJIKY KOHTPOJIO) (A); Fiin 1 Finax — MiHIManbaMi (B) 1 Makcumansuuii (B) piBHI M's130B01
CUJIH; terart - UAC TIOYATKY CUIIOBOI BiANOBIAL M's13a (JlareHTHUM niepioA (I')); to - yac 3HUKEHHS
CWJIM CKOPOYEHHS M 5132 JI0 HYJIbOBOTO PiBHS MicCIs nMpunmHeHHs crumyJsii ([1); *p<0,05

BIJIHOCHO KOHTpOIt0; **p<(,05 BIIHOCHO TpyIH aJIKOTOJI13allisl.
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IMnynibe cunm M'si3a, sIK MOKa3HUK HOTO Mpalie3aTHOCTI, € OAHUM 3 HAalBaXKIUBIIITUX
MapkepiB M’ s130B01 quchyHkmii. [lpu 3, 6 1 9 micsmgx ankorosizaiii BiH 3MEHIIUBCS Ha -
My CKOpodeHHI musculus gastrocnemius Ha 22 + 2%, 29 + 1% 1 34 + 3%, Bianosigno. Ciixa
3a3HAYUTH, 1110 Ha 10-My cKkOpoYeHH1 musculus gastrocnemius el MapaMeTp 3HU3UBCS Ha
34 £3%, 56 = 5% 1 74 &+ 4%, BiANOBIAHO, OPIBHSIHO 3 1-M ckopoueHHsM (puc. 3A). 3acTo-
cyBaHHs CgoBP® 301mbmnio iMiysase cuiu M'siza Ha 11 = 1%, 18 £ 1% 126 = 2% uepes 3,
6 Ta 9 MICSIIB aJKOTOJ13aIlli, BIMOBIIHO, MOPIBHIHO 3 TPYMNOI0 ajKoromizamis. Pi3HuIls
MK 1-M 1 10-M ckopoueHHSIM musculus gastrocnemius 3Menmmiaca Ha 15-39 + 2%.

3HaueHHS Foin € OTHUM 3 Haildy TIHBIIIMX MapKepiB M'130B01 qucdyHKii. Moro 3Hu-
KEHHsI Ha 1-My ckopoueHH1 musculus gastrocnemius ctaHoBuio 35 + 3%, 56 £ 3% 1 68 +
5% mipu 3, 6 1 9 micauax ankoroiizanii, BignosigHo (puc. 3b). Ha 10-my ckopoueHHi uei
napamMeTp 3HU3UBCS Ha 56 + 3%, 78 £4% 191 + 5% BiJ KOHTPOJIBLHUX 3HAYEHb, 1110 CBITYUTH
po 3HayHe nopyuieHHs GyHKIi M'a3a. 3actocyBaHHsl CeoBP® 361nb11u10 3Ha4eHHS Fpyin
Ha 10+ 1%, 26 +2% 133 £ 3% mpu 3, 6 Ta 9 Mica1saX agKoroJizaliii, BiIMOB1IHO, TOPIBHSIHO
3 TPYMOI0 aJIKOr0JIi3allisl.

3HaueHHs Frax € MapkepoM 3aranbHOi JUC(hYHKIT M'sI30BOT CUCTEMH, 1O CBIAYUTH
PO 3HM)KEHHS MAaKCUMaJIbHO MOYKJIMBOI CHJIOBOT BIATIOBII1 HA TJIi PO3BUTKY MAaTOJIOT] (pHC.
3B). Ha 1-my ckopoueHHi musculus gastrocnemius el MOKa3HUK JICILO 3HU3UBCS, a caMe
Ha 10+ 1%, 12+ 1% 121 £ 2% npu 3, 6 1 9 Micsax ankoroJizariii, BianoBigHo. OgHak, Ha
10-my ckopoueHHi musculus gastrocnemius 1€ 3HWKEHHs cTaHOBUIIO 47 + 2%, 52 £ 3% 1
64 + 5%, BIANOBIAHO, IO BKa3y€ Ha 3HAYHY JUCOYHKIIIO PO3BUTKY BEIUYUHU Fpqx. 30116~
meHHs Fp,x ipu 3actocyBanHi CooBP® cTanoBmno 11 £ 1%, 17+1% 123 +2% mipu 3, 6 Ta
9 micslsIX ankorosizailii, BiIMOBIAHO, MOPIBHIHO 3 TPYIIOI JIKOTOJIi3aIlisl.

30UTbLIECHHST BEIMYUHHU Lot CBIAUMTD MPO PIBEHb (Pi31070TTUHOT TUCPYHKIIT M's130-
BOTO amapary Mpy BUKOHAHHI HUM 3aBJaHb, [0 BUMAraroTh MaKCUMAJIbHOI CHJIU T 4ac
TOUHMX MO3MLiHHUX pyXiB (puc. 3T). Horo 36inburenns cranoBmio 31 + 3%, 44 + 4% i 49
+ 4% uepe3 3, 6 1 9 MicAIIB anKOTOMI3allli, BIAMOBITHO, HA 1-My CKOpOYCHHI musculus
gastrocnemius 3 OAAIBIINM 3pocTaHHsAM Ha 25-30 + 3% Ha 10-My ckOpoYeHH1 MOPIBHIHO

3 koHTposieM. Kopekitist iboro napamerpa npu 3actocyBanHi CqoBP® cranosuna 15-20 +
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2% ynpoJIOBK €KCIEPUMEHTa MOPIBHAHO 3 TPyMNoro ankorofizauis. Ciijl 3ayBaKuTH, 110 Y
IIbOMY BHUTIAJIKY Pi3HUI MK 1-M 1 10-M ckopodeHHAM musculus gastrocnemius He IEPEBU-
nryBana 10 + 1% npu 9 micsisx ankorosizaiii.

3poCTaHHS BEJIMYMHH t) CBIAYUTH PO 301TIBIICHHS KOPCTKOCTI M's13a, MOB'SA3aHO1 K
31 30UTBIIICHHSM CITOJTYYHOTKAHMHHUX KOMITOHEHTIB (JJOBroTpHBaJia MaTOJOrIs), TaK 1 3Mi-
HOIO BHY TPIIITHEOM'SI30BOT0 TUCKY (TOCTpHil mepios matonorii) (puc. 31). Moro 36inbuenns
ctaHoBWIO 48 + 4%, 88 + 8% 1 123 + 8% uepe3 3, 6 1 9 Mics11iB ajkoroizailii, BiIMOBIIHO,
Ha 1-My ckopoueHHi musculus gastrocnemius 3 OAAIBIINAM 3pOCTaHHAM Ha 9—12 + 1% Ha
10-My ckOpouY€HHI NOPIBHIHO 3 KOHTposieM. 3acTocyBaHH CqoBP® 3MeHImumio 1eit napa-
Metp Ha 15 = 1%, 29 + 2% 1 41 = 3% npu 3, 6 Ta 9 MicAIX aJIKOTOJi3aIlli, BiAMOBIIHO,
MOPIBHSAHO 3 TpymHow ankoroiizamis. Pisuung mix 1-m 1 10-m ckopoueHHsIM musculus

gastrocnemius OyJja CTATUCTUYHO BIJACYTHBOIO YIIPOJOBK €KCIIEPUMEHTY .

aJKoroJizanis
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Puc. 4. 3HaueHHs yacy JIOCATHEHHS M'SI30BOI0 CHJIOK0 MaKCUMaIbHOTO PIBHA (tmax) 3@ MO-
yJIbOBAHOT CTUMYJISAIIT musculus gastrocnemius yactoToro S0 'l TpUBaIICTIO 6 C: aIKOTro-
J3aris - IypH, siKi OTPUMYBAJIM aIKOTOJIb; aimkorodizaris + Ceo - IIypH, SKi OTPUMYBaIu
cymi ankorodito Ta CeoBP® (1 mr/kr); 3, 6 1 9 Mica1iB - ankoroJizaiiis, 1o Tpusana 3, 6 1
9 micsriB, BianoBigHO; *p<0,05 BigHOCHO KOHTPOIIO; **p<0,05 BIIHOCHO TPyIH aJIKOTOJTi-
3ars.

Yac 1ocATHEHHS M'I30BOI0 CHIIOI0 MAKCHMAIIBHOTO PiBHSA (tmax) CTaHOBHB 4530 + 46,
5515+ 5216150 £ 55 mc gepes 3, 6 1 9 MicsIiB aaKOTOi3a1lii TBAPUH, BIMOBITHO (KOHT-

pouib: 3120 £ 28 mc) (puc. 4). 3acrocyBanus CeBP® 3Menmmio et napamerp Ha 27 + 1%,



23

30 £2% 132+ 2% mpu 3, 6 1 9 MicAIAX aTKOroi3aiii TBapuH, BIAMOBIIHO, TTOPIBHIHO 3
TPYIIOI0 AJIKOTOJIi3aIlisl.

KinbkicHui aHaITi3 3HAYCHHS 9acy BCTAHOBJICHHS TJIAJIKOTO TETaHYCy M’ 5132 (t) MOXKe
CBITYUTH TIPO PIBEHb MOPYIICHb B aKTUBAIlli M’S30BOi CHJIA OKPEMHMH PYXOBHUMU
OJIMHUIIIMHM. 3HauYeHHs Iboro Tmapamerpa craHoBwio 3,0 £ 0,2 ¢ mua musculus
gastrocnemius 'y KOHTPOJIi (puc. 5). 3-X MiCSI9HA aJIKOTOJTi3allisi TBAPUH TOCTOBIPHO HOTO HE
3MiHuWia. BojHodac, ajkorosizaliiisi TBapuH YHOPOJOBK 6 1 9 MicAIiB MiABUINMIA 1I€
3Ha4YeHHs 10 BenuunH 3,2 +0,2 13,5+ 0,2 ¢, BianosiaHo. 3actocyBadHs CqBPd ckopoTuiio

L€ Yac Maii>ke 10 KOHTPOJIIO.

Konmpoiib
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Puc. 5. CkopoTiiBa akTUBHICTb musculus gastrocnemius 1iypiB, BUKJIMKaHa Oe3penakca-
IHHOIO MOJYJBOBAHOK CTUMYJIAIIEI0 YacToToro 50 't TpuBaicTio 6 C: ajgkoroJisaris -
IIypH, SIKI OTPUMYBAJIU aJIKOTOJIh; ajikorodizaris + Ceo - ITypH, sIKI OTPUMYBAJIU CYMIIII aJjl-
koroo Ta CeBP® (1 mr/kr); 3, 6 19 MmicsiB - ankorosmizaris, mo TpuBajia 3, 6 1 9 MicsIlis,
BIJIMOBIHO; t; - YaC BCTAHOBJICHHS TJIAIKOTO TETaHYCy M'si3a.

Takum 4MHOM, 3alpONOHOBaHA TepaneBTHUYHA cxeMa BBeleHHs CqoBP® (mepopa-
JbHA IOJIEHHA 7032 1 MI/KT; pa3oM 3 aJKOTO0JIeM YIIPOJIOBK EKCIIEPUMEHTA) MOKPAIIy€e BU-

mme3a3HavyeHi 0i0MexaHIgH1 mapamMeTpu CKOPOTIIMBOI aKTUBHOCTI musculus gastrocnemius
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IIypiB Ha TJi iX TpUBaJOi anKorofizaiii, 30kpeMa Ha 29 + 2% MmopiBHSAHO 3 TPYIOI0 AJIKO-
roJi3ailisi YnpoaoBx 9 MICSIIB €KCIIEpUMEHTa, 110 A00pe y3ro/KY€EThCs 3 JaHUMHU JIJIS
musculus soleus: 25 + 2%.

OpunM 3 e(peKTUBHUX MiAXOAIB 100 OLIHKH PIBHS MATOJOTIT M'SI30BOT CUCTEMU €
aHaJI13 pO3BUTKY IIPOIIECIB BTOMH IT1J1 Yac Oe3pernakcariiinoi ctuMyssaiii m's3a. L1 mporecu
BIJIITPalOTh BAXKJIMBY POJb y 3a0e3MeueHH] TOYHOTO MO3WIIIOHYBAaHHS PYyXiB CKEJIETHO-
M’si30Boro amapara. Ha puc. 6A mokazaHoO MeXaHOTpaMU CKOPOYEHHS musculus
gastrocnemius 1ypiB 3a Horo crtumyJsnii yactoror 1 I'm ympomosxk 1800 ¢ Ha Timi
XPOHIYHOI ankoroiizamii ta aii Bogopo3unHHuX Ceo PyniepeHiB. Ak 6aunmo, mae micle
3MEHIICHHSI IMITyJibca cuiu M'si3a 110 82 + 5%, 60 + 3% 122 £ 1% npu 3, 6 1 9 micsusux
aNKorosii3auii, BIANOBIAHO, MOPIBHSIHO 3 KoHTposieMm (puc. 6B). 3acrocyBanHsa CeBP®D

30UIBIIHIIO 11e 3HaUeHHS 10 94 + 4%, 85 + 2% 1 69 + 5%, BiAmOBi1gHO.
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Puc. 6. Cuna ckopoueHHst musculus gastrocnemius 1ypiB, BUKJIMKaHa Oe3peaKcalliitHoo
ctumyisiiero yactororo 1 ' tpuBamictio 1800 ¢ (A): ankoromizaliis - IypH, Kl OTpUMY-
BaJIM aJIKOT0JIb; ankoromizauis + Ceo - IIypH, AK1 OTpUMYBaIM cyMi ankoroito ta CeoBPD
(1 mr/kr); 3, 6 1 9 MicAIiB - agKoroJi3aIlis, mo TpuBana 3, 6 i 9 micsmiB, BianoBigHO. bio-

MEXaHIYH1 MapaMeTpu PO3BUTKY M’s130BOT BTOMH: S — immylibe cuin M'siza (b); tso - yac
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3MEHIIICHHSI CUJTU CKopodeHHs M'si3a Ha 50% Bix mouaTkoBoro piBHs (B). *p<0,05 BimHOCHO

KOHTpoJTIO0; **p<0,05 BITHOCHO TPYIH aJIKOTOJIi3allisl.

3HaueHHS BEJIUYUHH ts9 cTaHOBUIIO 1740 + 25 mc, 1460 + 91 mc 1 1220 + 25 Mc 1pu
3, 6 Ta 9 micsnax ankoroizaiii, BianosiaHo (puc. 6B). 3actocyBanus CqBPD ynpoaosxk
3-X 1 6-TH MICSYHOI aJKOTO0JIi3allii IypiB JOCTOBIPHO HE 3MIHMIIO Iie 3HaYeHHA. [Ipu anko-
roJii3ariii, o TpyuBaia 9 MicIIiB, e mapamMeTp CyTTEBO 3PiC MOPIBHSAHO 3 TPYIIOIO aJIKOTr0-
mm3ars 1 craHoBuB 1620 + 28 mc.

OTxe, MOXHA CTBEPKYBATH, [0 3alIPOIIOHOBAHA TEPANIEBTUYHA CXE€Ma BBEIACHHS
CeoBP® (mepopanbHa 1iojeHHa Jgo3a 1 MI/KT; pa3oM 3  ajgKorojieM YHpOIOBXK
eKCIiepuMeHTa) 3HauHO (Ha 25 + 2%) MoJ0BXKKJa Yac BUHUKHEHHS BTOMH y M'sA3aX 1 €
HalO1IbII €EKTUBHOIO CAME 3a TPUBAJIOIO PO3BUTKY aJIKOTIOJBHOI MiomarTii.

OtpuMaHi pe3yJIbTaTH CBIIYaTh, IO HACIIIKOM aJIKOTOJIbHOT M1OTIaTIi € TOTIpIIEeHHS
CKOPOTJIMBOI aKTUBHOCTI M’si31B. [[pUYMHOIO IILOTO MOKYTh OYTH SIK YJIbTPACTPYKTYpHI
3MIHM MIOLIMTIB Ta iX arpodis, Tak 1 MOPYIIEHHA €JIEKTPOJITHOTO TOMEOCTa3y Ta
010€JIEKTPUYHOI AKTUBHOCTI 3arajoM. 3a PO3BUTKY aJKOTOJIbHOI MiOMaTii Hacammepen
BiI0yBaeThes rineprpoaykiuiss ADOK y nuchyHKIIIOHaNIbHUX MITOXOHAPISX, IO BEIE 10
pyWHYBaHHS MEMOpaHHUX CTPYKTYp MIONMTIB Ta (YHKIIOHATBHUX PO3JIATIiB iX
(hepMEHTHUX CHCTEM, 30Kpema 3HIKeHHs akTuBHOCTI Na'/K'-AT®a3u Ta miaBUIICHHS
aktuBHOCTI Ca?"-AT®a3u. Taki MIOTHYHI TOPYIIEHHS] BUKJIUKAIOTh JUCOATAHC Y PETYIISIIT
MOJIOKEHHST CYTJIOOIB 1 MPOrpecyrouy M’ Si30BY CJIAOKICTh, IO 3YMOBJIIOE TOCTYTOBE
3HIDKEHHSI M S130BOi CHJIM YHPOAOBX 3, 6 1 9 wmicauiB ankoromizamii. 3 (QyHKIIIOHATBHOT
TOYKH 30pY II€ BKa3y€ Ha Te, M0 MOIIKOPKEHA M’ S130Ba KIJIITUHA CTIOKUBAE O1TBITY KUTHKICTh
BUCOKOEHEpreTUuHUX (ochaTHUX CHOMYK JUIsl MIATPUMAHHS ToMeocTazy. SIK HaciAoK,
BiIOYBAETHCSl MOPYIIEHHS €HEPreTUYHOTO METaboJ1i3My, IO 3HAYHO TMOCHIIIOE M SI30BY
BTOMY Ha TJlI aJIKOTOJbHOI MiomnaTii. BogHodac, 3acTtocyBaHHS BOJ0po3uMHHUX Ceo
dynepeHiB crpuse MiABUIIEHHIO EHEPreTHYHOI 3MaTHOCTI (YHKIIOHYIOUMX M S31B,

ypa)K€HUX aJIKOTOJIbHOK 1THTOKCHKAIIETO.
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JIist mATBEpKEHHS OJepyKaHUX O10MEXaHIYHUX Pe3yJIbTaTiB OyJio MpoaHai30BaHO
010X1MIYH1 TTOKa3HUKH KPOBI, SIKI BUKOPUCTOBYIOTh JIJIS J1arHOCTUKH PO3BUTKY aJIKOTOJIb-
Hoi Mionatii. 30kpeMa, 3MiHH piBHIB KpeatuHiny, KOK, JIJAI ta JIA 103BOJIMINA OLIHUTH
dizionoriuHuii cTaH musculus gastrocnemius Ha TI1 TPUBAJIOT aTKOTOJI3aIlii TBapuH (puC.

7A).
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Puc. 7. Bmict kpeatuniny, KOK, JIJAI" ta JIA y kpoBi miggocaiHuX TBapUH (A) Ta mokas-
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COI, On./mr 6iaka
—
1
/1

= }
Karanasa, pM/xs/mi

diaka

I
I
 f
I'l, uM HAJLD/xB/ M1

OiKa

HUKH MPO- Ta aHTUOKcUianTHOTO Oanancy (H,O,, BinnoBnenuit rmyrarion, CO/l, karanasa
ta ['Tl) y M’s130Bi1#1 TkanuH1 mianociiaaux tBapul (b): ankoromnizanis - urypu, siki oTpumy-
BaJIM aJIKOT0JIb; ankoromizauis + Ceo - IIypH, AK1 OTpUMYBaIM cyMi ankoroito ta CeoBPD
(1 mr/kr); 3, 619 MicsIIIB - aJIKOT0JII3allis, 10 TpuBana 3, 6 19 micsamis, BignoBigHo. *p<0,05
BITHOCHO KOHTpOI0; **p<(,05 BIZHOCHO IpyNH aJIKOTOJIi3a1lis.

Onpasy 3a3Ha4nMoO, 110 BUIIE3a3HAYEH] 010XIMIYHI MapKEepPH MalOTh BUPAKEHY TCH-

JICHITIO JTO 3POCTaHHS 31 301IBIICHHSIM TPUBAIOCTI ATKOTOI3allii TBAPHH, 0 CBITYNTH
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PO CYTTEBI MOLIKOIKEHHS MIOIIUTIB, OB’ 13aH1 HacaMIepe/] 3 BUCHAXKEHHAM iX eHeprosa-
Oe3IeyeHHs Ta BTPATOI0 10HHOTO I'pajiieHTa Ha MeMOpaHi. Y BUMAJKax, KOJIU IIypH BXKH-
Basi cyMim ankoromo i CooBP®, 111 moka3HUKN BUSBUINCS 3HAUHO HIKYUMHU MTOPIBHSIHO 3
TBapUHAMH, SIKI OTPUMYBAJIH JIMIIE aIKOrojb. Tak, KpeaTuHiH 3HU3UBCS Ha 16 £ 1%, 18 £
1% 137 = 2%, KOK - Ha 13 £ 1%, 18 £ 1% 128 £ 2%, JIII' - vHa 15 £ 1%, 29 + 2% 141 £
2% taJIA -Ha 19 £ 1%, 27 £2% 138 = 2% nipu 3, 6 Ta 9 MicAIAX aTKOTOi3aIlii, BiIMOBITHO,
MOPIBHSHO 3 TPYIOIO ajkorosi3aiis (puc. 7A).

KinbkicHa o1liHKa MOKa3HUKIB MPO- Ta AHTUOKCHUJIAHTHOTO OaJlaHCy Yy TKaHUHAX JI0C-
JJKYBAHOTO M 532 € HEOOX1JHOIO YMOBOIO ISl MIATBEPAKEHHSI aHTUOKCUIAHTHOT il 3a-
ctocoBanux Boaopo3unHHUX Ceo pynepeniB. Tak, konnentpaiis H,O, 3pocrtana 31 30151b-
HIEHHSM TPUBAJIOCTI ajikoromi3zanii 1 cranoBuia 151 + 7%, 327 + 9% 1414 + 11% npwu an-
Korosizaiii ynpojoBx 3, 6 Ta 9 micdiliB, BIANOBIHO, MOPIBHSAHO 3 KOHTPOJEM. 3aCTOCY-
BaHHA CoBP® 3umkyBano smict H,O; 1 BiHOBIIEHOTO ITyTaTioHa Ha 28 + 2%, 44 + 2% Ta
51+£2% 113+ 1%, 27 + 1% Ta 42 + 2%, BiamoBigHo, akTuBHICTE COJI - Ha 21 £ 1%, 29 +
1% Tta 44 + 2%, akTUBHICTH KaTana3u - Ha 12 + 1%, 34 + 2% 148 + 2% Tta aktusBHicTb ['TI -
Ha 17 £ 1%, 23 + 1% 1 39 £ 2% npwu ankorosmi3zaiii ynpojoBx 3, 6 1 9 micsiliB, BiAMOBIIHO,
MOPIBHSIHO 3 TPYNOI0 asikoroJizaiis (puc. 7b). BaxxiuBo BiA3HAYNUTH, TIIO caMe 301TbIIICHHS
BMICTY BiJTHOBJICHOTO TJIyTaTioHa y musculus gastrocnemius 3aBJIAKA aHTHOKCHIAHTHIN Ai1
BoJ10po3unHHUX Cgo PyJiepeHiB Crpusi€e MIABUIICHHIO CTIMKOCTI M s13a 10 (P13UYHUX HaBaH-
TaXEHb.

OTxe, y BCIX IIPOBEJCHUX TECTaX CIIOCTEPIraeThCs MO3UTHUBHA JNWHAMIKa O10XiMid-
HUX MTOKA3HUKIB KPOBI Ta M’SI30BOi TKAHWHU MIIIOCTIAHUX IIYPIB 32 TEPANEBTUYHOT CXEMHU
BBenieHHs CooBP® (mepopasnbHa mojeHHa 103a 1 MI/Kr; pa3om 3 alIKoToJIeM YIIPOIOBK eKC-
NepUMEHTA), 30KpeMa iX MOKPAIEHHs CTAHOBUIIO B cepeiHboMy 41 + 2% mopiBHSHO 3 Tpy-
MO0 AJIKOTOJTI3aIlisl YIPOJIOBXK 9 MICAIIB eKciepuMeHTy (it musculus soleus 11e cTaHo-
B0 20 £+ 2%).

BaxxnuBo 3a3HaunTH, 1110 3MiHA JOCIIKYBaHUX BUIIE O10MEXaHIYHUX MapaMeTpiB
CKOPOYEHHS CKEJIETHUX M 5I31B Ta O10XIMIYHHUX MOKA3HUKIB KPOBI Ta M’ S130BOi TKAHWHU T/~
JOCIIITHUX TBApUH Ha TJI1 1X TPUBAJIOI aJIKOrOJIbHOT IHTOKCHKALII HE MepeBUIIlyBaja B cepe-

naboMy 10 £ 1% npu 361mbmenH1 103U CeoBP® BaBidi (2 MI/Kr) Ta CyTTEBO 3MEHIITyBajiacs
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(ma monaz 25 + 2%) npu 3menmenHi 1031 CqoBP® BBidi (0,5 MI/Kr) MOpiBHSHO 3 BUKOPH-
ctaHoto 703010 CeoBP® 1 mr/kr. Hapemri, 3actocyBanusi CooBP® 3a ontumanbsHoi 1031 1
MI/KT y TpoTakTHYHIM (32 1 TOJ 10 BKUBAHHS aJIKOTOJII0) 1 TepaneBTUUHIN (depe3 1 rox
MICJIsl BXXUBAHHS aJIKOTO0JII0) cxemax Oyyii MeHII e(eKTUBHI MOpiBHAHO 3 ni€to CqoBPD 3a
TEepaneBTUYHOI CXeMHU (BXKMBAHHS Pa30M 3 aJIKOTOJIEM).

["icronoriunuii aHami3 MpoJAEMOHCTPYBAB, 110 y HIYPIB, SIKi BYKUBAJIU aJIKOTOJIb yIPO-
JIOBX 9 MmicsaiiB (HaioBIIMi TepMmiH ekcriepuMenTta) (puc. 8b 1 [1), OuibiicTh M'sI30BUX
BOJIOKOH TOHIII, HIXK Y KOHTpOJibHOT rpynu (puc. 8A 1 I'), a cepenHiil niamMeTp BOJIOKOH

3MeHIyeThes A0 24,4 Mk (Tabi. 1). € 3BuBHCTI BOJIOKHA. J{esKi BOJTOKHA

Puc. 8. I'icronoriuni 300pa>keHHs! BOJIOKOH musculus gastrocnemius MAJ0CIITHUX LTy PIB:
A 1T" — kouTponsHa rpyna; b 1 [ — rpyna ankoromizanis; B 1 E — rpyna ankoromizaris +
Ceo- A, b1 B — bhapOyBanus rematokcuininom Tta eosurom; [, 1 1 E — papOyBanus remato-

KCUJITHOM Ta MiKpokdykcuHOM 3a MeTojIoM Ban I'i3ona. Macmta6: 50 pm.

MaloTh HEPIBHOMIPHY TOBILMHY IO BCii AOBXKUHI. [lesiki - BaKyos1130BaHi, 1110 CBITYUTH IIPO
JEeCTPYKTUBHI IPOIIECH B HUX. Y JESIKHX BOJIOKHAX MOIEpevYHa CMYTacTiCTh MEHII BHpa-
’KEeHa, 1[0 MOKe BKa3yBaTH Ha MOPYIICHHS MPaBUJIBHOTO MPOCTOPOBOTO PO3TAIIyBaHHS aK-
TUH-MI03MHOBHUX KoMILIEKCIB. CIioylydHa TKaHUHA MK M'SI30BUMH BOJIOKHAMHM 3011bIlIEHA

(puc. 8]1), BHAC/IIOK YOTO TIJIOMIA, 3aiHTAa CIIOJIYYHOIO TKAHUHOMO, 30UIbIyeThes 10 0,21
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MKM? Ha 1 MKM? IUIOIIi MONepeYHoro mnepepisy M'ssa (1adi. 1). Biarak, crocrepiraerses

CKJIepOo3 1 (106po3.

Taonuus 1. Mopghomempuuni nokazHuKu M s1308Ux 60JI0KOH 3d ANKO20I3aYii wypie ma 3a-
cmocysants CsoBP®@ (1 me/xe; pazom 3 ankoeonem) ynpooosaic 9 micayie. *p<0,05 nopie-

HAHO 3 KOHMPOALHOW epynoto, **p<0,05 nopisnano 3 epynoio arkozonizayis.

['pyna HiameTp M’sI30BUX [Inoma, 3alHsATa ClIOTY Y-
BOJIOKOH, MKM HOIO TKAaHUHOIO, MKM?/MKM?
KonTtpomns 36,7+ 1,3 0,15+0,02
AnkoroJm3anis 24,4 £ 1,4%* 0,21 +£0,02*
Anxoromizamisa + Ce 32,8 £2,5%* 0,17 £0,02%*

B ankoromizoBanux 1ypiB, siki orpuMyBaiu CeBP®, ToBIIMHA M'SI30BUX BOJIOKOH 1
IUIOIIA, 3alHATa CIOJIYYHOI TKAHWHOK, HE3HAYHO 3MEHIIMiacs 1 30uIblIuiac,
BIJINOBIJIHO, TOPIBHSIHO 3 KOHTPOJBHOIO rpymoto (tadn. 1; puc. 8B 1 E). Ckiepos 1 ¢p16po3
MEHIIT BUPAKEHI MOPIBHAHO 3 TPYIIOI0 aJIKOTOJI13allis YIIPOIOBK 9 MiCSIIIB €KCIIEpUMEHTA.

Ha ocHOBI of1epkaHuX JaHUX MOKHA 3pOOUTH BUCHOBOK, 110 3aCTOCYBaHHS BOJAOPO3-
yuHHUX Cgo QyJiepeHiB CpUsie 3MEHIIEHHIO OKUCITIOBAIbHUX MPOILECIB y M's3aX HUISIXOM
iATpUMaHHS OalaHCy MK MPOOKCHJIAHTAMU Ta CUCTEMOIO aHTHOKCHUAAHTHOTO 3aXHUCTY,
3ano0iraroun HeratuBHOMY BIUTMBY ADK Ha KIIITUHHI Ta CYOKJIITHHHI CTPYKTYpPHU 3a pO3-
BUTKY aJIKOTOJIbHOI MIOMATIi y MIJJOCIIHUX TBAPHH 1, TAKUM YHHOM, 3MEHILIYIOYM JIeTpa-

Ao M’ g31B.
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PO31JI 2. Ceo pyJiepeH 3HHKYE piBeHb QUIYKTyalliiHUX KOJIMBAHb CHJIM CKO-
poydeHHs1 musculus gastrocnemius 3a XpOHIYHOI AJIKOT0JIbLHOI MionaTii.

AJKOTOJIbHA MIOTIaTisl € O1IBII MOMIMPEHUM 3aXBOPIOBAHHSM, aH1K, HAIIPUKJIAI, IU-
po3, KapaiomionaTisi abo HEBpOMATisl, CIPUYMHEH] AJTKOTOJLHOIO 1HTOKCHKAIIIEI0 OpraHi-
3Mmy. TpuBase BXKUBaHHS aJKOTOJIIO MPUTHIYYE CUHTE3 OlIKa y M's130BUX BoJIOKHAaX Il Tumy,
BUKIIMKA€ AUC(YHKIIIIO HEPBOBO-M'S30BOTO 30YXKEHHS, 3MEHIIIYE KUIbKICTh M'S30BUX BO-
JIOKOH 1 CHUTy M'sI30BOi BIIITOB1/11. BUHMKHEHHS M'S130BO1 CJTA0KOCTI 32 PO3BUTKY aJIKOT'0JIb-
HOT MioTaTii IEBHOIO MIPOIO MOKE OyTH KOMITEHCOBAaHE MiABUILEHOI aKTUBHICTIO CHHEPT -
YHUX M'SI30BUX IPYII, IO BEAE IO YSBHOIO BIAYYTTS BIACYTHOCTI MIOTUYHOIO YPaKEHHS.
Opnak nosiBa 3HauHUX (PIYKTyalllHHUX KOJIMBAHb CHJIM CKOPOUYEHHS M’sA3a Ha (a3l yTpu-
MaHHS 11 MAKCUMAaJIbHOI BIAMOBII YHEMOKJIUBIIIOE KOPEKI[IF0 TOYHOTO MOJIOKEHHS CYTJI0-
01B. BHacmniiok 11,0r0 M'si3, SIK LIJICHA AUHAMIYHA CUCTEMA, HE 3/IaTHUI aJIeKBATHO peali-
3yBaTu IyJM HEPBOBOi aKTUBHOCTI, 10 HaaxoasaTh Bix LIHC. IlpurHiyeHHs akTUBHOCTI
Na/K"-AT®as3u 3meniye crenuiday mpoBigHicTs Na', K BiAMOBIIb Ha aICKBATHHI CTH-
MyJI, 1, TAKAM YUHOM, TIEPELIKOIKAE PO3BUTKY 30yKeHHs y MiouuTax. Lle Moxe BUKIH-
KaTH TUMYAaCcOBUH ucOaiaHC y Yaci BCTAHOBJICHHS TJIaJIKOTO TETaHYyCy M’si3a ajJKOIoJIi30-
BaHUX TBApUH, 110, B CBOIO Yepry, 301IblIye piBeHb (QIYKTYyalliHUX KOJIMBaHb MOTO CHIIA
CKOPOYEHHS (TaK 3BaHUN «TPEMOPY).

3aBAaHHAM LBOTO eTaiy poOOTH OYyJIO OLIIHUTH 110 BOAOPO3UMHHUX Ceo PyJiepeHiB
Ha BEJIMYUHY (PIyKTyaliiHUX KOJMBAaHb CUJIM CKOPOUYEHHS musculus gastrocnemius 11ypiB
32 XpOHIYHOI aJIKOTOJILHOT MIOIaTii 3aJI€KHO BIJI I03H, CXEMH Ta IIEPOAIBHOTO CITOCO0Y BBE-
TCHHSL.

Ha puc. 9 npencrasieno mexanorpamu 10-ro ckopodeHHst musculus gastrocnemius
IiIAO0CTIAHUX UIYPIB 32 CTUMYJISILIT Pi3HOT TpUBaNoCTi: 2, 4 1 6 c. Sk 6auuMo, CTUMYJISIIN-
HUW CHUTHaJ TPUBAIICTIO 2 C MPOJAEMOHCTPYBAB Pi3KE 3HMKEHHSI CHUJIM M'S30BOTO CKOPO-
yeHHs Ha 19 £ 1%, 22 £ 2% 129 + 2% depe3 3, 6 1 9 MicsI[iB aKOrori3airii TBaprH, BiJIIO-
BIJIHO, MOPIBHAHO 3 KOHTposieM. CTUMYJIALIMHUI cUrHai TpuBaicTio 4 1 6 ¢ 3adikcyBaB
3HUKEHHS CHJIA M'SI30BOT0 CKOopodeHHs Ha 22 + 1%, 35+ 2%, 41 £4% 125+ 1%, 39 £ 2%,
79 + 4%, BianoBiaHO, yepe3 3, 6 1 9 MicsIIB aIKOroJi3allii MOPiBHIHO 3 KOHTPOJIEM. Y IIIy-

piB, sIK1 MEpOpaILHO OTPUMYBaJK cyMmil ajakoroo Ta CeBP® (ontumanbsHa go3a 1 Mr/kr),
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crioctepiranu 301IbiIeHHs M's130Bo1 cuin Ha 14 + 1%, 18 £ 1% 1 35 + 2% uepe3 3 micsi
ankoromizaiii, Ha 19 = 1%, 28 £ 2% 1 44 £+ 2% yepe3 6 MicAIIB aJKOToi3aIlii 1, HApeIITi,
Ha 23 + 1%, 36 = 2% 1 59 + 2% yepe3 9 Mics1iB aIKOTroi3allii TBAPHH MOPIBHIHO 3 TPYIIO0

aJIKOTO0JT13a11is, KOJH 3aCTOCOBYBAJIM CTUMYJIALI] TPUBAMICTIO 2, 4 1 6 ¢, BIATIOBITHO.

wn\ur() ll S«llllﬂ

/\w M
M .

3 micaui 6 Micauis 9 micsiiB
Ty i anKorogizanis +C,,

S0l u

i

Cuia ckopodeHHst M'si3a

"

J5R]
IER.
)7

3 micsiui 6 micsiuiB 9 micsiuiB

Puc. 9. Cuna 10-ro ckopoueHHst musculus gastrocnemius 1ypiB, BUKJIMKaHa Oe3peakca-
IHHOIO CTUMYJIAIiE0 YacToToro 50 ' TpuBamicTio 2, 4 1 6 ¢: anKorojizaiis - mypH, sKi
OTPUMYBAJIU AJIKOTOJIb; ajukoroizaiist + Cep — LIypH, SIKI OTPUMYBATIU CYMIII aJIKOTOJIIO
Tta CeoBP® (1 mr/kr); 3, 6 19 MicsIiB - agkorosarliis, 1mo TpuBajia 3, 6 1 9 MicsIiB, Biamo-
BIJTHO; fiax 1 fmin — MaKCUMaJIbHMIA 1 MiHIMATBHUHN PiBHI aMILTITYT (QIYKTYaliiHIX KOJIH-
BaHb C WM CKOPOUCHHS musculus gastrocnemius Ha pa3i yTpuMaHHSI MaKCUMAJIBHOT B1AMO-

BIIl.

AJkorosmizaiiisi ynpoJIoBkK 3-X MICSIIB 30UIbIINJIA BETUUUHY (QIIYKTyaIliiHUX KOJIU-
BaHb Ha (a3l yTpUMaHHA MaKCUMaJbHOI cuin ckopoueHHs M's3a 3 0,030 = 0,005 mH 3a
TpuBasiocTi cTumyssiii 2 ¢ 1o 0,060 + 0,005 mH 3a TpuBanocti ctumyssiii 6 ¢ (puc. 10).
31 30UIBIICHHSIM TPUBAJIOCTI AJIKOTOJII3AIlli CIIOCTEPIragocs pi3ke 3pOCTaHHS I[LOTO Tapa-

Mmetpa. Tak, yepe3 9 MicCsIIB BKUBAHHS AJIKOTOJI0 BETUYMHA (DIYKTYalllHHUX KOJMBaHb
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nepesummia 0,13 + 0,01 mH. Y tBapus, siki orpumMyBanu cymimr ankoroito 1 CoBP®, cno-
cTepiraiau 3HWKEHHS I[b0T0 nmapameTpa Ha 53 +3%, 56 +3% 1 66 + 3% vepe3 3, 619 miciliB

aJIKOT0JT13a11ii, BIIMOBIAHO, MOPIBHSHO 3 TPYIIOI0 AJIKOTOJIi3aLlis.

MH asIKorosizaris
0,154
[~ .
e - .
= 014 _
"'E‘. 1 2% »® o® :
>, 0,051 o ‘ :
= -
ol .
3 micsui 6 micsn O MicsIiB

aJIkoroJiizatiisi +C,

0,05
- *~* *A .

3 Micsii 6 micsaLuiB 9 micsauiB

Puc. 10. Benmnuuna guykryauiitaux KonuBaHb (Af = finax — finin) cuniu ckopouenns musculus
gastrocnemius 1ypiB, BUKJIIMKaHa Oe3peakcaliiHo cTUuMysiieto yactoror S0 [' tpu-
BJIICTIO 2, 4 1 6 ¢: anKoromi3anis - IypH, Kl OTpPUMYBaJIM aJIKOT0JIb; ajnkorodizauis + Ceo
- IIypH, SIK1 OTpUMYBaH cyMmint ankoroito 1a CeoBP® (1 mr/kr); 3, 6 1 9 mics1iB - aaKoro-

Ji3artis, mo TpuBaia 3, 6 19 micamis, BignoBiaHo. **p<0,05 BIZTHOCHO TPYIH aJIKOTOJIi3AITis.

30UTbLIEHHSI BEJIMYMHU (PIIYKTyalliHUX KOJMBAHb CWJIM CKOPOYEHHS musculus
gastrocnemius aqKOTOJI30BaHUX IIypPIB MOXKE OYTH MOB'A3aHO 3 MOPYIICHHSIMHU MPOIIECIB
CYMapHOTO CKOPOUYEHHS, TOJAIBITUMHU YaCOBUMH 3aTPUMKAMH, 10 TEPEIIKOKAIOThH Pop-
MYBaHHIO TPUBaJIOi MaKCUMaJIbHOT CUJIOBOI BIIMOBIAL M'si3a. BifgTak, Mu neTaibHO poaHa-
J3yBaJld TIEPEXiJl BiJl 3y04aToro A0 TIIaKOro TeTanycy musculus gastrocnemius (puc. 11).

AMIUTITY]a TOOJUHOKHUX CKOPOUYEHBb musculus gastrocnemius 3a CTUMYJIALIT 9acToO-
toto 10 I'y 30imprmmmacst Ha 15 = 1 %, 24 £ 1 % 1 56 + 2 % npu ankorodizarii TBapuH
TPUBAIICTIO 3, 6 1 9 MiCsIIIB, BIAMOBIHO, MTOPIBHIHO 3 KOHTPOJIEM. 3a CTUMYJISIIT 4acTo-

tamu 15 120 'y neid mapameTtp 3pic Ha 19 + 1%, 26 £ 1%, 70 = 2% 127 + 1%, 48 £ 2%, 80
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+ 3%, BiAMOBIAHO. BaXk11BO 3a3HaUNTH, 1110 Y IUX BUIAKaX HE CIIOCTEpIraliv Nepexi Bia
3y04aToro A0 TMaaKoro Tetanycy musculus gastrocnemius. 3actocyBanHs CqeBP® crTabi-
J3yBaJI0 MEXaHOTPAMH Y BUIIAAKY 3-X MICSYHOI ajKOTOI3aIii IypiB, HAOJU3UBIIH iX 70
KOHTPOJTIO. 31 301UIbIIEHHSIM TPUBAJIOCTI AJIKOTOJIi3aMii ITypiB A0 6 1 9 MicAILliB MO3UTUBHUI
edext 3actocyBanHs CeBP® cknaB BignoBigHo 20 + 1%, 25 £ 2%, 30 +£ 2% 124 + 1%, 37
+ 2%, 53 + 3% 3a crumyssanii wactoramu 10, 15 1 20 I'ti, BigmoBigHO, TOPIBHSHO 3 TPYIIOIO
ankoroizaiis (puc. 11), mo crpusio 3MeHIIeHHIO QIIyKTyariiHuX KOJMBaHb CUJIM CKOPO-

YeHHs! musculus gastrocnemius.

KOHTPOIb anKoroaizanis anroroaizanis +Ceo
10T 3 micnni 6 micuaunis 9 micsuin 3 micsui 6 micuunin 9 micuuin
CTUMY.IsIIis

INNN\::““'\ NWW*"‘“‘\ ’ LMN'lWM- J\[\W’W N\Ww""“’””\ ‘MW“M\\ PMWWM""‘"'—\
y Ww—/’*\ mewm\ MMW‘WWM [Nm IM MKWW"M‘\
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Puc. 11. Ilepexin Big 3y04aToro A0 TNIAAKOTO T€TaHycCy musculus gastrocnemius Tipu 3a-
CTOCYBaHHI MOJTyJIbOBAHO1 CTUMYJISAIIII 31 3pocTatounmu yactotamu 10, 15 1 20 'y TpuBasti-
CTIO 6 C: aJIKOTOJI3allisl - MIypH, sIKI OTPUMYBAJIM aJKOToJb; ajmkoroizaiis + Ceo - IIypH,
K1 OTpuUMyBaiu cymiir ankoroito Ta CeBP® (1 mr/kr); 3, 6 1 9 micsiB - ankoroJizariis,
110 TpuBaiia 3, 6 1 9 micsIliB, BIAMOBIAHO; fa - aMIUTITYy1a MOOJUHOKUX CKOPOUECHB musculus
gastrocnemius.

OTxe, MOXKHA CTBEPJIXKYBaTH, IO 3alpONOHOBAaHA TEpaleBTUYHA CXEeMa BBEJCHHS
CeoBP® (mepopanbHa mojieHHa 103a 1 MI/KT; pa3oM 3 ajJKorojieM YIpPOJOBXK eKCIepuMe-
HTa) 3Ha4HO (Ha 58 + 3%) 3MeHIIye piBeHb QUIYKTyallliHUX KOJIHBAHb CHUJIM CKOPOYCHHS
musculus gastrocnemius Ha pa3i yTpuMaHHs MaKCUMaJIbHOI CUJIOBO1 BIJIMOBIA1 («TPEMOP»)

32 XpOHIYHOT aJIKOTOJIbHOI MiOIATii.
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AKOro.tizania aaxoroaizaunia+C g,

aakorogizauia  aakoroaizauis+C g,
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Puc. 12. AxtuBHocTi pepmentiB AJIT 1 ACT y kpoBi miII0CIIITHUX TBAPUH: AJIKOTOJI13a11s

:

ACT, Onfa

— IIypH, K1 OTPUMYBAIIU JIKOT0JIb; ajKoroiizaiis + Ceo — IIypH, SIKi OTPUMYBAIU CYMIIIT
etanoiy 1 CooBP® (1 mr/kr); 3, 6 1 9 MicAwiB — ankoroJjizaiis yrnpoaoBx 3, 6 1 9 micsuis,

BimoBiHO. *p<0,05 BIAHOCHO KOHTPOIIO0; **p<0,05 BiIHOCHO IPYIX aJTKOTOi3allisl.
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PO31J1 3. Biuins Bogopo3unHHUX Ceo pysiepeHiB Ha PO3BUTOK MATOJIOTIYHHX
NMPOLECIB y NeYiHIi XPOHIYHO AJIKOTr0/J1i30BAHUX HIYPIB.
[leuinka - OCHOBHUI OpraH, BIANOBIIaTbHUI 32 MeTabomi3M eTaHomy. [1ig yac okuc-

JICHHS €TaHOJTy BiOyBa€eThCs MiABUINCHE CrIOKMBaHHS Kodepmenty HAJ[® ta 3pocranHs
cuiBBigHomenus HAJIH/HAJL". YTBopeHuii aneTanpaeris BIUIMBAE HA MPOAYKIIIO ITUTO-

KiHIB, aHTHOKCUAAHTHUX ()EPMEHTIB 1, OCOOJMBO, MITOXOHIPIAIIBHOTO Ta IUTO30JLHOTO
rytariony. Lli cmofyku 3/1aTHI BUKJIWKATH TOKCHUYHI €(eKTH, OCKUIBKU OUIKH, 3 SIKUMHU
BOHH 3B'A3YIOThCSI, BTPA4alOTh CBOi (DYHKIIIT Ta MPOBOKYIOTh IMYHHY peakiiifo. XpOHIUuHE
B)KMBAHHSI aJIKOTOJII0 BUKJIMKAE TIMOKCIIO Y TIEUiHIIl, /Ie 175l Horo MeTado0113My HeOOX i THUN
nonatkoBuil kuceHs. ['inokcis cripusie yrBoperHo ADK ta npoaykris [TOJ] nuisxom akTu-
Ballii KcaHTHMHOKcHIa3u. KpiM Toro, BHCOKa KOHIICHTpAIlisSl aJKOTOJIO CTUMYIOE ao-
COpOIlil0 €HJOTOKCHHIB MIISAXOM MOAM(IKAIIT KUIIKOBOT MIKPO(IIOPH Ta MOIIKOKEHHS
KJIITUH emiTenito. Jlo alKoroiabHUX 3aXBOPIOBaHb MEUYIHKU BITHOCATH KUPOBY IUCTPODito
abo cTearo3, CTeaTOrenaTuT, AIKOTOJIbHUM FeNaTUT 1 IUpPOo3.

3aBAaHHAM LBOTO €TaIy poOOTH OYJI0 OIIHUTH €(EKTUBHICTD J1ii BOAOPO3UMHHUX Ceo
(ynepeHiB Ha PO3BUTOK MATOJIOTTYHUX MPOLECIB y MEYIHII IIyPiB, COPUUYUHEHUX XPOHIY-
HUM aJIKOTOJBHUM OTPYEHHSIM, 3JICKHO BIJ 03U, CXEMH Ta MEPOATBLHOTO CIOCO0Yy BBe-
JICHHS IJITXOM aHali3y OCHOBHUX O010XIMIYHUX MTOKA3HUKIB KPOBI, SIK MapKepiB JUCHYHKIIIT
MEYIHKH, Ta TICTOJOTTYHUX 1 MOP(HOMETPUYHHUX OCOOIMBOCTEH 11 MOIIKOKEHHS.

3a XpOHIYHOrO B)KMBAHHS aJKOTOJIIO ITABHUINEHE HakomuueHHs mpoaykTiB ITOJI,
A®DK, rniko3miboBaHUX OLIKIB 1 ByTJIEBO/I1B, BUKJIMKAIOUX OKUCHUN CTPEC, MOXKe OYTH IpH-
YUHOIO [UTOJI3Yy TeMaTONTIB, OCHOBHUMH O10XIMIYHUMH MapKepamu SKOTO € aKTHBHOCTI
depmenti AJIT, ACT 1 JID.

Ak 6aunmo, aktuBHICTE AJIT 301mbmunacs 13 31 = 1 Ox./n y konTpodi 10 56 + 2, 67
+ 3 Ta 74 £ 3 Op./n 3a ankoromi3zaiii TBApUH TPUBATICTIO 3, 6 Ta 9 MiCsIIiB, BIAMOBIIHO (pUC.
12), 1o cBiAYUTH PO 3HAYHE PYHHYBAaHHA reMaTOUTIB. 3aCTOCYBaHHS CyMII1 alIKOTOJIO
Ta CeoBP® (1 Mr/kr) 3HU3UII0 aKTUBHICTH 11bOTO (hepmeHTa Ha 11 + 1%, 16 £1 % ta 18 +
1% 3a ankoromizarii ynpoaoBx 3, 6 Ta 9 micsIiB, BIAMOBITHO, IIOPIBHIHO 3 TPYTIOIO aJIKO-

roJrizartis.
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301nbienns akTuBHOCTI ACT 13 132 + 1 On./n 'y xontpomi a0 138 + 6, 142 + 71154
+ 6 Op./1 3a ankoroJizarlii TpuBamcTio 3, 6 19 mics1iB, BiAnoBiaHO (puc. 12). 3acTocyBaHHS
CeoBP® 3HM3MII0 akTUBHICTH 1IOTO (pepMeHTa B cepennbomy Ha 10 + 1% ynpomoBxk exc-
NEepUMEHTa OPIBHAHO 3rPYTOI0 aJIKOT0i3aIlisl.

VY KIHIYHIA NPaKTUIl AJis JIarHOCTUKU 3aXBOPIOBAHb MEUIHKH BUKOPUCTOBYIOTH
criiBBigHomeHHs1 akTuBHOCTI ACT o AJIT y kposi: xkoedimient ne Pitica = ACT/AJIT.
OO6uBa 11 pepMEeHTH MalOTh OpraHoCHeU(pIYHICTh, 30KpeMa y BUMAAKY YIIKOIKECHHS Te-
YiHKH BHACJIJIOK aJKOTOJIbHOI 1HTOKCHKAIlll Ma€e Micie MiaBUIeHHs akTUBHOCTI AJIT y
KpOBI.

3amxeHHsa koedimierTa ae Pitica 3 0,97 + 0,05 y xoutpom mo 0,80 + 0,07, 0,68 +
0,07 10,78 £ 0,07 uepes 3, 6 1 9 micsALIB anKOroJi3alii TBApUH CBIIYUTH PO IPOrpecyroue
nopyueHHs GyHkiii renarouuTiB. 3acTocyBaHHs CooBP® 30U1b1MI10 3HAaUEHHS [ILOTO Ma-
pameTpa B cepeHboMY Ha 14 + 1% ynpoioBk eKCliepUMEHTa MOPIBHSAHO 3 TPYIOI0 aJIKO-
roJizauis (aktuBHICTh AJIT 3HMXKY€ThCS CUibHIIIE, HIXK akKTUBHICTh ACT).

Ha BigMminy Bij iHmmx dhepmenTiB nedinku, npoaykiis I'T'T «3amyckaerbesp ankoro-
JIEM 1 TOMY HOT0 aKTUBHICTh MOK€ OYTH MIJBUILEHOIO Y 3JI0BKHUBAIOYMX aJIKOTOJIEM Mallle-
HTIB HaBITh 32 BI/ICYTHOCTI 3aXBOPIOBaHb MEUYIHKU. BiH € OUIbII YyTIMBUM /10 OPYIIEHb Y
KITiTUHAX nedinku, aHix ¢pepmenta AJIT 1 ACT.

Ak 6aunmo, aktuBHIcTh ['T'T 3pocna i3 1,6 = 0,1 Ox./n y kontpo:i 1o 3,4 £ 0,1, 4,4
+ 0,1 Ta 5,9 £ 0,2 Ox./n 3a agkoroi3alii TBApWH TPUBATICTIO 3, 6 Ta 9 MiCAIIIB, BIJMOBIIHO
(puc. 13). 3acrocyBanusi CooBP® 3uM3M10 akTUBHICTH 11b0TO (hepMeHTa Ha 15 + 1%, 18 +
1% Ta 22 + 1% 3a ankorosmizauii TBApUH YIPOXKOBXK 3, 6 Ta 9 MicsALiB, BIANOBIIHO, MOPIB-
HSIHO 3 TPYIIOI0 aJIKOTOJIi3allis.

AxTuBHICTb (hepMmeHTa JID y KpOBI MiJIBUILYETHCS BHACTIIOK 3aXBOPIOBaHb MEY1HKH,
30KpeMa renatuTy, COPUIMHEHOTO AJIKOTOJIBHOIO0 1THTOKCHKaIi€r. Ak 6auuMo, aKTUBHICTh
JI® 36inpmmmtacs 3 8,8 £ 0,5 Ox./n y koutpodi 10 9,4 + 0,7, 9,8 £0,7 ta 10,3 £ 0,7 On./n
3a aJIKOroJIi3alii TBApUH TPUBATICTIO 3, 6 Ta 9 MicsiB, BiANoBiAHO (puc. 13). 3acTocyBaHHs
CeoBP® 3menmmno akTuBHICTH bOT0 (hepMeHTa B cepeaabomy Ha 10 £+ 1% ympoaoBxk ekc-

NepUMEHTA MOPIBHSHO 3 FPYIIOI0 aJIKOTOJII3allisl.
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Puc. 13. AxktuBnocti ¢pepmentiB I'TT 1 JI® Ta piBenbp KT y kpoBi miagociiiHUX TBAPUH:
AJIKOTOJII3aIllsl — IIYPH, SIKI OTPUMYBAJIM QJIKOTOJb; ankoroiizaiis + Cey — ILIypH, SKI
orpuMyBainu cymiml etaHoiry 1 CeBP® (1 mr/kr); 3, 6 1 9 MicsIiB — ajKoroi3alis ymnpo-
TOBX 3, 619 micsiB, BiAmoBiHO. *p<0,05 BigHOCHO KOHTPOJIIO; **p<0,05 BIIHOCHO rpymnu

aJIKoroJri3aris.

PiBens KJIT € BaxxsiuBUM MapKkepoM XpOHIYHOI aJIKOTOJIbHOI iHTOKCcHKalii. [lepeBa-
rOI0 HOTO BUKOPHUCTAHHS Mepe]] IHITUMU MOJISTAE B TOMY, IO BiH € HAWOUIBII crierudiaHAM

70 BUSIBJICHHS YpaX€Hb II€UIHKH aJKOTOJBbHOI eTionorii. Sk Oaunmo, piBeHb KT
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migBumuBes 13 1,54 = 0,10% y xouTpomni go 1,65 + 0,1%, 1,75 = 0,1% 1 1,94 + 0,1% 3a
aJNKoTroi3allii TBapuH TpUBATICTIO 3, 6 1 9 MicsiB, BianoBiaHO (puc. 13). 3acTocyBaHHS
CeoBP® 3HU3MII0 piBEeHB I[HOTO MOKA3HUKA B cepeaHboMy Ha 10 & 1% ynpo1oBx excriepu-
MEHTA MOPIBHSIHO 3 TPYIIOI0 AJIKOTOJIi3allis.

BaxxnuBo 3a3HaunTy, mo 3acrocyBanHs CeBP® 3a ontumansHO1 1034 1 MI/KT y 1po-
dinaxkTruHii (32 1 TOJ A0 BXKUBAHHS aJIKOTOJIO) 1 TEpANeBTUYHIM (depe3 | Toj micis BKu-
BaHHS QJIKOTOJII0) cXxemMax OyiIu MeHI e(peKTHBHI 111010 HOpMasTi3allii HaToJIOTYHUX CTaHIB
MEYIHKH IIypiB Ha TJ1 iX XPOHIYHOI aJIKOr0JIbHOI IHTOKCHKAIIT MOpiBHSHO 3 i€t CeoBP®
3a TeParneBTUYHOI CXeMH (BKMBAHHS PA30M 3 alIKOTOJIEM).

VY mypiB KOHTPOJIBHOI IPYMH TiCTONATOJOTIYHHUX OCOOJMBOCTEH HE CIIOCTEPITaiu.
byna npucyTHs aulle HeBeJIMKa KIJIbKICTh MIKHOTUYHUX SJep y renarouutax (puc. 14A).

V nediHii agkoroi30BaHMX IIypiB YHIPOAOBXK 9 MiCSIIB (HalIOBIIMN TEPMIH €KCIIe-
PUMEHTA) CIIOCTEPITAIH CHIIbHY TLAPOMIYHY TUCTPO(]i0 renaTolUTIB 31 3pOCTAHHSM iX PO-
3Mipy BHACIII0K HAOpAKY a00 301IbIIEeHHS (DYHKIIIOHAIbHOTO HABaHTA)XEHHS Ha HUX (TalJ1.
2; puc. 14b). [esiki sapa KIITUH MIKHOTWYHI, 1HII 301JIbIIIEHI Ta sICKpaBi. TakoX y cemu
TBApUH CIOCTEPIrain APIOHOKPAIUIMHHY JINIAHY TUCTPOPito, a y I’ ATH TBAPUH — CUIIbHY
KPYIHOKpPAIUIMHHY JINIAHY AUCTPOodit0 Ta O0anoHHy aucTpodito renatouuTiB (puc. 14b).
HekpoTuyni renaTonuTyl BUSBIICHI Y BeIHUKIN KibKocTi TBapuH (10 3 12 mrypiB). [esiki kpo-
BOHOCHI CYJJMHHU PO3IIUPEH1, HABKOJIO HUX CIIOCTEPIraeThecs HPinbTpanig nedkountis. Di-
KCYETbCSI PO3POCTAHHS CIIOJIYYHOT TKAHUHH.

V meuiHIl aNKoroi30BaHUX MIYpiB, siKi oTpumMyBain CeoBP® ynpoaosx 9 micsiiis,
CIOCTEpIrajid MOMIPHO BUPAXEHY T1IPOMIYHY Ta cl1abKO BUpaKeHy APIOHOKPAIUIMHHY JIi-
MigHy AUCTpodit0 renaTonuTiB, 6anonHa auctpodis BiacyTHsa (puc. 14B). ['ematonurtu 3
NIKHOTUYHUMU JIpaMU Ta HEKPOTUYHI FeNaTOLMTH MPUCYTHI, aj€ y 3HAaYHO MEHILIN Kilb-
KOCTI, HI’)K B JIKOTOJII30BaHUX TBapHH, 5Kl He oTpuMyBaiiu CeBP® (Tads. 2). Inoai cnoc-
Tepiraay po3MIMPEeHi KPOBOHOCHI CYJIMHU 3 JICUKOIIMTAPHUMH 1H(ITTpaTaMu HaBKoJI0. Mae
Micle ciaabke po3pocTaHHs Croy4yHoi TkaHuHU (puc. 14B). OTxe, TiCTONIOTIYHI 3MIHU Y
MIEYIHIII IIYPIB, K1 OTpUMYyBaJK Bo1opo3unHHI Ceo (hyIepEeHU pa30M 3 AJIKOTOJIEM, € 3HAYHO

MEHIIIUMH, 1110 CBIIYUTH MPO iX T€NaTONPOTEKTOPHY 0.
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Puc. 14. I'ictonoriyni 300paskeHHs medi-
HKH M1JIOCITHUX TBApUH: A — KOHTpPO-
npHa rpyna; b — rpyna ankoromizaris —
IIypH, SIKI OTPUMYBAJIU AJKOTOJb YIPO-
JoBX 9 MicsniB; B - rpyna ankorosmizaris
+ Cep — 1IypH, SIKI OTPUMYBAIU CyMIIII
etanoiny 1 CeqBP® (1 mr/kr) ynpoaosx 9
MicsIiB, 1 — MIKHOTHYHI sjpa; 2 —
TIBI Memopi; 3 — mimigHa auctpodis
3 IpIOHUMM KparisiMd Ta OajJOHHA JIHC-
Tpodis; 4 — rigpomniuna auctpodis. Da-
pOyBaHHS TEMAaTOKCHIIIHOM Ta €O3WHOM.

Macmta6: 25 pum.
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Tabnuya 2. 'icmonoziuni ocoboiusocmi neuiHku ni00OCIiOHUX WYPI8: AIKo20ni3ayis —
wypu, sKi Ompumy8aiu aiko2onb ynpooosc 9 micayis, anrkoeonizayis + Csg — wypu, saKi
ompumysanu cymiut emanony i CsoBP®@ (1 me/ke) ynpooosac 9 micayis. *p<0,05 sionocro
kowmpoaro, **p<0,05 éionocno epynu anrkozonizayisn. Inmencuenicmo nposeie: «—» — He

BUABNEHO, «t+» — caabka; «++y» — nomipHa, «++-+» — eupaosicena.

[ToxazHuk KonTtpoib Ankoromizamis | Ankorosmi3aris +
['pynu Ceo
O0’eM sJ1pa TeNaTonuUTa, 138+ 8 248 £ 11%* 284 + 19**
MKM?
[1i1o1ma monepevyHoro rmne- 205+ 11 273 £ 20* 244 + 11**
pepi3y remaronura, MKm?
[TikHOTHYHI s7Ipa y remna- + ++ +
TOILIUTAX
Tineus Memnopi — +++ ++
JlimigHa nuctpodis rema- — +++ +
TOILIMTIB
INapomiuna nuctpodis re- — +++ 4+
MMaTOILUTIB
banonna nuctpodis remna- — ++ _
TOILIMTIB
HekpoTtuyni remarorutu — ++ +
Posmmpenns kpoBoHoC- — —t +
HUX CYJIUH
[ndinprparis 3ananpsHUMU — ++ +
KJIITHHAMH
Po3pocranns cromay4yHol — - +
TKaHUHU ((p10po3)

OT)KC, MOJXHa CTBCPKYBAaTH, IO 3allpOIIOHOBAHA TCPAIICBTHYHA CXEMa BBCICHHS

CeoBP® (1 wmr/kr; pa3oMm 3 ajnkorosiem) 3MEHIIY€ TSDKKICTh Mepediry MaToIoriuHuX
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MPOLIECIB y MEYiHIII IIypiB HA TJ1 iX XPOHIYHOI aJIKOTOJBHOI 1IHTOKCHKAIIi1, 30KpeMa y BCIX
MPOBEICHUX TECTaxX CIIOCTEPIra€ThCs MO3UTHBHA JUHAMIKA 010XIMIYHMX IMOKA3HHUKIB KPOBI
(B cepeaaboMy Ha 15 + 2%), sik MapKepiB ypa>KeHHS NEUiHKH, 110 MiATBEPAKY€EThCS TiCTO-

JIOTIYHUMHA JaHUMH.
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PO3J1JI 4. Mexanizmu aii Boanopo3unHHuXx Ceo (yJsiepeHiB 3a XpOHIYHOI
AJIKOT0JIbHOI MiomaTii.

Bizomo, 1m0 poO3BHTOK XPOHIYHOI aJKOTOJLHOI MiOmaTii MOB’S3aHHWM 31 3MIHOIO
OKHCHO-BITHOBHOT'O CTaHy Ta JUCOATaHCOM €HJIOT€HHUX aHTHOKCHJIAHTIB B opraHizmi. Lli
HOPYIICHHSI BUKIUKAIOTh 3HWKEHHS BMicTy AT® y ckeneTHMX M’s3aX 1 3MEHIICHHS

OKHCHO-BiHOBHOTO criBBigHOImeHHss HAJ["/HAJIH, mo cynpoBoiKyeThes 301IbIIICHHSIM

BUTOKY €JICKTPOHIB, TOJIOBHUM YMHOM 13 KoMIuiekcy III (yOixiHOHY), 1 Cripusie YTBOPEHHIO
MmitoxoHapianbHux A®K Ta 3BOPOTHOMY TPaHCHOPTY EJNEKTPOHIB. Y CYKyHHOCTI Il
MPOLIECH 1HAYKYIOTh MITOXOHJAPIAJbHI JUCPYHKIII CKEJIETHUX M S31B, MPUTHIYCHHS
CUHTE3a OUIKIB Ta MOCHIICHHS ayTodarii. AJIKOT0JIb TOCUIIIOE aKTUBHICTD IIUTOXpoMy P450,
110 Takox crpusie yreopeHHro ADK. Hapemti, MmeTa0os1i3M eTaHOJy B IEUiHI[ PU3BOIUTH
710 YTBOPEHHS BUCOKOPEAKTUBHUX CIOJYK, a IX MOJANBIINI METa00I113M TaKOX OB’ I3aHUN
3 npoaykuiero ADK.

EdextuBna inaktuBanis A®K nHanouactuHkamu Cep (QylepeHIB y MOJEIbHUX
CUCTEMax In Vivo BIJIKPUBA€ pealibHI MEPCIEeKTUBU iX IIMPOKOTO 3aCTOCYBAHHS Y
o0iomequuuHi. Ilokazano, mo Cey (ynepeH BUSBISIE OLIBII MOTYX HI aHTUOKCHIAHTHI
BJIACTUBOCTI MOPIBHAHO 3 MPUPOJHUMH aHTUOKcHaHnTaMu — BitamiHamu C 1 E, a Takox
€K30T€HHUMHU aHTUOKCUIaHTaMU - N-alleTUIIIUCTEIH 1 B-ajaHiH, sIK1 4aCTO 3aCTOCOBYIOTh Y
CIIOPTUBHIN MEIUITUHI.

Crniz 3a3HAYMTH, 0 MITOXOHJIPIi € OCHOBHUMH OpraHelaMH, BiAMOBITAILHUMH 32
renepanito AOK y momkomkeHux ckeneTHux M szax. Binrak, Cep dynepenu 3
MITOXOHJIpiaTbHUM TapreTyBaHHSAM MOXXYTh BHCTYIATH €()EKTUBHUMH aHTHOKCHIAHTAMH
y Teparii M’sI30BUX MaTOJIOT1H, OTIOCEPEAKOBAHUX OKHCHUM CTPECOM.

3aBAaHHAM 1BOTO eTamy poOoTH Oyio 3’sCyBaTH MOXKJIMBI MEXaHI3MHU i1 BOJIOPO3-
YUHHUX HaHOYaCTHHOK Ceo PyTIepeHiB Ha in vivo MOJIEII XPOHIYHOT aJTKOToJIi3aIliil MIITX0M
aHai3y 010XIMIYHUX MTOKAa3HUKIB KPOBI MiIIOCIIITHUX TBAPUH Ta KOMITFOTEPHOTO MOJICITIO-
BaHHS.

1106 nepeBipuTH anTHOKCUAAHTHY Hit0 Ceo QysiepeHiB, MoB’sa3aHy 3 MOAUDIKAIIEIO
ADK-3anekHUX MeXaHI3MIB Ta 1X BINIMBOM Ha aKTHBHICTHh €HJIOTCHHUX aHTHOKCHIAHTIB,

MU TpOaHaNi3yBajli MOKa3HUKU MPO- Ta aHTUOKCUAAHTHOTO OajaHCy, a caMe aKTHUBHOCTI



43

CO/l, karana3u 1 I'T, konuenTpauii BigHoBieHoro riyTariona i H,O, y kpoBi 1ypiB 3a Tpu-
BaJIOI AJIKOTOJIBHOT 1IHTOKCUKALIIT.

CO/] € HallMOTYXHIMKUM MPUPOJTHUM AHTHOKCHJIAHTOM 1 (hepMEHTOM Tepioi JiHii
AHTUOKCUIAHTHOTO 3aXUCTy opraHizmy. Sk 6aummo 3 puc. 15, aktusaicTs COJl 3011bI1TH-
nacsa31,7+0,1 On./mny korTpodi 10 3,8 £0,3,4,8+0,415,9 +£0,5 On./mn 3a ankorosmizarii
TBapuH ynpoaoBx 3, 6 1 9 micsauis, BianoBigHo. 3actocyBaHHs CeBP® (1 mMr/kr; pazom 3
aJIKOTo0JIeM) 3HU3WJIO 11l moka3Huku Ha 37 £ 3%, 38 + 3% Tta 39 + 3% 3a ankorosizari
TBApHH YIPOAOBXK 3, 6 19 Mics1iB, BIMIOBIIHO, IIOPIBHIHO 3 TPYIIOIO aJIKOTOJII3allis.

Karana3a 3ano0irae yTBOpeHHIO BUCOKOPEAKTUBHHX T1IPOKCUIIBHUX paJuKaliB. Sk
O6aunmo 3 puc. 15, akTuBHICTH KaTaya3u 3pocia 3 1,3 = 0,1 MM/xB 10 2,2 £0,1,2,5+0,1 1
3,5 £0,2 MM/xB 3a ajikoroJizailii TBapuH yIpoa0oBxk 3, 6 19 Mics1iB, BiAMOBIIHO. 3aCTOCY-
BaHHS CgBP® 3um3mino mi mokasauku Ha 33 + 3%, 34 + 3% 1 37 + 3% 3a ankorom3ami
TBapUH yNpoAoBX 3, 6 1 9 Mics1iB, BIINOBIIHO, MOPIBHSIHO 3 TPYIIOI0 aJIKOTOJIi3aIlisl.

3a PO3BUTKY XPOHIUHOI AJIKOTOJIBHOI MIOMATII CIIOCTEpIrajiy 3HAYHE I1JBUILCHHS
KOHIIEHTpAIlll BIIHOBJIEHOTO TIIyTaTioHa: BoHa 3pocia 3 2,0 = 0,1 uM y kouTpodi 1o 3,2 +
0,2,3,9+£0,215,5+0,3 uM 3a ankoroJii3zaiii TBapuH YIPOJI0BXK 3, 6 19 MiCs111B, BIJITIOBIIHO.
3actocyBanHs CgoBP® 3H13u110 111 moka3Huku Ha 22 + 1%, 23 £ 1% 1 31 + 3% 3a ankoro-
Ji3arii TBapuH ynpoaoBxk 3, 6 1 9 MicsI1iB, BIAMOBITHO, IIOPIBHSIHO 3 TPYIIOI0 aTKOTOJII3allis
(puc. 15). Kpim toro, 3a aii CqoBP® cnocrepiranu Takox 3HmxkeHHs aktuBHocTi [T Ha 20
+ 2%, 22 £ 2% 1 26 £ 2% 3a ankoroJizalii TBapuH yIpoAaoBx 3, 6 1 9 MicAIiB, BIAMOBIIHO,
MOPIBHSHO 3 Tpynoro anmkorodizaris. i pesynbratu miaTBepmKyoTh 3natHicTh Coo dyite-
PEHIB BIUIMBATH HA MPOLIECH CUHTE3Y 1 METa00I13My TIIyTaTiOHa y M’ S130B1i TKaHWHI 3a Ma-

TOJIOT1TYHHMX CTaHIB PI3HOTO TE€HE3Y.
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Puc. 15. ITokazauku npo- ta antuokcunantaoro 6anancy (CO/l, karanasa 1 BIAHOBJICHUN
TJIyTaTIOH) Y KPOBI MiJIOCIITHAX TBAPUH: AJKOTOI3allis — UIypH, K OTPUMYBAJIHU aJIKO-
roJib; ankoroizanis + Ceo — UIypH, K1 OTpuMyBaiu cymim etaHosy 1 CeBP® (1 mr/kr);
3,619 micamiB — ankorosmizais yrnpoaosx 3, 6 19 micsaiis, BianosiaHo. *p<0,05 BiqHOCHO

KOHTpOt0; **p<(,05 BIIHOCHO TPyIH AJIKOTO13allisl.

Hapemri, 3actocyBanns CeoBP® 3menmuno smict HyO;, Ha 21 + 2%, 24 £2% 129 +
2% 3a asikoroJi3anii TBApUH yOpoJoBx 3, 6 1 9 micsiB, BIATOBIAHO, TOPIBHSHO 3 TPYIOIO
ankoromizaiis. Lleit pesynpTaT marsepaxye Toil gakt, mo Ceo dynepeHu 31aTHI MPOHH-
KaTH yepe3 MeMOpaHH KJIITHH 0e3 03HaK iX MOIIKOKEHHS.

Binomo, mo came aktuBHocTi COJI 1 I'TI Ta kKOHIIEHTpAaIlii PepMeHTIB, MOB'I3aHUX 3
B1IHOBJICHUM TJyTaTIOHOM, € MIIIEHSAMH PETYJSTOPHOTO O1JIKa 3aXHUCTY KIIITHUH B1J] OKHC-
Horo ctpecy - Nrf2. Sk 6aunmo, Bogopo3unHHi HaHouacTUHKU Cgo dyiepeHa HopMaizy-
I0Th PIBE€HB BITHOBJICHOTO IIyTaTiOHA Ta aKTUBHICTH O1JTKiB, TOB's13aHMX 3 HUM. Lle CBITUHTH

Mpo Te, MO0 TOPSAM 3 IHIIMMHU TMOTCHIIWHUMU MEXaHI3MaMH, aHTUOKCHUIAHTHUHN IUIIX
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Nrf2/ARE moxxe 0yTu 3aisiHUi y peryiiii romeocTasy riryTariona. Hapemnri, MokHa rpu-
nyctutu, 1o Ceo QynepeHu, sk NpoTU3anaibHl areHTH, 34aTHI MPUTHIYYBaTH aKTHUBAIIIIO
TPAHCKPUILIHHOTO (haKTOpa — peryisTopa 3anajibHUX MpoleciB y kiituHax - NF-kB, 3me-
HITYIOYM TaKUM YAHOM TPOIYKIIIIO MpOo3anajbHUX IUTOKIHIB, IO MiATBEPKYETHCS 1H-
[IMMU aBTOPAMHU.

[TpoBeneni OioxiMiuHI JOCTIIKEHHSI BUSBUIN 3HAYHE MMIIBUIICHHS MapKepiB KPOBi
€KCIIEpUMEHTAJIbHUX TBAPUH, MOB'I3aHUX 3 OKUCHUM CTPECOM, Ha TJI1 PO3BUTKY XPOHIYHOT
ankoroibHoi Mionatii. Lle cBiquuTh, 1110 M'sI30Ba CUCTEMa BUKOHYE POOOTY, SIKa € 3aHAATO
IHTEHCUBHOIO JUIs 11 (P1310J0T14HOro piBHS. 3a ajkoroyibHOi MionaTii ADK yTBOprOOThECS
TOJIOBHUM YHHOM y AUCHYHKIIOHATBHUX MITOXOHAPISX, 10 BUKIIMKAE pyHHYBaHHS KITITHH-
HUX MEMOpaH Ta (PyHKI10HAIbHI MOPYIIEHHA iX (pepMEHTHUX cucTeM. Lle Moxke nmpu3BecTH
710 THMYaCOBOTO MOPYIICHHs 0aTaHCy Y Yaci BCTAHOBJICHHS TJIaIKOTO TeTaHyca M’s3a, 110,
y CBOIO 4epry, 301IbIIy€ Yac, HEOOX1THUM HOMY JIJIT BUKOHAHHSI CHJIOBOI BIPABH. 3 1HIIOTO
00Ky, BIIOMO, 1110 TTOHa1 90% CIOXUTOrO adKOTOIK0 METAa00JI3y€EThCA B OpraHi3Mi OKHC-
HUMU T4 HEOKMCHUMHM IUIIXaMHU, YTBOPIOIOYHM TaKi XIMIYHO aKTHBHI CIIOTYKH, SIK alleTallb-
JIeT1]1, alleTaT, eTUIOBUN edip KUPHOI KUCIOTH To1lo. L{i cnomyku Takox renepyots ADK,
AK1 CHIPUYMHIOIOTH MABUIICHHS OKUCHOTO cTpecy Ta [10JI, mopyuryioun THM caMuM CTpPY-
KTYpHY LITICHICTh KJIITHUH 1 QyHKIIT TKaHuH 3arajgoM. [TokpaiieHHs 610XIMIYHUX TTOKA3HH-
KiB (B cepeaHboMy Ha 30 + 3% mopiBHSAHO 3 IPYIOIO AJKOroi3alis), JOCATHYTE 3aBASKA
3aCTOCYBaHHIO €K30TreHHUX aHTHOKCUAAHTIB Cgo (hyepeHiB 3 MITOXOHIpiaIbHUM TapreTy-
BaHHSM, IEMOHCTPYE iX 3[aTHICTh MOPYIIYBAaTH LUK OKUCHOTO CTPECY Ta MITOXOHpPialib-
HOT IUCPYHKIII].

[TincymoByro4H, MOXKHA 3aMpoTNoHyBaTu Taki mexanizmu Jii Ce dynepenis: (1) 6e3-
nocepeaHbo, epekTuBHO iHakTuBYOUM ADK, Ta (2) onocepeKOBaHO, BILIMBAIOYH, HATIPHU-
knaz, Ha Nrf2/ARE (ctumyntoBannst) i NF-kB (nmpurHideHHs ) CUTHaJIbHI IUIAXH, K1 OEpyTh
y4acTh Y PETyJsilli aHTHOKCUIAHTHUX (GepMeHTIB, Coo QyJiepeHrn HOPMAII3YIOTh QYHKIIIO-
HaJbHUM CTaH M'SI30BOT CUCTEMU 32 PO3BUTKY XPOHIYHOI aJIKOTOJIBLHOT MioMaTii.

Pesynbratn M]] MoaentoBaHHs moka3and, mo nooauHokl Ce pynepenn ta ix HaHO-
Kjactepu 3 2, 3 1 4 MOJIeKyJI € HECTaOUIbHUMHU y CepeIOBUILI «Bojaa + eTaHom». CTabiib-

HUMHM BUSIBUIIUCA Taki HaHOKiactepu (puc. 16,A-I"): 5 momnekyn Ceo (5Ceo) po3TalioBaHi y



46

BEpIIMHAX TPUKYTHOI OlrmipaMiy, MaKCUMallbHa JiaroHajb sikoi cTaHOBUTH 2,2 HM; 10Cq 1
13Cep € maibke chepuynuMu 3 giameTpamu 2,5 1 2,9 HwM, BianoBigHo; 20Cs Mae
emincoinansHy (hopMy 3 HalJOBIIOIO TOJIOBHOIO BICCIO 3,4 HM 1 IBOMA 1HIIIUMH, TTPUOTU3HO
piBEHEMHE 2,5 HM. MiHIManbHa BifcTaHb Mixk cycimHiMu Ceo PyrepeHaMn y HaHOKIACTEPax,
K1 O€3MOoCcepeIHbO B3aEMOJIIIOTh MK c00010, cTaHOBUTH 0,27 HM, a MmakcumaibHa — (0,32
HM.

Byno po3paxoBaHoO KiJIbKICTh KOHTaKTiB M1 HaHOKJIacTepamu Cgo 1 MOJIEKYJIaMH €Ta-
HoJta 1 Boau (Tabi. 3). SIk 6auuMo, B CepeTHbOMY KUIbKICTh KOHTAKTIB M1’)K HAHOKJIacTepaMu
Ceo 1 BOTOIO J1111I€ HAa 23% O1IbIIIA, HIXK 3 €TAHOJIOM, 10 CBIAYUTH PO 3/1aTHICTh OJIEPKAHUX
HAHOKJIACTEPIB aJcopOyBaii Ha CBOIM MOBEPXHI SK MOJIEKYJM €TaHOJa, TaK 1 MOJICKYJIU
Boju. HaliMeHI11a BiJicTaHb MixK TOBEepXHEI0 HaHOKIacTepiB Cegp 1 MOJIEKYJIaMH €TaHOJIa CTa-
HOBUTH 0,24 HM. binbuiicts OH-rpyn eranona opieHTYIOThCS Ha MOJIEKYJIH BOAM, IPArHy4H
YTBOPUTHU 3 HUMU BOJHEBI 3B's3ku (puc. 16/]). Meperka nux BOAHEBUX 3B'SI3KIB CTA€ MI1Tb-
HIIIOO 31 30UIBIIEHHSIM PO3MIpYy HAaHOKJIACTEpa. 3arajioM, KUIbKICTh aIcOpOOBaHUX MOJIe-
KyJI €TaHOJIa HalpsMy 3aJIeKUTh BiJl po3mipy HaHokJacTepiB Ceo (puc. 16; Tadm. 3).

[TincymoByr04M, MOKHA 3alIpONIOHYBaTH Takui MexaHi3M Aii Ceo pynepeniB. Eranon
PO3MOBCIOJIKYETBCA 3 KPOBOTOKY IO BCIX TKaHMHAX 1 piadHax opradizmy. Ha
KOHIICHTPAIII0 €TaHOJIy B TKaHMHAX BIUIMBAE BIMHOCHHMM BMICT Boau. [loaidHo 10 BOM,
€TaHOJI MOK€ IPOHUKATH Yepe3 KIITUHHI MeMOpaHu. BaxxiuBo, 1110 y KpOBi BiICYTH1 O1JIKH,
SIK1 3B’ SI3YIOTBCS 3 €TaHOJoM. 3 1HIIOro 00Ky, BimoMo, Cey pysiepenHu Ta iX HaHOKJIACTEPH
3/1aTHI €eKTUBHO aJIcCOPOYBAaTH Ha CBOil MOBEPXHI P13HI apOMATHYHI MOJICKYJIH Y BOJTHOMY
CEpEeIOBHUILI Ta MPOHUKATH BCEPEIMHY KIITHH. BinTak, BucokocTab1bH1 HaHOKmacTepu Ceo
dynepeniB (po3mipom 2,2-3,4 HM 1 Oiiblne) 37aTHI €PEKTUBHO 3B’SI3yBaTH MOJICKYJIH
€TaHOJIy B OpraHi3Mi, BHUKIIOYAIOUYW iX 3 METa0OJIYHOrO IUKIY, 1, TaKUM YHHOM,

3MEHIIyBATH HETaTUBHUI BIUTMB aJIKOTOJI0 HAa (DYHKIIIOHYBAaHHS M’ S30BO1 CUCTEMH.
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Puc. 16. Po3paxosani cradinbHi HaHOKIAacTepu 5Ce (A), 10Cso (B), 13Cso (B) 1 20Cq (I').
Monekynu BOIM MO3HAYEHI YEPBOHUM KOJIBOPOM, €TaHON — KOBTHM. Koja mo3HayaroTs:
OLTUM — «CyX1» IISTHKH, 3eTIEHUM — TOPO>KHUHH MK Ceo ysiepeHaMu, 4epBOHUM — OITYKJII
noBepxHi. @parmeHT HaHokimactepa 5Ce 3 MEPIIO 0OOJOHKOIO COJIbBATAIIl] €TaHoa, e
MOJIEKYJIU 3aiHATI BOAOIO B Mexax 0,24 uM (/1): 4opH1 MyHKTUPHI JIIHIT TOKa3yIOTh BOJJHEBI
3B's13kM Mk OH-rpynamu eta”osna Ta BOJOI; aTOMHU KHUCHIO TTO3HAYEHI YEPBOHUM KOJIbO-

pOM, aTOMU BOJHIO — O1JTUM, @ aTOMU BYTJICI[IO — OJIAKUTHHM.

Tabnuysa 3. Po3paxosana cepeoHs KilbKicmb KOHMAKMIE MIdHC MOJIEKYIamu emanoa aoo

eoou i Cgy Qhynepenamu 3anexcHo 8i0 ix KitbKocmi y HAHOKIAcmepi.

Kinekicte Coo dynepeniB |Cepenss KUIbKICTh KOHTaKTIB| CepeHs KiJTbKICTh KOHTAK-

y HaHOKJIacTepi etanon — Ceo TiB Boga — Ceo
5 25+4 29+6
10 44+5 67+9
13 55+6 74+11

20 756 93+11
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Y3ATAJIBHEHHSA

[Ipencrapieni pe3ynbTaTH JTOCHIDKEHb OlOMEXaHIYHUX IapaMeTpiB CKOPOTIUBOL
AKTUBHOCTI CKEJIETHUX M s31B, OIOXIMIYHMX TOKa3HHKIB KPOBI Ta M S30BOi TKaHWHH,
rictoyorii M's3iB 1 TEYIHKH IIypiB 3a TPUBAJIOI aAJIKOTONBHOI I1HTOKCHKAIii Ta mii
BoA0po3uMHHUX Cgo (DyJIEpEHIB 3aIE€KHO BiJl JJO3U, CXEMH 1 IEPOPATHLHOTO 3aCTOCYBaHHSI.

[TokazaHo, 110 TpUBaJIa AIKOTOI3aIlis TBAPUH (YIPOIOBXK 3, 6 1 9 MiCSIIiB) BUKIIUKAE
3HUKEHHS CHUJIOBOT BIAMOBI/I M's131B IOPIBHAHO 3 KOHTpoJieM. Tak, HalpuKIIaa, Mae MicIe
3MEHIIIEHHS 3HAYeHb IMITyJIbCa CUIIN musculus gastrocnemius, Aoro MiHIMaJbHOI Ta MaKCH-
MaJIbHOI CUJii CKOpoueHHs Ha 74 + 4%, 91 + 5% Tta 64 + 4%, BiANMOBIAHO, III0 BKa3y€ Ha
3HAYHY M’SI30BY ITUC(HYHKIIIIO 32 PO3BUTKY JIKOTOJIBHOI M1OTIaTii yIpoa0BkK 9 MicsiiiB. Bo-
nHo4vac, 3actocyBaHHs CeBP® (1onenna nepopanbHa g03a 1 MI/KT pa3oM 3 aJKOTOJIeM)
30UTbIIMIIO LI TapamMeTpu Ha 26 £+ 2%, 33 + 3% ta 23 + 2%, B1ANOBIAHO, TOPIBHSHO 3 TPY-
MIOI0 AJIKOTOJTI3aIT1s.

BaxnuBo 3a3HauuTH, 10 3a TPUBAJIOI AJIKOTOJI13a1lli TBAPUH 3pOCTaE BeauyuHa (iry-
KTyaliiHUX KOJUBaHb CUIIM CKOPOYCHHS musculus gastrocnemius Ha (a3l yTpuMaHHs Ma-
KCUMAaJIbHOI CHJIOBOT BIJMOBII (TaK 3BaHUI «TpeMOp»): yepe3 9 MicsliB BOHA CTaHOBHUJIA
0,13 + 0,01 mH (Mmaiixe BTpu4l NepeBUIIIIA KOHTPOJIb). Y TBApUH, SIKI OTPUMYBAJIU CYMIIlI
ankoroiito 1 CooBP®, crioctepiranu 3nauHe 3HMKCHHS IIHOTO IMapaMeTpa, a came Ha 66 = 3%
MOPIBHSIHO 3 TPYIIOIO AJIKOTOJTi3allisl.

3adikcoBaHO 30UIBIIIEHHS YACOBUX XapaKTEPUCTUK CHUIIOBOI BIAMOBIAI M'sI31B 3a TPH-
BaJIOi aJIKOTOJII3aIlli TBAPHH MOPIBHSHO 3 KOHTpOJIeM. Tak, HapuKJIaJl, 3HaY€HHS 4acy To-
YaTKy CUJIOBOI BIAMOBII musculus gastrocnemius, 4acy 3HUXKEHHS CUJIM OTO CKOPOUYCHHS
710 HYJIS TIICJISl PUTTMHEHHS CTUMYJISIIIIT, 4acy JOCSTHEHHS CHUJIOK0 CKOPOYECHHSI MaKCUMaJTh-
HOTO PIBHS Ta Yacy BCTAHOBJIEHHS TJIAJIKOTO T€TaHyca 3pOCid B cepelHboMy Ha 79 £ 4%,
145 + 8%, 50 £ 3% Ta 15 + 1%, BiANMOBIHO, 1110 BKa3y€ HA 301IBIIICHHS )KOPCTKOCTI M 534,
MIIBUIIEHHS WOTO BTOMH Ta MOPYIIEHHS B aKTUBAIlll CHUIM CKOPOUYCHHS OKPEMUMHU PYXO-
BUMHU OJIMHULISIMU 32 PO3BUTKY QJIKOTOJIbHOI MiomaTii ynpoAoBK 9 MicsliB. 3aCTOCyBaHHS
CooBP® (mmogenna nepopainpHa 1032 | MI/KT pa3oM 3 aIKOTOJIEM ) 3MEHIIIUJIO 111 TapaMeTpu

Ha 20 = 2%, 41 + 3% 1 32 + 2%, BiANOBIHO, MOPIBHSHO 3 TPYIIOIO AJIKOTOJIi3allis, a yac
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BCTAHOBJICHHS TJIAJIKOTO TeTaHyca musculus gastrocnemius Maike HaOIH3UBCS 10 KOHT-
POJIIO.

JItst mATBEpKEHHS OJepyKaHUX O10MEXaHIYHUX pe3yJIbTaTiB Oyiio MpoaHali30BaHO
010X1MI4HI TOKa3HUKU KPOBI, 30KpemMa KoHIeHTpalii kpeatuniny, KOK, JIAI 1 JIA, Ta mpo-
Ta aHTUOKCHAAHTHOTO OamaHca (koHueHTpaiii H,O, Ta BiIHOBJIEHOTO IIyTaTiOHa, aKTHB-
Hocti COJ/l, xaranasu i I'Tl) y Tkanunax musculus gastrocnemius. Yci BOHU MalOTh BUpa-
YKEHY TEHCHIIIIO /10 3pOCTaHHS 31 301IbIIIEHHSIM TPUBAJIOCTI aJIKOr0JIi3allii TBapHH, 1110 CBI-
JUYUTH MPO 3HAYHI MOIIKO/PKEHHS MIOLMTIB. Y TBapHH, SK1 BKUBAJIM CYMII QJIKOTOJIO 1
CooBP®, 111 mOKa3HUKH BUSBUIKMCS 3HAYHO HIKYMMU TIOPIBHSIHO 3 TBAPUHAMM, K1 OTPUMY-
BaJI JIMIIIE aJIKoroJib. Tak, KOHIIEHTpallis KpeaTuHiHy 3Hu3unacs Ha 37 + 2%, KOK - na 28
+ 2%, JIIT" - nHa 41 = 2%, JIA - Ha 38 + 2%, H,O, —Ha 51 £+ 2% 1 BIIHOBJIEHOTO IIyTaTIOHY
- Ha 42 + 2%, a aktuBHICTE COJ] - Ha 44 + 2%, katana3u - Ha 48 £ 2% 1 I'Tl - Ha 39 £ 2%
3a aJIKOroJIi3allii TBApUH YIIPOIOBK 9 MICSI[IB MOPIBHSIHO 3 TPYIOI0 AJIKOTOJII3aIlis.

3a3HauYUMO TAKOX, 1110 OJIEpKaH1 pe3yJbTaTH A musculus soleus (MOBUTLHUN M 43)
KOPEIIOITh 3 JIMHAMIKOI BHILECONHUCAHUX OIOMEXaHIYHMX 1 OI10XIMIYHHUX JaHUX IS
musculus gastrocnemius (IUBUAKUI M’513) TIAAOCTIAHUX TBAPHUH.

['icTonoriyHuii aHai3 NPOJAEMOHCTPYBAB, 1O Y LIYPIB, SIK1 BXUBAJIN AJIKOT0JIb YIIPO-
TOBXK 9 MicsIIiB, OLIBIIICTS M'SI30BUX BOJIOKOH TOHIII, HI’K Y KOHTPOJILHOI IPYIIH, a Cepe/-
HI{ JlaMeTp BOJIOKOH 3MEHIIY€eThCs 10 24,4 MKkM. € 3BUBUCTI BOJIOKHA. J{esK1 BOJIOKHA Ma-
I0Th HEPIBHOMIPHY TOBIIIMHY 1O BCifl JTOBXHHI, a 1K1 - BaKyOJI130BaHi, 110 CBITYUTH PO
JECTPYKTUBHI TIporiecy B HuX. CIlolydyHa TKaHWHA MK M'S30BUMH BOJIOKHAMU 301JIbIIICHA,
BHACIIIIOK 9OTO IUIOIIA, 3aiHATA CIIOIYYHOI0 TKAHMHOIO, 3pocTae 10 0,21 mxm? Ha 1 MKm?
TJIOIII TIOTIEPEYHOTO mepepizy M's3a. Binrak, crioctepiraetses ckiiepos i pidbpos. B ankoro-
J30BaHMX UIYpiB, siKi oTpuMyBasid CeoBP® (monenna nepopanbHa 103a 1 Mr/kr pazom 3
AJIKOTOJIEM ), TOBIIIMHA M'SI30BUX BOJIOKOH 1 IUIOIIA, 3aiHATA CIIOIYYHOIO TKAaHWHOI0, HEe3HA-
YHO 3MEHINMIACS 1 301IBIINIIACS, BIATIOBIIHO, TOPIBHSHO 3 KOHTPOJIBHOIO Tpymnoro. Ckiepos
1 (16po3 Oy MEHIII BUPAXKEHUMHU.

Oxpemo Oyna mpoaHasli3oBaHa TpUBaja Jisl aJKOTOJI0 Ha PO3BUTOK MATOJOTTYHHX
MPOIIECIB y MEUIHI[l IIYPIB IIJISAXOM OLIIHKM OCHOBHMX O10XIMIYHUX MOKa3HUKIB KPOBI, SIK

MapKepiB JUCPYHKIIT MEYiHKH, Ta TICTOJOTIYHUX 1 MOP(POMETPUYHHX OCOOIMBOCTEH i
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MOMIKOKEeHHS. Tak, Hanpukiaz, Mano mictie 30umbmenHs aktuBHocTert AJIT, ACT, I'TT 1
JI® Ta piBasg KT na 58 + 3%, 15 + 1%, 73 £ 4% 1 15 £ 1% T1a 11 £ 1%, BianoBiaHO,
MOPIBHSHO 3 KOHTPOJIEM, IO € HACIIIKOM IPOrPEeCyIouoro pyiHHYBaHHS TeMaTOIUTIB. 3a-
cTocyBaHHS cyMini ankoromo ta CeBP® 3HM3MII0 11 TOKa3HUKH B cepeHbOMY Ha 15 +
2% ynpoaoBX eKCIEPUMEHTA MOPIBHIHO 3TPYIIO0 alIKOTOJIi3allis.

VY meyiHI ajJKoroJi30BaHUX IIYPiB YIPOJOBXK 9 MICSAIIB CIIOCTEpPIraiu CHIbHY Ti-
poMivHy JUCTPO(]it0 renaTOLMTIB 31 3POCTAHHSIM PO3MIPY KIITHH. Y JESIKUX TBAPUH CIIOC-
Tepiraiau ApiOHOKPAIUTMHHY/KPYITHOKPAIUIMHHY JIMAHY AUCTpOo(dito, a y 1HIINX - OaJOHHY
IUCTPO(di0 renaTouMTIB. Y OLIBIIOCTI HiAJOCHIIHUX TBAPUH BUSBIEHO HEKPOTUYHI rena-
TOIMTH. J[esIKi KPOBOHOCH1 CYAMHH PO3IIMPEHI, HABKOJIO HUX CIIOCTEPIraeTbes 1HPLIBTpa-
i JeMKouTIB. DiKCyeThCs pO3POCTaHHA CIOJYYHOI TKAaHUHU. BogHOYAC, y MeYiHIII aJlKo-
roJI130BaHMX HIYpiB, K1 oTpuMyBaiu CeBP® (moaenna nepopanpHa g03a 1 MI/Kr pa3om 3
AJIKOTOJIEM) YIIPOJOBXK 9 MICAIIIB, CHOCTEPITAIN TOMIPHO BUPAXKEHY T1JIPOIIYHY Ta clIabKo
BUpaXXeHy JpiOHOKpAIUIMHHY JINIAHY AUCTPO(Ii0 renaTonuTiB, 0agoHHa quctpodis Oyna
BIJICYTHSI, 1110 CBITYUTH MPO T€MATONPOTEKTOPHY Jit0 BOAOpo3UMHHUX Cgo (yJIepeHiB.

[TincymMOByrOYM, MOKHA CTBEPIKYBATH: OJICpKaH1 BUILlE O10MeXaH14H1, 010XIMIYHI Ta
TICTOJIOT1YHI PE3yJIbTaTH CBIIYATh PO 3HAUHY TUC(YHKI[IFO CKEIETHUX M S31B 1 IEY1HKH 3a
TPUBAJIOi AJIKOTOJIbHOI IHTOKCHKAIlI OpraHi3Ma, sKi HacamIiepes] MpOSBISIOTHCA Y 3HH-
KEHHI MaKCUMaJIbHOI CHJIM CKOPOYCHHSI M’si3a, TOPYIIEHH] TUHAMIKHA PO3BUTKY TETaHyca,
MBUIIIEHH] M S30BOi BTOMHU Ta MOSIBI «TPEMOPa», B AKTUBAIII{ MPOIIECIB OKUCHOTO CTPECY,
aTpodii M’I30BUX BOJIOKOH, MOPYIIEHH] CTPYKTYpPH Mio(iOpUI Ta JECTPYKIIiT TeaTOIUTIB.
Bonnouac, nepopanbHe 3acTocyBaHHs BOJAOpO3uMHHUX Cgo QyJiepeHiB 3a ONTUMAIbHOI
no3u 1 Mr/Kr Ta HalO I €(PEKTUBHOT TEPATIEBTUYHOIT CXEMU (IT[OJIEHHO Pa30M 3 aJIKOT0JIEM
YIPOJOBXK EKCTIEPUMEHTA) 3[JaTHE CYTTEBO MOKPAIIUTH CKOPOTIUBY aKTUBHICTh CKETICTHUX
M’5131B, 30Kpe€Ma 3MEHIIUTH aMIUNTYAY (PIyKTyalmiiHUX KOJMBAaHb iX CHJIM CKOPOYEHHS
(«TpemMop») Ta 30UTBIIUTH Yac A0 HACTAaHHS BTOMH, BITHOBUTH 010XIMIYHI MTOKa3HUKH KPOBI
Ta M’S130BOi TKAHUHH, 3aMOOIITH PO3BUTKY TSKKUX MATOJOTIYHUX CTaHIB MEYIHKHU, BUKIH-
KaHUX aJIKOTOJIbHOIO 1HTOKCHKAIIIEIO.

Hapemrri, aiist nepeBipku anTHokcuaaHTHOI Ai1 Ceo (ysiepeHiB, OB’ s13aHO1 3 MOUDI-

kamiero A®K-3anexHux MexaHI3MIB Ta 1X BIUIMBOM Ha AaKTHUBHICTH EHIOTE€HHUX
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aHTHOKCHUJAHTIB, OyJIO MPOaHai30BaHO MOKAa3HUKH MPO- Ta AaHTUOKCUAHTHOTO OanaHcy, a
came aktuBHOCTI COJI, katamas3u 1 I'Tl, koHueHTpaiii BigHOBIeHOTrO riiyTariona i H O,y
KpOBI IIypiB 3a TPUBAJIOI AJKOTOJIBHOI iHTOKCcHKaIlii. Tak, Hanpukiaz, aktuBHOCTI COJI 1
KaTajas3u 3pociu Maixke B 3,5 1 2,7 pasu, BIAMOBIAHO, @ KOHIEHTpALlis BIIHOBJICHOTO TITy-
TaTioHa — y 2,8 pa3u MOPIBHIHO 3 KOHTPOJIEM 32 PO3BUTKY aJIKOTOJIBHOI MIOTIATIi YIIPOIOBK
9 micsmiB. 3actocyBanHs CoBP® (mmoaenna nmepopaibHa 103a 1 MI/KT pa3oM 3 aIKOTOJIEM)
3HU3WIO 111 MoKa3HUKH Ha 39 £ 3%, 37 + 3% 1 31 £ 3%, BIAMOBIIHO, MOPIBHIHO 3 TPYTIOIO
aIKoroJrisaris.

3 1HI1I0T0 OOKY, B paMKaX KOMIT FOTEPHOTO €KCIIepUMEHTa 0yJI0 BCTAHOBIICHO, 1110 Ce
dynepeHn yTBOPIOIOTH CTa01IbHI HAHOKJIACTEPH, AKI MICTATH 5 1 OlIbIe MOJIEKYJI, PO3-
MipoM 2,2 HM 1 OuIblIe y BogHOMY cepenoBuill. [lokazano, mo taki HaHoknactepu Ceo Qy-
JIEpEHiB 3[1aTH1 acOpOyBaTH HA CBOIl MOBEPXHI MOJIEKYJIH €TaHOIa, IPUYOMY TUM OUJIbIITY
KUIbKICTh, UM OLIBIINHI TXHIM po3Mip.

BpaxoBytoun 111 pe3yJbTaTH, MOXHa 3allPONOHYBATH TaKl MOXKJIUBI MEXaHI3MH Jii
Ceo dynepenis: (1) 6e3nocepentbo, edhextuBHo 1HakTHBYI0UM ADK, Ta (2) omocepeaxo-
BaHO, BIUTMBAIOYM HA CUTHAJIBHI LIUISIXH, K1 O€PYTh y4acTh y peryJisiii aHTUOKCUAAHTHUX
dbepmenTtiB, Ceo PysiepeHu 31aTHI HOpMalizyBaTh (YHKI[IOHATBHUNA CTaH M'SI30BOi CUCTEMHU
3a PO3BUTKY XPOHIYHOI aJIKOToJibHO1 Miomarii; (3) cTabinbHi HaHOKIacTepu Ceo QyrepeHis,
MOTPAIUIIOYH B OpTaHi3M, 3AaTHI €pEKTUBHO 3B’ I3yBaTH MOJIEKYJIM €TaHOJIa, BUKITIOYAI0UN
iX 3 METabOJIYHOTO IUKITY, 1, TAKUM YHHOM, 3MEHIIYBaTU HETaTUBHUHN BILIUB JIKOTOJIIO HA

OpraHi3M 3arajioM 1 CKOPOTJIMBY aKTUBHICTh CKEJIETHUX M 5I31B, 30KpeMa.
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BUCHOBKHA

Y nucepramiiiHii  poOOTI JeTadbHO IIPOaHAII30BaHO OCHOBHI OlOMEXaHIvH1
nmapamMeTpy CKOPOTJIMBOI aKTUBHOCTI CKEJICTHUX M s31B (IIBUAKI Ta TOBLIBHI), 010XiMIvHI
MOKA3HUKIB KPOBI Ta M’A30BOi TKAaHWHH, TICTOJIOTIT M'S31B Ta MEYIHKHU IIypiB 38 TPUBAJIOT
AJIKOT'OJIbHOT 1HTOKCHKAIIT Ta i Bogopo3unHHUX Ceo PyiepeHiB 3a1eKHO B 03U, CXEMU
(1o BXXMBaHHS aKOTOJIIO, BXKUBAHHSA Pa30M 3 aKOTOJIEM 1 MICIs BXXKMBAHHS aJKOTOJIO) Ta
nepopaibHOro 3actocyBaHHs. OnepikaHi in vivo pe3ylibTaTh BKa3ylOTh Ha MOXKJIUBICTb
BUKOPUCTAHHSI IIMX BYIVICLIEBUX HAHOYACTUHOK JUIsl KOPEKIlli MaTOJOTIYHUX CTaHIB
CKEJIETHUX M'S31B Ta CYNYTHIX METa0OJIYHUX MOPYILIEHb, BUKIUKAHUX aJIKOTOJbHOIO
1HTOKCHUKAIIIETO, 1110 TOTPeOy€e MOAAIBIINX KITHIYHUX BUIPOOYBaHb.

Brnepie nokasaHo, 1110 TpUBaJie BXKUBaHHS alKOToJIo (3, 6 1 9 MICSALIB) BUKIUKAE:

1. 3HayH1 3MIHH y CKOPOTJIUBIN AKTUBHOCTI CKEJIETHUX M f31B IIypiB 000X THIIIB
(MOBUTHHUM Ta IIBUIKUM) TMOPIBHSHO 3 KOHTPOJEM, SIKI TPOSBISIOTHCS HacaMmIiepesn y
3HM>)KEHHI MAKCUMAaJIbHOI 1 MIHIMAJIbHOI CHJIM CKOPOUYEHHS, TOPYIIEHH] JUHAMIKH PO3BUTKY
[JIAJIKOTO  TeTaHyca, MiABUIIEHHI BTOMHM Ta TIOSBlI «TpeMopay». 3acTOCyBaHHS
Bosopo3unHHUX Ceo (PyJiepeHiB y TepaneBTUUHIN cXeMi BBEACHHS (TiepopabHa I0ICHHA
no3a 1 MI/Kr pa3oM 3 aJIKOroJeM YMOpOJOBXK €KCIEPUMEHTA), sika BUSBHUJIACS HAWOLIbII
e(eKTUBHOIO, HOpPMAaNi3y€ dYac BCTAHOBJIEHHS TJIAJKOTO TETaHyca M’ 5i3iB, IMOKpaIlye
OlomMexaHIyHl MapaMeTpu iX CHIJIOBOi BIAMOBiAI B cepeaHboMy Ha 35 + 3%, 30kpema
3MEHIIYIOUYH «TPEMOP» B cepeiHboMy Ha 60 & 6% Ta 1o I0BXKYH0YH 4YaC BUHUKHEHHSI BTOMU
y M'si3ax B cepeaHboMy Ha 25 £ 2% TOPIBHSHO 3 TPYIOIO AJIKOTOI3allis YIPOJIOBK 9
MICSI[IB €KCIIEPUMEHTA;

2. 3HA4YHE 3pPOCTaHHS JIOCHIKYBAHUX O10XIMIYHUX MOKAa3HUKIB KPOBI Ta M’S30BOi
TKAaHWHH, SIK MapKepiB AUCPYHKIIT M’s31B, MOPIBHAHO 3 KOHTPOJEM, IO CBIAYUTH MPO
aKTHBallito mpoiieciB okucHoro ctpecy Ta I1OJI. T'ictonoriunuii aHam3 CKeJIEeTHUX M s31B
BUSBUB aTpodit0 M’S30BUX BOJOKOH, BAaKyOJII3aIlll0 CapKOIUIa3MH Ta TMOPYIICHHS
CTPYKTYpH MIio(piOpuil, 10 HIATBEPAKYE PO3BUTOK XPOHIYHOI aJIKOTOJIBHOI MIOMATIi.
3actocyBanHs BoAOpo3unHHUX (g (GyNepeHiB y TepamneBTUYHIN CXeMi BBEICHHS
(mepopanpHa MIOACHHA A03a | MI/KT pa3oM 3 aJKOrojieM YIPOAOBX EKCIIEPHMEHTA)

BIJIHOBJIFO€ 010XIMIUHI TTOKa3HUKHU KPOBI (KoHIEeHTpallii kpeatuniny, KOK, JIAT 1 JTIA) Ta
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M’si30Boi TkaHmHM (KOoHIEeHTpamii HyO, 1 BimHOBIEHOro TinyTtaTioHa, akTuBHOCTI CO/I,
karanas3u 1 I'TI) B cepennapomy Ha 30 £ 3% mOPIBHSIHO 3 TPYIOIO AJIKOTOIi3aIlisl YIIPOIOBK
9 MicsiB ekcriepuMenTa. JlaHi ricTONOTIYHOTO aHaJi3y 3aCBiIUMIIH, IO TOBIIIUHA M'SI30BUX
BOJIOKOH 1 IUTIOIIIA, 3aiHATA CIIOJYYHOIO TKAHWHOIO, HE3HAYHO 3MEHINUIIACS 1 301TbIITHIacs,
BIJIMIOBITHO, TOPIBHAHO 3 KOHTPOJbHOIO rpynow. Ckiepo3 1 (idpo3 Oyiau MeHIn
BHUPaXXCHUMH MOPIBHAHO 3 TPYIIOIO AJKOTOJII3aIlisl YIIPOAOBXK 9 MiCAIIIB €KCIIEpUMEHTA;

3. 3HayHI MOPYyIIeHHS y (YyHKIIIOHYBAaHHI MEYIHKH IIYPiB MOPIBHIHO 3 KOHTPOJIEM,
PO 1110 CBIAYMTH 3pOCTaHHs O10XIMIYHUX MOKa3HUKIB KPOBI - (hepMeHTIB-MapKepiB ii ypa-
KEHHs. Y MEUiHIl aJIKOr0JI130BaHKUX IIYPIB YIPOJAOBXK 9 MICALIB CIIOCTEPITalId CUIIBHY TiA-
POMIYHY TUCTPOPII0 TeMATOIUTIB 31 3pOCTAHHIM PO3MIPY KIITHH, APIOHOKPATUIMHHY/KPY-
MHOKPAIUIMHHY JIMIIHY JUCTpo(dito Ta 0anoHHY AUCTpodito. BusiBiieHO HEKPOTHYHI Tena-
TOLUTH, PIKCYETHCSI PO3POCTAHHS CIIOTYYHOI TKAHUHU. 3aCTOCYBaHHS BOOpOo3uuHHIX Cgo
dynepeHiB y TepaneBTUYHIN cxeMi BBeJCHHS (TIepopaibHa MMI0AeHHA 032 1 MI/KT pa3oM 3
aJIKoroJieM ynpoJioBxk ekcriepumenTa) 3uuxkye aktuBHOCTI AJIT, ACT, I'T'T 1 JI® Ta piBenb
KT B cepennpomy Ha 15 + 2% ynpoaoBk €KCIIEpUMEHTA MOPIBHSIHO 3 TPYIIOI0 AJTKOT0JIi-
3amis. Y MediHIll CIoCcTepiraiy MOMIPHO BUPAXKEHY TIAPONIYHY Ta CI1aOKO BUpaKeHy Japi0-
HOKpAIUIMHHY JIIMIJIHY AUCTPO(i0 renaTouuTiB, OasoHHa AUCTpodis Oysia BIACYTHS, LIO
CBIJTYUTH TIPO TEMATONPOTEKTOPHY /it0 BOA0po3uMHHUX Cgo (hyJIepeHis;

4. 3HaYHE 3pOCTaHHS MOKA3HMKIB MPO- Ta AHTUOKCUJIAHTHOTO OaslaHCy (aKTUBHOCTI
COJ, xatamasu 1 I'TI, konnenTpariii BigHoBiaeHoro riytaTiona 1 H>O») y kpoBi mypiB. 3a-
cTocyBaHHs BoAopo3uMHHUX Ceo (yJIepeHiB y TeparieBTHUHIN CXeMi BBEJICHHS (TIepopaibHa
II0JICHHA 71032 | MI/KT pa3oMm 3 aJIKOroJieM YIPOAOBK €KCIIEpUMEHTA) 3HU3HIIO iX 3HAUYCHHS
B cepenapoMy Ha 30 £ 3% 3a askoroizariii TBapuH yIPOAOBK 9 MICSAIIIB OPIBHSHO 3 TPY-
noto ankoroJizaris. Lle Bkasye Ha Te, 1110 Cep dynepeHu, ik aHTUOKCUIAHTH, 3 OJJHOTO OOKY,
3natHi epekThuBHO 1HaKTHUBYBaTH A®DK, 1HIyKOBaHI alKOrOJbHOK 1HTOKCUKAIIEIO OpPraHi-
3My, a 3 IHIIOTO, - aKTUBYBATH 3aXUCHY 110 aHTUOKCUJAHTHOI CUCTEMH Yy BIMOBIIb HA PO-
3BUTOK 1i€i matonorii. HapemTi, MoAenbH1 po3paxyHKH MOKa3aiu, o HaHOYaCTUHKU Ce
(dynepeHiB 31aTHI €()EeKTUBHO 3B’ A3YBAaTH MOJIEKYJIM €TaHOJIA, BUKJIIOYAIOUH 1X 3 METa0oJIi-
YHOTO LUKITY, 1, TAKMM YHHOM, 3MEHIIYBAaTH HETATUBHUH BIUIMB QJIKOTOJIIO HA (DYHKIIIOHY-

BaHHS CKEJICTHUX M’ SI31B.
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CIIACOK ONYBJIIKOBAHUX MPAIIb 3A TEMOIO JIJUCEPTAIIIT

IIpaui, B AxuX omy0/1iKOBaHi OCHOBHI HAYKOBI pe3yJIbTaTH AMcepTalil

1. O. Motuziuk, D. Nozdrenko, S. Prylutska, I. Vareniuk, K. Bogutska, S. Braniuk,
O. Korotkyi, Yu. Prylutskyy, U. Ritter, J. Piosik. The effect of Cegy fullerene on the
mechanokinetics of muscle gastrocnemius contraction in chronically alcoholized rats.
Heliyon, 2023,9(8):e18745. (Q1) (Ocobucmo oucepmanmom 3anponoHo8aHo ioer 00cCii-
OJICEHH3L, YUACMb ) NPOBEOCHHI eKCNePUMEHMANTbHUX GUMIDIOBAHb, AHANI3 MA 002080PEHHS
OMPUMAHUX pe3)bmamis, popmyno8anHs GUCHOBKIE Ma HANUCAHHA CMAmMmi).

2. O. Motuziuk, D. Nozdrenko, S. Prylutska, K. Bogutska, I. Mishchenko, O.
Abramchuk, S. Khrapatyi, U. Ritter, Yu. Prylutskyy. Cq fullerene reduces the level of
fluctuations in the force response of muscle gastrocnemius in chronically alcoholized rats.
Applied Nanoscience, 2023,;13(10):7057-7067. (Q2) (Ocobucmo oucepmanmom 3anpono-
HOBAHO [0et0 00CTIONCEHHS, YYACMb ) NPOBEOEHHT eKCNePUMEHMAIbHUX BUMIPIOBAHb, AHA3
ma 002080peHHsI OMPUMAHUX De3YIbmamis, QOpMYI06aAHHSA BUCHOBKI6 MA HANUCAHHSL
cmammi).

3. D. Nozdrenko, O. Motuziuk, S. Prylutska, T. Matvienko, K. Bogutska, D.
Franskevych, N. Nurishchenko, O. Abramchuk, Yu. Prylutskyy. Cg fullerene protective
effect against the rat muscle soleus trauma. Heliyon, 2024, 10(11):e32677. (Q1) (Ocobucmo
OUCEPMAHMOM 3ANPONOHOBAHO 10€i0 OOCNIONCEHHS, YUACMb )Y NPOBEOCHHI eKCnepUMeHma-
JILHUX 8UMIPIOBAHb, AHATI3 MA 002080PEHHS OMPUMAHUX Pe3YIbmamie, opmyno8aHHs eu-
CHOBKI8 ma HANUCAHHI CIAammi).

4. O. Motuziuk, D. Nozdrenko, S. Prylutska, I. Vareniuk, V. Cherepanov, K.
Bogutska, S. Rudenko, Yu. Prylutskyy, J. Piosik, U. Ritter. C¢ fullerene reduces the level
of liver damage in chronic alcohol intoxication of rats. Molecules, 2024;29(13):2951. (Q1)
(Ocobucmo oucepmanmom 3anponoHOBAHO i0et0 OOCIIONCEHHS, YUACMb Y NPOBEOEHHI eKC-
nepuMeHmanbHux 6UMIPIOBAHb, AHAI3 MA 002080PEHHS OMPUMAHUX Pe3YIbmamis, hopmy-
JII0BAHHS BUCHOBKIG8 MA HANUCAHHSA CMAMMI).

5. Yu. Prylutskyy, D. Nozdrenko, O. Omelchuk, S. Prylutska, O. Motuziuk, V.
Soroca, I. Vareniuk, V. Stetska, K. Bogutska, U. Ritter, J. Piosik. Effect of Cg fullerene on
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muscle injury-induced rhabdomyolysis and associated acute renal failure. International
Journal of Nanomedicine, 2024,;19:8043-8058. (Q1) (Ocobucmo oucepmanmom 3anpono-
HOBAHO [0et0 00CIIONCEHHS, YUACMb ) NPOBEOEHHT eKCNePUMEHMAIbHUX BUMIPIOBAHb, AHA3
ma 002080peHHsT OMPUMAHUX pe3VyIbmamis, (OpMYI08anHs BUCHOBKIE mMa HANUCAHHA
cmammi).

6. Yu. Prylutskyy, D. Nozdrenko, O. Motuziuk, S. Prylutska, K. Bogutska, O.
Abramchuk, A. Morenko, D. Franskevych, P. Scharff, U. Ritter. C¢ fullerene reduces the
development of post-traumatic dysfunction rat muscle soleus. International Journal of
Molecular Sciences, 2024;25(22):12206. (Q1) (Ocobucmo oucepmanmom 3anponoHo8aHo
i0et0 00CNI0NCEH S, YUacmb Y NPOBEOeHHI eKCNePUMEHMAIbHUX BUMIPIO8AHb, AHALI3 Ma 00-
2080pPEHHS OMPUMAHUX Pe3YIbmamie, opmyn08aHHs GUCHOBKIE MA HANUCAHHS CIAMMmA).

7. Yu. Prylutskyy, D. Nozdrenko, O. Motuziuk, S. Prylutska, N. Nurishchenko, D.
Franskevych, V. Soroca, V. Cherepanov, 1. Kalinin, O. Korzhyk, U. Ritter. Ce fullerene
improves the contractile activity of the injured rat muscle gastrocnemius. Nanotechnology,
2025;36(12):125101. (Q2) (Ocobucmo oucepmanmom 3anponoHO8aHo i0er 00CHIONCEHH S,
yuacmos Y npoeedeHHi eKCnepuMeHmanibHux GUMIPIOGAaHb, AHALI3 MA 002080PEHHS OMPUMA-
HUX pe3yibmamis, opmyno8aHHs UCHOBKIE MA HANUCAHHA CMAmmi).

8. Yu. Prylutskyy, D. Nozdrenko, O. Motuziuk, S. Prylutska, 1. Vareniuk, N.
Nurishchenko, D. Franskevych, V. Soroca, K. Bogutska, U. Ritter. C¢ fullerene promotes
post-traumatic recovery of the rat muscle gastrocnemius. Nanomedicine, 2025;20(6):571-
584. (Q2) (Ocobucmo oucepmanmom 3anponoHO8aAHO i0et0 00CTIONCEHHS, YUaACmb Y NPOse-
OEHHI eKCnepUMeHmalbHUX SUMIPIOBAHb, AHANI3 Ma 002080PEHHs OMPUMAHUX De3)bma-
mie, (hoOpMYI0BAHHS BUCHOBKI@ MA HANUCAHHS CIammii).

9. O. Motuziuk, D. Nozdrenko, S. Prylutska, Y. Osyp, K. Bogutska, O. Dmytrotsa,
Yu. Prylutskyy, P. Scharff, U. Ritter. C¢ fullerenes diminish dysfunctions in rat muscle
soleus with chronic alcohol intoxication. Journal of Nanotechnology, 2025;2025: Article ID
9916259. (Q2) (Ocobucmo oucepmanmom 3anponoHO8aHO i0et0 O0CAIOHNCEHHS, YUACMb Y
NPOBEOEHHI eKCnepUMeHmManlbHUX 8UMIPIO8AHb, AHAI3 MA 002080PEHHS OMPUMAHUX Pe3)lb-

mamie, popMyN06aHHs BUCHOBKIE MA HANUCAHHS CMAMMI).
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10. O. Motuziuk, D. Nozdrenko, S. Prylutska, N. Tverdokhleb, M. Petrovsky, S.
Vyzhva, Yu. Prylutskyy, P. Scharff, U. Ritter. The effect of C¢ fullerene on the musculus
gastrocnemius contraction in chronically alcohol-exposed rats and the potential mechanism
of its action. Scientific Reports, 2025;15:32651. (Q1) (Ocobucmo oucepmanmom 3anpono-
HOBAHO 10€t0 OOCAI0ICEHHS, YHACMb )Y NPOBEOeHHI eKCNEPUMEHMAIbHUX BUMIDIOBAHb MA MO-
OeNIbHUX PO3PAXYHKIB, AHANI3 MaA 002080PEHHI OMPUMAHUX Pe3YIbmamie, Qopmynio68anHs

BUCHOBKIB Ma HANUCAHHS CI’I’ZClI’I”lI’I’ll).

IIpaui, siki 10A2aTKOBO BiI00OPAKAOTH HAYKOBI pe3yJibTaTH AUcCepTaulil
Crarri:

1. O. Melnychuk, O. Motuziuk, S. Shvayko, S. Zay. Progressive fatigue dynamic
development of isolated natively musculus gastrocnemius medialis in alcoholic rats.
Haykosuii gicnux Cxionoesponeticokoco Hayionanvrnozo ynigepcumemy. 2015;2(302):179—
184. (Ocobucmo oucepmanmom 3anponoHOBAHO i0et0 OOCTIONCEHHS, YUaAcmb ) NPOBEOEHHI
EeKCNepUMEHMAIbHUX BUMIDIOBAHb, AHANI3 Ma 002080PEHHS OMPUMAHUX pe3y1bmamis,
GhopMYNI06aHHS BUCHOBKI8 MA HANUCAHHA CIAMMI).
2. O. Menpanuyk, O. MoTy3wk, T. [lopyunHchka. AHani3 IHTEHCUBHOCTI 3MiH CUJIOBOI
IPOYKTUBHOCTI M. gastrocnemius B alIKOTOJI130BaHUX IIYPIB 13 6-TOJMHHOIO BACKYJISIPHOIO
1IIeMI€0  3aJIHIX KIHIIBOK. Bicnuk Jlvsiecvkoeo yuisepcumemy. Cepis 0Oionociuna.
2015;69:27-40. (Ocobucmo oucepmanmom 3anponoHOBaAHO i0er0 OOCIONCEHHS, YUaACb Y
NPOBEOEHHI eKCNepUMEHMANbHUX BUMIPIOBAHb, aHANI3 ma 002080PEeHH OMPUMAHUX
pe3yivmamie, hopmynI08anHs GUCHOBKIE Ma HANUCAHHI CIMAMMmI). .
3. O.A. Menpanuyk, O.I1. Moty3wok, C.E. IlIBaiiko. 3miHa mapaMeTpiB TETaHIYHOTO
CKOpPOYEHHSI m. soleus B ajJKOTOJI30BaHMX IIYpiB 32 YMOB yHIIaTepajbHOI BacCKyJSIPHOI
imeMii M’s31B 3aHIX KIHIIBOK. @izionociunuii ocypuan. 2015;61(3):81-90. (Scopus).
(Ocobucmo Oucepmarnmom 3anNPONOHOBAHO [0€0 OO0CHIONCEHHs, YYACMb ) NPOBEOEHHI
EeKCNepUMEeHMAIbHUX GUMIPIOBAHb, AHANI3 MaA 002080PEHHA OMPUMAHUX pe3VIbmamis,
GPopmynI08aHHA BUCHOBKIE MA HANUCAHHS CIAMMI). .
4, S. Zay, D. Zavodovskyi, D. Nozdrenko, K. Bogutska, O. Motuziuk, Yu. Sklyarov,

Yu. Prylutskyy. Chronic alcoholization: effect on musculoskeletal system and remedial
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action of Ceo fullerenes. International Journal of Physiology and Pathophysiology.
2016;7(3):273-284. (YVuacms y npogedeHHi eKkCnepumMeHmaibHux 6UMIpIO8aHb, aHali3 ma
002080pEHHS  OMPUMAHUX pe3VIbmamis, QOpMYII08aHHs BUCHOBKI6 mMaA HANUCAHHA
cmammi).

5. C. 3aii, O. Mory3wk, B. bino6pos, I. Youneska, O. Ho3zapenko, O. AGpamuyk.
3MiHa MBUJIKICHO-CHJIOBUX MTapaMeTpPiB CKOPOUYCHHSI musculus soleus 11y piB pu XpOHIUHIN
ankoromizaii. Haykosuil sicnux CXIOHOEBPONENUCHKO20 HAYIOHANbHO20 VHIGepCcumeny.
2017;13(362):90-97. (Ocobucmo oucepmanmom 3anponoHOBAHO i0et0 OOCHIONHCEHHS,
yuacms Y HNPOBEOEHHI eKCNepUMEHMANbHUX GUMIPIO8AHb, AHANI3 mad 002080peHH s
OMPUMAHUX pe3YTbmamis, oOpMYI06aAHHS BUCHOBKIE MA HANUCAHHA CIAMMI).

6. C. 3ait, O. Mory3wk, B. binobpos, /. Yauuska, O. Hozapenko, O. AOpaMuyk.
Briue BPCg Ha MIBUIKICHO-CHJIOBI NapaMeTpu TETAHIYHOTO CKOPOYEHHSI m. soleus
QJIKOTOJII30BaHUX IIYypIB 32 YMOBU EKCHEPUMEHTAIbHO-1HIYKOBAHOI 1IIeMii pi3HOI
TpUBAIOCTI. Bicnux Kuiecvkoeco nayionanvroco yHisepcumemy imeni Tapaca lllesuenka.
Ilpobnemu  peeynayii  ¢hizionocivnux  @ynxyiu.  2017;2(23):59-64.  (Ocobucmo
OUCEepmManmom  3aNPONOHOBAHO  [0et0  OOCHIONCeHHs,  Yuacmb V  NPOBEOeHHI
eKCNepUMEeHMAlbHUX GUMIPIOBAHb, AHANI3 MaA 002080PEHHA OMPUMAHUX pe3yIbmamis,
Gopmynr08anHs BUCHOBKIG Ma HANUCAHHS CIAMMI).

7. C. 3ait, T. Martsienko, B. bino6pos, /. Yauneka, O. Moty3wk. [[uHamika
CKOpOYEHHSI m. gastrocnemius medialis 1ypiB npu XpoHIUHIN amkoromizamii. Haykosuii
gichuxk  CxioHoegponelicbkoeo Hayionanvnoz2o yuieepcumemy. 2017;7(356):215-221.
(Ocobucmo Ooucepmanmom 3anpoONnOHOBAHO 10€10 OO0CNIONCEHHS, YYACMb ) NPOBEOEHHI
eKCNEePUMEHMANIbHUX BUMIPIOBAHb, AHANI3 MA 002080pPEHHS OMPUMAHUX De3)Tbmamis,
(P OopMYNI08aAHHA BUCHOBKI8 MA HANUCAHHA CIAMMI). .

8. C.10. 3aii, O.I1. Moty3wk, B.1O. bino6pos, [.A. Bymuneska, O.A. Ho3apenko,
O.M. AGpamuyk. 3MIHH CHUJIOBOI BIIMOBIAL musculus soleus y ankorojizoBaHUX IIypiB 3
€KCIIEpUMEHTAIIbHO-IHAYKOBAaHOIO 1IIEMI€I0 TpuUBamicTio 1 Ta 2 roAuHU. BicHuk
Xaprxiscokoco nayionanvHoeo yHigepcumemy imeni B.H. Kapasina. Cepis «bionocisny.

2017;29:82-88. (Ocobucmo oucepmanmom 3anponoHOBaAHO i0et OOCNIONCEHHS, YUaACmb Y
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NPOBEOEHHI eKCNepUMEHMANbHUX BUMIPIO8AHb, aHANi3 ma 002080pEeHH OMPUMAHUX
pe3yIbmamis, hopMynr08anHs BUCHOBKI8 MA HANUCAHHS CIAMMI).

9. Yu.l. Prylutskyy, D.M. Nozdrenko, S.Yu. Zay, O.P. Motuziuk, K.I. Bogutska, A.V.
Ilchenko. Influence of Cg fullerenes on the mechanokinetic and biochemical parameters of
muscle soleus contraction in chronically alcoholised rats with experimentally-induced
ischemia. Hanocucmemu, nanomamepianu, Harnomexuonoeii. 2018;16(3):583-596.
(Scopus). (Yuacmv y nposedenni excnepumeHmanvHux GUMIPIO8AHL, AHANI3 MaA
002080pEHH  OMPUMAHUX pPe3VIbmamis, QOpMyII08aHHs BUCHOBKI6 MaA HANUCAHHSA
cmammi).

10. 0. Morty3wok, B.C. [Tukamok. ['ictronoridydi ocobIuBOCTI m. gastrocnemius 1rypa
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ARTICLE INFO ABSTRACT
Keywords: The Cgo fullerene effect (oral administration at a dose of 1 mg kg™!) on the selected biome-
Ceo fullerene chanical parameters of muscle gastrocnemius contraction, biochemical indicators of blood and

m. gastrocnemius
Biomechanical and biochemical parameters
Histological analysis

muscle tissue as well as histological changes in rat muscle tissue after chronic alcoholization for 3,
6 and 9 months was studied in detail. Water-soluble Cgq fullerenes were shown to reduce the
pathological processes development in the muscle apparatus by an average of (35-40)%. In
particular, they reduced the time occurrence of fatigue processes in muscle during the long-term
development of alcoholic myopathy and inhibited oxidative processes in muscle, thereby pre-
venting its degradation. These findings open up the possibility of using Ceo fullerenes as potent
antioxidants for the correction of the pathological conditions of the muscle system arising from
alcohol intoxication.

1. Introduction

Chronic alcoholic myopathy develops in (40-60)% of alcohol abusers and is accompanied by decreased performance, proximal
paresis, and skeletal muscle atrophy. It remains unclear whether the duration or amount of alcohol consumption is important for the
development of chronic alcoholic myopathy. The chronic course of this pathological process in skeletal muscle is also unknown.
Studies in men have shown that chronic alcoholic myopathy develops after 5 years of alcohol abuse [1].

Ethanol is a toxic substance, it causes direct and indirect effects on the muscular system, which leads to alcoholic myopathy. The
metabolism of alcohol is closely related to enzymes involved in oxidative stress and the generation of reactive oxygen species (ROS),
which cause damage to cells and tissues [2]. Oxidative stress can be considered the consequence of ROS formation imbalance and the
antioxidant defense system. Alcohol is mainly metabolized in the liver by alcohol dehydrogenase enzymes. At the same time, ethanol
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oxidation, especially in patients with chronic alcoholism, also occurs with the participation of cytochrome P-450 2E1 [3]. Alcohol
metabolism, ROS production, and disturbances in the redox state of cells are well-known pathways of tissue damage in several organ
systems [4,5].

In rats that constantly consumed alcohol, a decrease in the activity of glutathione enzymes was observed [6]. In addition, skeletal
muscles showed increased protein carbonylation [7], high levels of cholesterol hydroperoxide, and malondialdehyde (MDA) [8],
indicating oxidative damage. In alcoholics, the excessive production of ROS by the microsomal system and mitochondria is noted [9].
Mitochondrial damage disrupts fatty acid oxidation and increases lipid peroxidation (LPO). Mitochondrial muscle damage was
observed in 28% of alcoholics [10].

The activity of the antioxidant system plays a significant role in the pathogenesis of myopathy. Ethanol-treated rats showed an
increase in superoxide dismutase (SOD) and glutathione peroxidase (GPy) activities, as well as MDA levels, which correlated with
muscle iron content and type IIb fiber atrophy [11]. Zinc treatment did not reduce muscle atrophy in animals, although it did reduce
MDA levels. Zinc, manganese, copper, and selenium are cofactors of antioxidant enzymes, while iron accumulation can contribute to
LPO [12]. The authors [13] found a significant decrease in the levels of alpha-tocopherol and selenium in the blood of alcoholics with
skeletal myopathy. At the same time, no significant changes in the levels of such antioxidants as alpha-tocopherol, ascorbic acid, and
retinol were observed in blood and muscle tissue in patients with alcoholism with myopathy [14,15].

Ceo fullerenes are known to be able to efficiently capture and inactivate free radicals in in vitro and in vivo systems [16,17]. Cgo
fullerene is more powerful antioxidant than natural antioxidant vitamin E in preventing the integrity of membranes from damage [18].
Recently we demonstrated, that water-soluble Cg fullerenes at low doses (0.1-1) mg kg ~* more effectively diminish the muscle fatigue
in rats compared to the known exogenous antioxidants N-acetylcysteine and B-alanine [19,20], which are widely used in sport
medicine. Moreover, they penetrate into cells and localize preferentially in mitochondria [21]. According to our previous data [22,23]
water-soluble Cgg fullerenes at concentrations up to 14.4 as well as 24 ug ml ™! did not manifest any toxic effects in rat erythrocytes and
thymocytes as well as in human mesenchymal stem cells, respectively. It was shown that intraperitoneal administration of Cgg
fullerene suspension in a dose of 2.5 g kg’1 does not lead to mice death or to violations of their behaviour within 8 weeks [24]. It was
established that the radiolabeled Cg fullerene and its derivative, fullerol, after intravenous administration to mice accumulate mainly
in the liver, spleen, stomach, and blood and are excreted from the body within 72 h with mainly urine [25,26]. Our recent results [27]
indicate the prolonged kinetics of water-soluble Cg( fullerenes elimination from the body of rats, which contributes to their long-term
(at least 48 h) compensatory activation of the endogenous antioxidant system in response to muscle stimulation.

In previous in vivo experiments, the administration of water-soluble Cg( fullerenes has been shown to result in significant positive
therapeutic effects following ischemic injury initiation [28,29], fatigue [30], atrophy [31], and injury [32] in skeletal muscles. It is
clear that the observed effects depend significantly on the doses used and the pattern of the drug administration against the back-
ground of the initiation of a particular pathology.

Thus, the aim of the present study was to evaluate the effect of water-soluble Ceq fullerenes as powerful exogenous antioxidants
[16] on the magnitude of force response of muscle gastrocnemius of chronically alcoholized rats depending on the optimal dose and
application pattern. In this context, it was also important to analyze biochemical indicators of blood and muscle tissue as markers of
muscle damage [33], as well as histological changes of muscle tissue.

2. Materials and methods
2.1. Preparation of CgoFAS

Ceo fullerene aqueous solution (CgoFAS) has been prepared according to Refs. [34,35]. The proposed method is based on trans-
ferring Cgp molecules from the organic solution into the aqueous phase by ultrasonic treatment. The prepared CgoFAS is a typical
colloid fluid containing single Cg fullerenes (0.7 nm in diameter) as well as their nanoaggregates up to 100 nm [35,36]. The maximal
concentration of Ceq fullerenes in water obtained by this method was 0.15 mg ml™'.

The zeta potential is related to the stability of colloid dispersion. The zeta potential value for the C¢oFAS was —25 4+ 2 mV [35,37].
A high negative surface charge of the individual nanoparticles (or, more strictly, the electrostatic repulsion between the negatively
charged aggregates) indicates a very low tendency for them to aggregate over time in an aqueous solution (i.e., a high solute
stabilization).

The CgoFAS is stable within 18 months when stored at a temperature of +4 °C.

2.2. In vivo experiment

The experiments were performed on male Wistar rats aged 1-10 months (at the end of the experiment). The study protocol was
approved by the Bioethics Committee of the ESC “Institute of Biology and Medicine”, Taras Shevchenko National University of Kyiv in
accordance with the rules of the “European Convention for the Protection of Vertebrate Animals Used for Experimental and Other
Scientific Purposes” and the norms of biomedical ethics in accordance with the Law of Ukraine N23447 - IV February 21, 2006, Kyiv,
“The Protection of Animals from Cruelty” during biomedical research.

The control group (n = 10) received 100% drinking water. Animals in the “alcoholization” experimental group (n = 10) were
randomly selected. Each animal was placed in a separate cage to receive 40% ethanol in drinking water [38], which meant that the
experimental groups had no access to 100% water until the full-dosed ethanol consumption [39]. Ethanol intake was calculated as
0.5% of the animal’s body weight. The ethanol dose was recalculated every 24 h during the whole experiment [40]. Duration of



O. Motugziuk et al. Heliyon 9 (2023) e18745

alcoholization was 3, 6 and 9 months. The experimental animals of the “alcoholization + Cgo” group (n = 10) together with alcohol
orally received CgoFAS at a dose of 1 mg kg™ of rat weight. The CgoFAS dose was recalculated every 24 h throughout the experiment.
The amount of C¢oFAS administered was controlled by denying animals access to 100% drinking water until they had completely used
the administered drug.

It is important to note that the selected dose of CsoFAS (1 mg kg™1) in our experiments, as the most effective one, was chosen on the
basis of previously conducted research [20,27,31]. Moreover, this dose does not present any toxicity: it is significantly lower than the
LDs, value, which was 600 mg kg~ body weight when administered orally to rats [41] and 721 mg kg~* when administered intra-
peritoneally to mice [37].

Our previous studies [19] showed that there was no significant difference in the observed effects between different routes of CgoFAS
administration (oral and intraperitoneal). Therefore, we used in our research only the oral route of drug administration, as the most
practical from the point of view of its further testing in the clinic.

The animals were anesthetized by intraperitoneal injection of nembutal (40 mg kg™!). Experiment preparation included cannu-
lation (a. carotis communis sinistra) for drug administration and pressure measurement, tracheotomy, and laminectomy at the level of
the lumbar spinal cord. The animals were euthanized using sodium thiopental overdose, and in some cases, cervical dislocation of the
cervical vertebrae was used.

2.3. Biomechanical analysis of muscle contraction

A 12-bit analog-to-digital and digital-to-analog converter (ADC-DAC) was used to record the electrophysiological signals of muscle
contraction. DAC output pulses were triggered by isolated stimulators (DS2A, Digitimer), which performed nerve stimulation. The
input signals were fed through the amplifier (Brownlee) to the ADC and recorded with a sampling frequency of 10 kHz. A linear motor
in the servo position was used to stretch the muscle and measure the force it developed. The efforts were measured using semi-
conductor strain gauges glued to rigid steel beams mounted on moving parts of the linear motor. The stiffness of the puller exceeded
0.06 N mm’l, and the time constant of transient processes did not exceed 60 ms [28].

The studied muscle gastrocnemius was freed from the surrounding tissues, the tendon part was cut in the distal part to the lower back.
To prepare for the modulated stimulation of efferents in the corresponding segments, the ventral roots were cut directly at the places of
their exit from the spinal cord. The filaments of the cut ventral roots were fixed on the stimulating electrodes and the stimulus sequence
was cyclically distributed. Stimulation of efferents was carried out by electrical pulses of 2 ms duration, generated by a pulse generator.
External load on the muscle was controlled using a system of mechanical stimulators [28].

When analyzing the myotic response of the studied muscle, several basic biomechanical parameters were analyzed as markers of
the presence of certain link dysfunctions in the “excitation-response” chain [29,31,32,42], namely:

. Change in the level of minimum muscle contraction force;

. Change in the time to reach the maximum force response of the muscle;

. Change in the level of the maximum force of muscle contraction;

. Change in the integrated power of the muscle (calculated area under the force curve);

. Change in the time of the reduction of muscle contraction force by 50% from the initial level as the indicator of muscle fatigue
development at stimulation irritations;

. Change in the time of muscle force response to the initial level.
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2.4. Biochemical analysis

The levels of enzymes (creatine phosphokinase (CPK) and lactate dehydrogenase (LDH)) as well as creatinine and lactate (LA) in the
blood plasma of the test animals and assessment of the level of oxidative processes in muscle tissues (content of hydrogen peroxide and
reduced glutathione (GSH) as well as catalase (CAT), selenium-dependent GPx and SOD activities), as markers of muscle damage [33],
were determined using clinical diagnostic equipment (hemoanalyzers RNL-200 (Netherlands), ABX Micros ESV60 (France) and
automatic analyzer Pentra C400 (France)).

Blood alcohol concentration (BAC) was determined at the end of the experiment by cardiac puncture using an AM1 alcohol analyzer
(Analox Instruments Limited, UK).

2.5. Histological analysis

The samples of muscle gastrocnemius were separated and fixed in 10% formalin, embedded in paraffin, cut into 5 pm sections, and
stained with hematoxylin and eosin (H&E) for general histopathological analyses, or with hematoxylin and picrofuchsin by van Gieson
for detecting collagen fibers [43]. The histopathological profiles of each sample were determined by light microscopy observation.
Also, digital microphotographs of stained sections were taken at x 400 magnification using a computer-assisted image analyzing
system (it consists of an Olympus Bx41 microscope and Olympus C-5050 Zoom digital camera, Japan). Then, the muscle fiber di-
ameters and the area occupied by connective tissue in the muscle bundles were measured using ImageJ software.
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2.6. Statistical analysis

Statistical processing of the measurement results was carried out by methods of variation statistics using the Origin 9.4 software.
Each of the experimental kinetic curves is the result of averaging 10 similar measurements. No less than five repeats were performed
for each biochemical and morphometrical measurement. Data are expressed as the means + SEM for each group. The differences
among experimental groups were detected by one-way ANOVA followed by Bonferroni’s multiple comparison test. Values of p < 0.05
were considered significant.

3. Results and discussion
3.1. BAC value

The BAC value in rats after chronic ethanol consumption ranged from 147 mg dl~! (3 months of alcohol consumption) to 253 mg
dl~! (9 months of alcohol consumption) (Fig. 1). These data agree well with the results of a study [39].

CeoFAS administration at a dose of 1 mg kg™! in the therapeutic scheme (together with alcohol) did not result in a significant
change in the BAC values throughout the experiment (Fig. 1).

3.2. Muscle contraction force analysis

Fig. 2 shows the mechanograms of the 1st and 10th muscle gastrocnemius contraction in alcoholized rats at 50 Hz for 6 s stimulation.
The recording of force responses reveals a sharp decrease in muscle force activity already at the 1st stimulus with a progressive
decrease to (50-70)% of control values at the 10th one. A clear decrease in the amplitude of muscle gastrocnemius contraction in
alcoholic rats was observed with increasing time of alcoholization from 3 to 6 and 9 months. In rats receiving alcohol and CgoFAS (1
mg kg 1) together, an increase in the muscle force response was observed throughout the experiment compared to rats in the alco-
holization group.

For a more qualitative analysis of the findings, we analyzed changes in the main biomechanical markers of muscle activity (Fig. 3).

Integrated muscle power, as an overall muscle performance indicator, is one of the most important characteristics of muscle
dysfunction. With 3, 6 and 9 months of alcoholization, it decreased at the 1% contraction by 22 + 2%, 29 + 1%, and 34 + 3%,
respectively. It should be noted that at the 10™ contraction, this parameter decreased by 34 + 3%, 56 + 5%, and 74 + 4%, respec-
tively, compared to the 1st contraction (Fig. 3a). CgoFAS administration resulted in an 11 + 1%, 18 + 1%, and 26 + 2% increase in
integrated muscle power at 3, 6 and 9 months of alcoholization, respectively. The difference between the 1st and 10th contractions was
reduced to (15-39)%.

A change in minimum contraction force is one of the most sensitive markers of muscle dysfunction. Its decrease at the 1%
contraction was 35 + 3%, 56 + 3%, and 68 + 5% with alcoholization of 3, 6 and 9 months, respectively (Fig. 3b). At the 10t
contraction, this parameter decreased by 56 + 3%, 78 4+ 4% and 91 + 5% from the control values, indicating severe impairment of the
studied muscle function. CsoFAS administration increased this parameter by 9 + 1%, 26 + 2%, and 33 + 3% with 3, 6 and 9 months of
alcoholization, respectively.
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Fig. 1. Blood alcohol concentration (BAC) in rats after chronic ethanol administration: alcoholization - rats treated with alcohol; alcoholization +
Ceo - rats treated with a mixture of alcohol and CgoFAS at a dose of 1 mg kg’1 during the whole period of alcoholization; 3, 6 and 9 months -
alcoholization lasting 3, 6 and 9 months, respectively. *p < 0.05; **p < 0.05 relative to the alcoholization group.
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Fig. 2. The forces of the 1st (1*) and 10th (10*) contractions of the muscle gastrocnemius of alcoholized rats induced by 6 s non-relaxation stim-
ulation pools at 50 Hz: alcoholization - rats treated with alcohol; alcoholization + Cgg - rats treated with a mixture of alcohol and CgoFAS at a dose of
1 mg kg’1 during the whole period of alcoholization; 3, 6 and 9 months - alcoholization lasting 3, 6 and 9 months, respectively; Fpax and Fpy, - the
maximum and minimum levels of muscle force response; S - the integrated power of the muscle (calculated area under the force curve); tgy - the
time of force reaching its maximum value; t, - the time of force response reaching the initial level.
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Fig. 3. The levels of biomechanical markers of muscle gastrocnemius contraction in alcoholized rats when applied 6 s with non-relaxation stimulation
at 50 Hz: alcoholization - rats treated with alcohol; Cg - rats treated with a mixture of alcohol and CgoFAS at a dose of 1 mg kg’1 during the whole
period of alcoholization; 1 and 10 - the strength of the 1°* and 10™ contractions, respectively; 3, 6 and 9 months - alcoholization lasting 3, 6 and 9
months, respectively; S - integrated muscle power (presented as a percentage of the maximum values) (a); Fyin and Fpax - minimum (b) and
maximum (c) levels of muscle strength response; tg., - time of force reaching its maximum value (d); to - time of force response reaching initial level
(e); *p < 0.05 relative to the control; **p < 0.05 relative to the alcoholization group.

A change in maximum contraction force levels is an indicator of overall muscle system dysfunction, indicating a reduction in the
maximum possible force response during the development of pathology (Fig. 3c). At the 1% contraction this index decreased slightly,
namely by 8 + 1%, 12 + 1% and 21 + 2%, with 3, 6 and 9 months alcoholization, respectively. However, at the 10t contraction, this
reduction was 47 + 2%, 52 + 3%, and 64 + 5%, respectively, indicating a significant dysfunction of the maximal muscle force. The
increase in maximal force contraction with CgoFAS administration was 11 + 1%, 17 & 1%, and 23 £ 2% with 3, 6 and 9 months of
alcoholization, respectively.
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The increase in the time to maximum force response indicates the level of physiological dysfunction of the muscle apparatus when it
implements its maximum force tasks during precise positional movements (Fig. 3d). Its increase at 3, 6 and 9 months of alcoholization
was 31 + 3%, 44 + 4% and 49 + 4%, respectively, at the 1% contraction with a further increase of (25-30)% at the 10" one. The
correction for this parameter with CgoFAS administration was (15-20)%. Note that in this case the difference between the 1st and 10th
contractions was reduced to (5-8)%.

The change in muscle force response release time to the initial level is associated with an increase in intramuscular collagen
structures, an increase in subfascial pressure and the presence of non-functioning muscle fibers. The studied parameter describes a
change in muscle stiffness associated with both an increase in connective tissue components of the muscle (long-term pathology) and a
change in intramuscular pressure (acute period of pathology). Its increase was 48 + 4%, 88 + 8%, and 123 + 8% with 3, 6 and 9
months of alcoholization, respectively, at the 1% contraction, with a (9-12)% increase at the 10™ one. CeoFAS administration reduced
this parameter by 15 + 1%, 29 4 2%, and 41 + 3%, respectively. The difference between the 1% and 10™ contractions was reduced to
(3-5)%.

Thus, the proposed therapeutic regimen of C¢oFAS administration (1 mg kg~ '; together with alcohol) leads to significant positive
biomechanical changes in the muscle gastrocnemius contractile processes, namely, the level of muscle damage severity is reduced by an
average of (35-40)%.

Recording the contractile force of rat muscle gastrocnemius after 3, 6 and 9 months of alcoholic induction with 1 Hz fatigue stim-
ulation for 1800 s (Fig. 4a) showed a decrease in integrated muscle power of 82 + 5%, 60 + 3%, and 22 + 1% of control values
(Fig. 4b). Administration of CgoFAS to experimental animals changed this to 94 + 4%, 85 + 2%, and 69 + 5% (Fig. 4b). The 50%
reduction in force response time from initial values (tsg) was 1740 + 25 ms, 1460 + 91 ms, and 1220 + 25 ms (Fig. 4c). When CgoFAS
was administered to rats subjected to 3 and 6 months of alcoholization, no 50% reduction in force response was observed (Fig. 4c).
With alcoholization lasting 9 months, this parameter was 1620 + 28 ms. Thus, it can be argued that the proposed therapeutic regimen
of CeoFAS administration (dose 1 mg kg™!; together with alcohol) reduces the time of occurrence of fatigue processes in alcohol-
induced muscle and is most effective specifically in the long-term development of alcoholic myopathy.

The results obtained indicate that the consequence of alcoholic myopathy is the deterioration of contractile muscle activity. The
reason for this is both ultrastructural changes of myocytes and their atrophy, and changes in electrolyte homeostasis and bioelectric
activity in general [44]. During the development of alcoholic myopathy, first of all, there is a hypergeneration of free radicals in
dysfunctional mitochondria [45,46], which causes the destruction of the membrane structures of myocytes and functional disorders of
their enzyme systems [47]: a decrease in the activity of Na™/K'-ATPase and an increase in — Ca>-ATPase. The miotic disorders cause
an imbalance in the correction of the joints positioning and progressive muscle weakness, which leads to the degradation of muscle
strength with 3, 6 and 9 months of alcoholization. From a functional point of view, this indicates that a large amount of high-energy
phosphate compounds is consumed by the damaged muscle cell to maintain homeostasis and, as a consequence, there is a metabolic
disturbance, leading to a significant increase in muscle fatigue with the development of alcoholic myopathy. At the same time, the use
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Fig. 4. Muscle gastrocnemius contraction force of alcoholized rats induced by 1 Hz relaxation-free stimulation lasting 1800 s (a), and biomechanical
parameters of fatigue development: S - integrated muscle power (b); time to 50% decrease in force response from initial values (tso) (c); alco-
holization - rats treated with alcohol; alcoholization + Cgg - rats treated with a mixture of alcohol and CgoFAS at a dose of 1 mg kg’1 during the
whole period of alcoholization; 3, 6 and 9 months - alcoholization lasting 3, 6 and 9 months, respectively; *p < 0.05; **p < 0.05 relative to the
alcoholization group.
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of CgoFAS significantly increases the energy capacity of actively contracting alcohol-induced muscle.

3.3. The analysis of biochemical parameters in blood plasma and muscle tissue

To confirm the biomechanical results obtained, we analyzed blood plasma biochemical indices, which are used to diagnose the
development of muscle myopathies [33]. In particular, changes in creatinine, CPK, LA, and LDH levels made it possible to assess the
physiological state of muscle gastrocnemius against the background of prolonged alcoholization of animals (Fig. 5).

It should be noted that the above biochemical markers have a pronounced tendency to increase with the increasing duration of
alcoholization of animals. In cases where rats received a mixture of alcohol and CgoFAS, these indices were significantly lower
compared to alcohol-impaired animals. Thus, creatinine was reduced by 16 + 1%, 18 + 1%, and 37 + 2%, CPK by 13 + 1%, 18 + 1%,
and 28 + 2%, LDH by 15 + 1%, 29 + 2% and 41 + 2%, and LA by 19 + 1%, 27 + 2% and 38 + 2% when alcohol and CgoFAS were co-
administered and alcoholization lasted 3, 6 and 9 months, respectively (Fig. 5a). Thus, the observed changes in biochemical indicators
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Fig. 5. The content of creatinine, CPK, LDH, and LA in the blood plasma of alcoholized rats (a) and indicators of pro- and antioxidant balance
(H204, GSH, SOD, CAT, and GPy) in rat muscle gastrocnemius (b): alcoholization - rats treated with alcohol; alcoholization + Cg - rats treated with a
mixture of alcohol and CgoFAS at a dose of 1 mg kg’1 during the whole period of alcoholization; 3, 6 and 9 months - alcoholization lasting 3, 6 and 9
months, respectively; *p < 0.05 relative to the control; **p < 0.05 relative to the alcoholization group.
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in the blood plasma of tested animals correlate well with the biomechanical parameters of muscle gastrocnemius functioning described
above.

The obtained positive therapeutic effect of water-soluble Cg( fullerenes can be explained by their powerful antioxidant properties
[19,41]. The determination of changes in the pro- and antioxidant balance in the tissues of the muscle under study is essential to
confirm this hypothesis [48].

H0; concentration increased with the increasing duration of alcoholization and was 151 + 7%, 327 + 9%, and 414 + 11% when
alcoholization lasted 3, 6 and 9 months, respectively, compared with the control muscle. Co-administration of alcohol and CgFAS
resulted in 28 + 2%, 44 + 2%, and 51 + 2% reductions in HoO5 and GSH by 13 + 1%, 27 + 1%, and 42 + 2%, activities of SOD by 21
+ 1%, 29 + 1% and 44 + 2%, CAT by 12 + 1%, 34 + 2% and 48 + 2%, and GPyx by 17 + 1%, 23 + 1% and 39 + 2% during alco-
holization of 3, 6 and 9 months, respectively (Fig. 5b). It is important to note that the increase in muscle GSH content due to CgoFAS
increases resistance to exercise [30]. Thus, in all tests there is a positive change in the pro- and antioxidant biochemical balance in rat
muscle gastrocnemius by about (15-30)% when CgoFAS is administered at a dose of 1 mg kg™?, together with alcohol.

Thus, based on the data obtained, it can be concluded that the application of water-soluble Cgo fullerenes contributes to the
reduction of oxidative processes in muscle by maintaining the balance between pro-oxidants and antioxidant defense system, prevents
the negative effect of ROS on cellular and subcellular structures in the development of alcoholic myopathy in rats. In our opinion, Cgg
fullerene affects the activity of endogenous antioxidants, suppressing the occurrence of destruction in muscle and thus reducing its
degradation.

3.4. Histological analysis of muscle tissue

In alcoholized rats, most of the muscle fibers are thinner than in the control group (Fig. 6a and d), so the average diameter of the
fibers is reduced to 24.4 pm (Table 1). There are tortuous fibers. Some of the fibers have an uneven thickness along the fiber. Some
fibers are vacuolized, which indicates destructive processes in them. In some fibers, the transverse striation is less clear, which may
indicate a violation of the correct spatial arrangement of actin-myosin complexes. Within thin fibers, there are also fibers of normal
thickness (Fig. 6b). Connective tissue between muscle fibers is enlarged (Fig. 6e). As a result, the area occupied by connective tissue
increase up to 0.21 prn2 per 1 pm2 cross-sectional area of the muscle (Table 1). So, sclerosis and fibrosis are observed.

In alcoholized rats that received CgoFAS, the thickness of the muscle fibers is not reduced compared to the control group. Sclerosis
and fibrosis are lesser. So, the pathohistological manifestations in this group of rats are smaller (Table 1; Fig. 6¢ and f).

Summarizing, the following mechanism of Cg fullerene action can be considered. It is known that more than 90% of consumed
alcohol is metabolized by oxidative and non-oxidative pathways, producing such chemically active compounds as acetaldehyde,
acetate, fatty acid ethyl ester, etc. [49]. These compounds generate ROS, which cause increased oxidative stress and LPO, disrupting
thus the structural integrity of cells and tissue functions in general. Therefore, Cg( fullerenes, as powerful antioxidants [16,17],
effectively absorbing ROS, normalize the functional state of the muscular system against the background of alcoholic myopathy.

4. Conclusions

Thus, the work demonstrated for the first time in animal models that the level of chronic alcoholic myopathy development
decreased when water-soluble Cy fullerene at a dose of 1 mg kg~ ! was used as a therapeutic nanoagent, which was confirmed by the
biomechanical markers analysis of the contractile process of muscle gastrocnemius. The proposed combined administration of alcohol
and CgoFAS leads to a decrease in the time of fatigue processes in alcohol-induced muscle and is most effective precisely in the long-
term development of alcoholic myopathy. The analysis of blood plasma biochemical parameters, changes in pro- and antioxidant
balance, and histological indices in the tissues of the studied muscle gastrocnemius make it possible to state that the administration of
water-soluble Cgg fullerenes as potent antioxidants prevents the negative effects of ROS on cellular and subcellular structures in
alcoholic myopathy development. This opens up new possibilities in the therapy of the pathological conditions of the muscular system,
which are based on the pathological action of free-radical processes.
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Fig. 6. Representative histological images of muscle gastrocnemius: a and d - control group; b and e — alcoholization group; c and f - alcoholization +
Cgo group. a,b and ¢ — hematoxylin and eosin staining; d,e and f - hematoxylin and picrofuchsin staining by van Gieson. Scale bar - 50 pm.

Table 1
Morphometrical data of muscle gastrocnemius in rats after alcohol and CgoFAS consumption.
Group Diameter of muscle fibers, pm Area occupied by connective tissue, pm?/pm?
Control 36.7 £ 1.3 0.15 £+ 0.02
Alcoholization 24.4 £+ 1.4* 0.21 + 0.02*
Alcoholization + Cgg 32.8 £ 2.5%* 0.17 + 0.02**

*p < 0.05 compared with control; **p < 0.05 compared with alcoholization group.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We acknowledge support for the publication costs by the Open Access Publication Fund of the University of Gdansk, Poland.

References

[1]

[2

—

[3]

[4

=

[5]

[6

[}

[7]
[8]

[91
[10]
[11]
[12]

[13]
[14]

T.L. Nemirovskaya, B.S. Shenkman, O.E. Zinovyeva, YuN. Kazantseva, N.D. Samkhaeva, Development of clinical and morphological signs of chronic alcoholic
myopathy in men with prolonged alcohol intoxication, Fiziol. Chel. 41 (2015) 625-629.

B. Halliwell, M. Whiteman, Measuring reactive species and oxidative damage in vivo and in cell culture: how should you do it and what do the results mean? Br.
J. Pharmacol. 142 (2004) 231-255, https://doi.org/10.1038/sj.bjp.0705776.

A.1. Cederbaum, Introduction-serial review: alcohol, oxidative stress and cell injury, Free Radic. Biol. Med. 31 (2001) 1524-1526, https://doi.org/10.1016/
50891-5849(01)00741-9.

J. Fernandez-Sola, V.R. Preedy, C.H. Lang, E. Gonzalez-Reimers, M. Arno, J.C.I. Lin, H. Wiseman, S. Zhou, P.W. Emery, T. Nakahara, K. Hashimoto, M. Hirano,
F. Santolaria-Fernandez, T. Gonzalez-Hernandez, F. Fatjo, E. Sacanella, R. Estruch, J.M. Nicoldas, A. Urbano-Mérquez, Molecular and cellular events in alcohol-
induced muscle disease, Alcohol Clin. Exp. Res. 31 (2007) 1953, https://doi.org/10.1111/j.1530-0277.2007.00530.%, 1562.

P.E. Molina, J.D. Gardner, F.M. Souza-Smith, A.M. Whitaker, Alcohol abuse: critical pathophysiological processes and contribution to disease burden,
Physiology 29 (2014) 203-215, https://doi.org/10.1152/physiol.00055.2013.

J.S. Otis, L.A. Brown, D.M. Guidot, Oxidant-induced atrogin-1 and transforming growth factor-betal precede alcohol-related myopathy in rats, Muscle Nerve 36
(2007) 842-848, https://doi.org/10.1002/mus.20883.

G.J. Dekeyser, C.R. Clary, J.S. Otis, Chronic alcohol ingestion delays skeletal muscle regeneration following injury, Regen. Med. Res. 1 (2013) 2.

M.C. Gomes-Marcondes, M.J. Tisdale, Induction of protein catabolism and the ubiquitin-proteasome path- way by mild oxidative stress, Cancer Lett. 180 (2002)
69-74, https://doi.org/10.1016,/50304-3835(02)00006-x.

N.S. Aberle, J. Ren, Short-term acetaldehyde exposure depresses ventricular myocyte contraction: role of cytochrome P450 oxidase, xanthine oxidase, and lipid
peroxidation, Alcohol Clin. Exp. Res. 27 (2003) 577-583, https://doi.org/10.1097/01.ALC.0000060522.40447 .8E.

J.C. Romero, F. Santolaria, E. Gonzélez-Reimers, L. Diaz-Flores, A. Conde, F. Rodriguez-Moreno, N. Batista, Chronic alcoholic myopathy and nutritional status,
Alcohol 11 (1994) 549-555, https://doi.org/10.1016/0741-8329(94)90082-5.

M.C. Durén Castellén, E. Gonzdlez-Reimers, A. Lopez-Lirola, R. Martin Olivera, F. Santolaria-Fernandez, L. Galindo-Martin, P. Abreu-Gonzélez, T. Gonzalez-
Hernéandez, Alcoholic myopathy: lack of effect of zinc supplementation, Food Chem. Toxicol. 43 (2005) 1333-1343, https://doi.org/10.1016/j.fct.2005.03.006.
G.A. Ramm, R.G. Ruddell, Hepatotoxicity of iron overload: mechanisms of iron-induced hepatic fibrogenesis, Semin. Liver Dis. 25 (2005) 433-449, https://doi.
org/10.1055/5-2005-923315.

R.J. Ward, T.J. Peters, The antioxidant status of patients with either alcohol-induced liver damage or myopathy, Alcohol Alcohol 27 (1992) 359-365.

J. Fernandez-Sola, E. Villegas, J. M Nicolas, R. Deulofeu, E. Anttnez, E. Sacanella, R. Estruch, A. Urbano-Marquez, Serum and muscle levels of alpha-tocopherol,
ascorbic acid, and retinol are normal in chronic alcoholic myopathy, Alcohol Clin. Exp. Res. 22 (1998) 422-427.


http://refhub.elsevier.com/S2405-8440(23)05953-4/sref1
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref1
https://doi.org/10.1038/sj.bjp.0705776
https://doi.org/10.1016/s0891-5849(01)00741-9
https://doi.org/10.1016/s0891-5849(01)00741-9
https://doi.org/10.1111/j.1530-0277.2007.00530.x
https://doi.org/10.1152/physiol.00055.2013
https://doi.org/10.1002/mus.20883
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref7
https://doi.org/10.1016/s0304-3835(02)00006-x
https://doi.org/10.1097/01.ALC.0000060522.40447.8E
https://doi.org/10.1016/0741-8329(94)90082-5
https://doi.org/10.1016/j.fct.2005.03.006
https://doi.org/10.1055/s-2005-923315
https://doi.org/10.1055/s-2005-923315
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref13
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref14
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref14

O. Motuziuk et al.

[15]

[16]
[17]

[18]

[19]

[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]
[42]
[43]
[44]
[45]

[46]

[47]
[48]

[49]

Heliyon 9 (2023) e18745

J. Fernandez-Sola, G. Garcia, M. Elena, E. Tobias, E. Sacanella, R. Estruch, J.-M. Nicolds, Muscle antioxidant status in chronic alcoholism, Alcohol Clin. Exp. Res.
26 (2002) 1858-1862.

S.V. Eswaran, Water soluble nanocarbon materials: a panacea for all? Curr. Sci. 114 (2018) 1846-1850, https://doi.org/10.18520/cs/v114/i09/1846-1850.
C.A. Ferreira, D. Ni, Z.T. Rosenkrans, W. Cai, Scavenging of reactive oxygen and nitrogen species with nanomaterials, Nano Res. 11 (2018) 4955-4984, https://
doi.org/10.1007/s12274-018-2092-y.

1.C. Wang, L.A. Tai, D.D. Lee, P.P. Kanakamma, C.K. Shen, T.Y. Luh, C.H. Cheng, K.C. Hwang, C(60) and water-soluble fullerene derivatives as antioxidants
against radical-initiated lipid peroxidation, J. Med. Chem. 22 (1999) 4614-4620, https://doi.org/10.1021/jm990144s.

1.V. Vereshchaka, N.V. Bulgakova, A.V. Maznychenko, O.0. Gonchar, Yul. Prylutskyy, U. Ritter, W. Moska, T. Tomiak, D.M. Nozdrenko, 1.V. Mishchenko, A.
1. Kostyukov, Ceo fullerenes diminish muscle fatigue in rats comparable to N-acetylcysteine or p-alanine, Front. Physiol. 9 (2018) 517, https://doi.org/10.3389/
fphys.2018.00517.

D. Nozdrenko, S. Prylutska, K. Bogutska, V. Cherepanov, A. Senenko, O. Vygovska, S. Khrapatyi, U. Ritter, Yu Prylutskyy, J. Piosik, Analysis of biomechanical
and biochemical markers of rat muscle soleus fatigue processes development during long-term use of Cgo fullerene and N-acetylcysteine, Nanomaterials 12
(2022) 1552, https://doi.org/10.3390/nan012091552.

A. Grebinyk, S. Grebinyk, S. Prylutska, U. Ritter, O. Matyshevska, T. Dandekar, M. Frohme, Cq fullerene accumulation in human leukemic cells and perspectives
of LED-mediated photodynamic therapy, Free Radic. Biol. Med. 124 (2018) 319-327, https://doi.org/10.1016/j.freeradbiomed.2018.06.022.

S.V. Prylutska, LI. Grynyuk, S.M. Grebinyk, O.P. Matyshevska, Yul. Prylutskyy, U. Ritter, C. Siegmund, P. Scharff, Comparative study of biological action of
fullerenes Cgp and carbon nanotubes in thymus cells, Mat-wiss, u. Werkstofftech. 40 (2009) 238-241, https://doi.org/10.1002/mawe.200900433.

M. Tolkachov, V. Sokolova, K. Loza, V. Korolovych, Y. Prylutskyy, M. Epple, U. Ritter, P. Scharff, Study of biocompatibility effect of nanocarbon particles on
various cell types in vitro, Mat.-wiss. u. Werkstofftech. 47 (2016) 216-221, https://doi.org/10.1002/mawe.201600486.

F. Moussa, F. Trivin, R. Ceolin, M. Hadchouel, P.Y. Sizaret, V. Greugny, C. Fabre, A. Rassat, H. Szwarc, Early effects of Csp administration in Swiss mice: a
preliminary account for in vivo Cg toxicity, Fullerene Sci. Technol. 4 (1996) 21-29, https://doi.org/10.1080/10641229608001534.

Z.Q. Ji, H. Sun, H. Wang, Q. Xie, Y. Liu, Z. Wang, Biodistribution and tumor uptake of Cgo(OH)yx in mice, J. Nanopart. Res. 8 (2006) 53-63, https://doi.org/
10.1007/511051-005-9001-5.

N. Nikolic, S. Vranjes-Ethuric, D. Jankovic, D. Ethokic, M. Mirkovic, N. Bibic, V. Trajkovic, Preparation and biodistribution of radiolabeled fullerene Ceg
nanocrystals, Nanotechnol 20 (2009), 385102, https://doi.org/10.1088/0957-4484,/20/38/385102.

Yu Prylutskyy, D. Nozdrenko, O. Gonchar, S. Prylutska, K. Bogutska, E. Tauscher, P. Scharff, U. Ritter, The residual effect of Cg fullerene on biomechanical and
biochemical markers of the muscle soleus fatigue development in rats, J. Nanomater. 2023 (2023), 2237574, https://doi.org/10.1155/2023/2237574.

D.M. Nozdrenko, D.O. Zavodovskyi, T.Yu Matvienko, S.Yu Zay, K.I. Bogutska, Yul. Prylutskyy, U. Ritter, P. Scharff, Cg fullerene as promising therapeutic agent
for the prevention and correction of skeletal muscle functioning at ischemic injury, Nanoscale Res. Lett. 12 (2017) 115, https://doi.org/10.1186/511671-017-
1876-4.

D. Nozdrenko, T. Matvienko, O. Vygovska, K. Bogutska, O. Motuziuk, N. Nurishchenko, Yu Prylutskyy, P. Scharff, U. Ritter, Protective effect of water-soluble Cgg
fullerene nanoparticles on the ischemia-reperfusion injury of the muscle soleus in rats, Int. J. Mol. Sci. 22 (2021) 6812, https://doi.org/10.3390/ijms22136812.
Yul. Prylutskyy, 1.V. Vereshchaka, A.V. Maznychenko, N.V. Bulgakova, 0.0. Gonchar, O.A. Kyzyma, U. Ritter, P. Scharff, T. Tomiak, D.M. Nozdrenko, I.

V. Mischenko, A.I. Kostyukov, Ce fullerene as promising therapeutic agent for correcting and preventing skeletal muscle fatigue, J. Nanobiotechnol. 15 (2017)
8, https://doi.org/10.1186/s12951-016-0246-1.

D. Nozdrenko, S. Prylutska, K. Bogutska, N. Nurishchenko, O. Abramchuk, O. Motuziuk, Y. Prylutskyy, P. Scharff, U. Ritter, Effect of Cg fullerene on recovery of
muscle soleus in rats after atrophy induced by achillotenotomy, Life 12 (2022) 332, https://doi.org/10.3390/1ife12030332.

D. Nozdrenko, T. Matvienko, O. Vygovska, V. Soroca, K. Bogutska, A. Zholos, P. Scharff, U. Ritter, Y. Prylutskyy, Post-traumatic recovery of muscle soleus in rats
is improved via synergistic effect of Cg( fullerene and TRPM8 agonist menthol, Appl. Nanosci. 12 (2022) 467-478, https://doi.org/10.1007/513204-021-01703-
z.
P. Brancaccio, G. Lippi, N. Maffulli, Biochemical markers of muscular damage, Clin. Chem. Lab. Med. 48 (2010) 757-767, https://doi.org/10.1515/
CCLM.2010.179.

Yul. Prylutskyy, V.M. Yashchuk, K.M. Kushnir, A.A. Golub, V.A. Kudrenko, S.V. Prylutska, L.I. Grynyuk, E.V. Buzaneva, P. Scharff, T. Braun, O.P. Matyshevska,
Biophysical studies of fullerene-based composite for bio-nanotechnology, Mater. Sci. Eng. C 23 (2023) 109-111.

U. Ritter, Yul. Prylutskyy, M.P. Evstigneev, N.A. Davidenko, V.V. Cherepanov, A.I. Senenko, O.A. Marchenko, A.G. Naumovets, Structural features of highly
stable reproducible Ceq fullerene aqueous colloid solution probed by various techniques, Fullerenes, Nanotub. Carbon Nanostruct. 23 (2015) 530-534, https://
doi.org/10.1080/1536383X.2013.870900.

G.B. Skamrova, I.V. Laponogov, A.S. Buchelnikov, Y.G. Shckorbatov, S.V. Prylutska, U. Ritter, Y.I. Prylutskyy, M.P. Evstigneev, Interceptor effect of Ce( fullerene
on the in vitro action of aromatic drug molecules, Eur. Biophys. J. 43 (2014) 265-276, https://doi.org/10.1007/5s00249-014-0960-2.

S.V. Prylutska, A.G. Grebinyk, O.V. Lynchak, L.V. Byelinska, V.V. Cherepanov, E. Tauscher, O.P. Matyshevska, Yu I. Prylutskyy, V.K. Rybalchenko, U. Ritter,
M. Frohme, In vitro and in vivo toxicity of pristine Cg fullerene aqueous colloid solution, Fullerenes, Nanotub. Carbon Nanostruct. 27 (2019) 715-728, https://
doi.org/10.1080/1536383X.2019.1634055.

M.A. Collins, E.J. Neafsey, Alcohol, excitotoxicity and adult brain damage: an experimentally unproven chain-of-events, Front. Mol. Neurosci. 9 (2016) 8,
https://doi.org/10.3389/fnmol.2016.00008.

K. Song, R.A. Coleman, X. Zhu, C. Alber, Z.K. Ballas, T.J. Waldschmidt, R.T. Cook, Chronic ethanol consumption by mice results in activated splenic T cells,
J. Leukoc. Biol. 72 (2002) 1109-1116.

N.B. D’Souza El-Guindy, E.J. Kovacs, P. De Witte, C. Spies, J.M. Littleton, W.J.S. De Villiers, A.J. Lott, T.P. Plackett, N. Lanzke, G.G. Meadows, Laboratory
models available to study alcohol-induced organ damage and immune variations: choosing the appropriate model, Alcohol Clin. Exp. Res. 34 (2010)
1489-1551, https://doi.org/10.1111/j.1530-0277.2010.01234.x.

N. Gharbi, M. Pressac, M. Hadchouel, H. Szwarc, S.R. Wilson, F. Moussa, [60]fullerene is a powerful antioxidant in vivo with no acute or subacute toxicity, Nano
Lett. 5 (2005) 2578-2585, https://doi.org/10.1021/nl051866b.

Y. Prylutskyy, D. Nozdrenko, O. Gonchar, S. Prylutska, K. Bogutska, D. Franskevych, B. Hromovyk, P. Scharff, U. Ritter, Cgo fullerene attenuates muscle force
reduction in a rat during fatigue development, Heliyon 8 (2022), e12449, https://doi.org/10.1016/j.heliyon.2022.e12449.

S.K. Suvarna, C. Layton, J.D. Bancroft, Bancroft’s Theory and Practice of Histological Techniques, seventh ed., Elsevier, 2013, p. 603.

A. Kumar, G. Davuluri, N. Welch, A. Kim, M. Gangadhariah, A. Allawy, A. Priyadarshini, M.R. McMullen, Y. Sandlers, B. Willard, C.L. Hoppel, L.E. Nagy,

S. Dasarathy, Oxidative stress mediates ethanol-induced skeletal muscle mitochondrial dysfunction and dysregulated protein synthesis and autophagy, Free
Radic. Biol. Med. 145 (2019) 284-299, https://doi.org/10.1016/j.freeradbiomed.2019.09.031.

A.M. Pruznak, J. Nystrom, C.H. Lang, Direct central nervous system effect of alcohol alters synthesis and degradation of skeletal muscle protein, Alcohol Alcohol
48 (2013) 138-145, https://doi.org/10.1093/alcalc/ags113.

N.A. Osna, M.N. Aaron, R.S. Dagur, P. Thomes, L. Simon, D. Levitt, P. McTernan, P.E. Molina, H.Y. Choi, K. Machida, K.E. Sherman, A. Riva, S. Phillips,

S. Chokshi, K.K. Kharbanda, S. Weinman, M. Ganesan, A review of alcohol-pathogen interactions: new insights into combined disease pathomechanisms,
Alcohol Clin. Exp. Res. 46 (2022) 359-370, https://doi.org/10.1111/acer.14777.

J. Alleyne, A.M. Dopico, Alcohol use disorders and their harmful effects on the contractility of skeletal, cardiac and smooth muscles, Adv. Drug Alcohol Res. 1
(2021), 10011, https://doi.org/10.3389/ADAR.2021.10011.

K. Suzuki, H. Ohno, S. Oh-ishi, T. Kizaki, T. Ookawara, J. Fukii, A. Radak, N. Taniguchi, Superoxide dismutases in exercise and disease, in: C.K. Sen, L. Packer,
O. Hanninen (Eds.), Handbook of Oxidants and Antioxidants and Exercise, Elsevier, Amsterdam, 2000, pp. 243-295.

M.A. Schukit, Ethanol and methanol, in: Goodman and Gillman’s Pharmacological Basis of Therapeutics, twelfth ed., MaGraw Hill, New Delhi, 2011,

Pp. 629-647.

10


http://refhub.elsevier.com/S2405-8440(23)05953-4/sref15
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref15
https://doi.org/10.18520/cs/v114/i09/1846-1850
https://doi.org/10.1007/s12274-018-2092-y
https://doi.org/10.1007/s12274-018-2092-y
https://doi.org/10.1021/jm990144s
https://doi.org/10.3389/fphys.2018.00517
https://doi.org/10.3389/fphys.2018.00517
https://doi.org/10.3390/nano12091552
https://doi.org/10.1016/j.freeradbiomed.2018.06.022
https://doi.org/10.1002/mawe.200900433
https://doi.org/10.1002/mawe.201600486
https://doi.org/10.1080/10641229608001534
https://doi.org/10.1007/s11051-005-9001-5
https://doi.org/10.1007/s11051-005-9001-5
https://doi.org/10.1088/0957-4484/20/38/385102
https://doi.org/10.1155/2023/2237574
https://doi.org/10.1186/s11671-017-1876-4
https://doi.org/10.1186/s11671-017-1876-4
https://doi.org/10.3390/ijms22136812
https://doi.org/10.1186/s12951-016-0246-1
https://doi.org/10.3390/life12030332
https://doi.org/10.1007/s13204-021-01703-z
https://doi.org/10.1007/s13204-021-01703-z
https://doi.org/10.1515/CCLM.2010.179
https://doi.org/10.1515/CCLM.2010.179
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref34
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref34
https://doi.org/10.1080/1536383X.2013.870900
https://doi.org/10.1080/1536383X.2013.870900
https://doi.org/10.1007/s00249-014-0960-2
https://doi.org/10.1080/1536383X.2019.1634055
https://doi.org/10.1080/1536383X.2019.1634055
https://doi.org/10.3389/fnmol.2016.00008
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref39
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref39
https://doi.org/10.1111/j.1530-0277.2010.01234.x
https://doi.org/10.1021/nl051866b
https://doi.org/10.1016/j.heliyon.2022.e12449
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref43
https://doi.org/10.1016/j.freeradbiomed.2019.09.031
https://doi.org/10.1093/alcalc/ags113
https://doi.org/10.1111/acer.14777
https://doi.org/10.3389/ADAR.2021.10011
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref48
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref48
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref49
http://refhub.elsevier.com/S2405-8440(23)05953-4/sref49

Applied Nanoscience
https://doi.org/10.1007/s13204-023-02874-7

ORIGINAL ARTICLE q

Check for
updates

C, fullerene reduces the level of fluctuations in the force response
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Abstract

The biomechanical parameters of muscle gastrocnemius contraction and biochemical parameters of blood and muscle tissue
in rats after chronic alcoholization for 3, 6, and 9 months were studied. The oral administration of Cg, fullerene aqueous
solution (C¢ FAS) at doses of 0.5, 1, and 2 mg/kg throughout the experiment was used as a therapeutic agent. C)FAS in each
of the experimental groups was administered in three ways: 1 h before alcohol intake, together with alcohol, and 1 h after
alcohol intake. The most significant positive effects were recorded when alcohol and C,FAS were administered together at
the optimal dose of 1 mg/kg. So, the increase in muscle gastrocnemius contraction force was 20 + 1%, 33 +2% and 65 +3%
(p <0.05) compared with control at 3, 6, and 9 months alcoholization, respectively, as well as a high level of its fluctuations
correction was observed throughout the experiment. Biochemical parameters such as blood levels of creatinine, creatine
phosphokinase, lactate and lactate dehydrogenase as well as pro- and antioxidant balance (content of hydrogen peroxide and
reduced glutathione, as well as catalase, selenium-dependent glutathione peroxidase and superoxide dismutase activities)
in muscle gastrocnemius tissues decreased from 15 +2% (3 months of alcoholization) to 45 +2% (9 months of alcoholiza-
tion) (p <0.05) compared to controls. The results indicate promising prospects for the use of water-soluble C, fullerenes, as
powerful antioxidants, for the correction of pathological conditions of the muscular system arising from alcohol intoxication.

Keywords Cg, fullerene - Muscle gastrocnemius - Alcohol intoxication - Biomechanical parameters - Biochemical
indicators

Introduction

Long-term alcohol consumption leads to the deterioration of
skeletal muscle function, and muscle dysfunction develops
regardless of age (Pendergast et al. 1993). The most com-
mon skeletal muscle myopathy is chronic alcoholic myo-
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pathy; more than 12% of people suffer from this condition
for a long time (Estruch et al. 1993). The immediate conse-
quence of alcoholic myopathy is a deterioration of muscle
contractility and a reduction of muscle strength (Adachi
et al. 2003a, b). It is caused both by the direct ultrastructural
disintegration of myocytes and their atrophy (Vancampfort
et al. 2020), and by changes in electrolytic homeostasis and
bioelectrical activity (Estruch et al. 1993). A study (Naka-
hara et al. 2003) shows that alcoholic myopathy is more
common than other diseases (e.g., cirrhosis, cardiomyopa-
thy, or neuropathy) caused by alcoholism. This may be due
to muscle protein degradation caused by the action of free
radicals, which are generated in large quantities in alcoholic
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tissues. Experiments on rats (Paice et al. 2003; Baumann
et al. 2016) showed that prolonged alcohol intake inhibits
muscle fiber protein type II synthesis, causes the dysfunc-
tion of neuromuscular excitation, reduces the number of
muscle fibers and force response. The occurrence of muscle
weakness in the development of alcoholic myopathy can
be compensated to some extent by the increased activity
of synergistic muscle groups, which leads to the imaginary
feeling of no significant myotic damage (Julian et al. 2019).
However, the manifestation of fluctuations during the phases
of holding the maximal muscle strength efforts leads to the
inability to make the correction of the precise joint position-
ing (Nozdrenko et al. 2005). As a result, the whole muscle,
as a dynamic system, is unable to adequately implement the
pools of neural activity coming from the central nervous
system (Kostyukov et al. 2002, 2011). The nature and level
of muscle dysfunctions are directly related to the level of
development of pathological processes, the analysis of which
can currently be performed exclusively at the phenomeno-
logical level.

The development of alcoholic myopathy primarily
involves free radical formation in dysfunctional mitochon-
dria (Adachi et al. 2003a, b; Pruznak et al. 2013), which
leads to destruction of myocyte membrane structures and
functional disorders of their enzyme systems (decreased
Na*/K'-ATPase activity and increased Ca>"-ATPase activ-
ity). The inhibition of Na*/K*-ATPase activity (Hong-
Brown et al. 2021) suppresses the specific increase in Na*
conduction that occurs in response to an adequate stimulus
and thus prevents the development of excitation in myo-
cytes. This can lead to a temporal imbalance in the timing
of smooth tetanus establishment, which in turn increases the
level of fluctuations in the force response of the muscle (the
so-called 'tremor").

Cy fullerenes are known to be able to capture and inac-
tivate free radicals efficiently in in vitro and in vivo systems
(Eswaran 2018; Ferreira et al. 2018). Moreover, they pen-
etrate into cells and localize preferentially in mitochondria
(Grebinyk et al. 2018). In previous in vivo experiments,
administration of biocompatible water-soluble Cg, fullerenes
(Halenova et al. 2020) has been shown to result in significant
positive therapeutic effects following the ischamic injury
initiation (Nozdrenko et al. 2021), fatigue (Prylutskyy et al.
2017; Vereshchaka et al. 2018), atrophy (Nozdrenko et al.
2022a, b) and injury (Nozdrenko et al. 20224, b) in skeletal
muscles. However, the observed effects depend significantly
on the doses used and the administration patterns of Cg,
fullerene aqueous solution (Cy,FAS) against the background
of the initiation of particular pathology.

Thus, the aim of the present study was to evaluate the
effect of C¢)FAS on the magnitude of the force response
of muscle gastrocnemius in chronically alcoholized rats,
in particular on its fluctuations depending on the dose and
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administration scheme (prophylactic and therapeutic) of the
drug.

Materials and methods
Preparation of C, FAS

Cy fullerene (Sigma Cat. No. 379646) aqueous solution
with purity of more than 99.96% has been prepared accord-
ing to the protocol (Scharff et al. 2008; Ritter et al. 2015).
The used method is based on transferring Cg, molecules
from organic solution into the aqueous phase by ultrasonic
treatment. The prepared C4FAS is a typical colloid fluid
containing single Cg, fullerenes (0.7 nm in diameter) as well
as their nanoaggregates up to 100 nm (Ritter et al. 2015;
Skamrova et al. 2014). The maximal concentration of Cg,
fullerenes in water obtained by this method was 0.15 mg/
ml. The prepared Cq(FAS is stable within 12—18 months at
temperature + 4 °C.

The ethic statement

The study protocol was approved by the Bioethics Commit-
tee of the ESC "Institute of Biology and Medicine", Taras
Shevchenko National University of Kyiv in accordance with
the rules of the "European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scien-
tific Purposes" and the norms of biomedical ethics in accord-
ance with the Law of Ukraine No. 3447-1V 21.02.2006,
Kyiv, "The Protection of Animals from Cruelty", as well
as the European Union Directive (2010/63/EU) "On the
protection of animals used for scientific purposes" during
biomedical research.

Animal groups and model of animal alcoholization

The experiments were performed on male Wistar rats aged
1-10 months (at the end of the experiment).

The control group (n=10) received 100% drinking water.

Animals in the “alcoholization” experimental groups
(n=10 in each group) were randomly selected. Each ani-
mal was placed in a separate cage to receive 40% ethanol
in drinking water (Collins and Neafsey 2016), which meant
that the experimental groups had no access to 100% water
until the full dosed ethanol consumption (Song et al. 2002).
Ethanol intake was calculated as 0.5% of animal's body
weight. The ethanol dose was recalculated every 24 h dur-
ing the whole experiment (D'Souza El-Guindy et al. 2010).
Duration of alcoholization was 3, 6 and 9 months.

The experimental animals of "alcoholization + Cgj"
groups (n=10 in each group) in addition to alcohol received
CyoFAS at respective doses of 0.5, 1 and 2 mg/kg rat weight.
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The C¢)FAS dose was recalculated every 24 h throughout
the experiment. The oral administration of C4,FAS in each
of the "alcoholization+ Cg," groups was performed in three
ways: 1 h before alcohol intake, together with alcohol, and
1 h after alcohol intake. The experimental animals received
free access to water only after the complete intake of drug.
It is important to note that the selected doses of CyFAS in
our experiments are significantly lower than the LDs, value,
which was 600 mg/kg body weight when administered orally
to rats (Gharbi et al. 2005) and 721 mg/kg when adminis-
tered intraperitoneally to mice (Prylutska et al. 2019).

Equipment for tensometry and surgical preparation
of animals

A 12-bit analog-to-digital and digital-to-analog converter
(ADC-DAC, Mouser Electronics, USA) was used to record
the electrophysiological signals of muscle contraction
(Nozdrenko et al. 2017). DAC output pulses were trig-
gered by isolated stimulators (DS2A, Digitimer, Germany),
which performed nerve stimulation. The input signals were
fed through the amplifier (Mouser Electronics, USA) to the
ADC and recorded with a sampling frequency of 10 kHz.
A linear motor in the servo position was used to stretch the
muscle and measure the force it developed. The efforts were
measured using semiconductor strain gauges glued to rigid
steel beams mounted on moving parts of the linear motor.
The stiffness of the puller exceeded 0.06 N/mm, the time
constant of transient processes did not exceed 60 ms.

The animals were anesthetized by intraperitoneal injec-
tion of nembutal (40 mg/kg). Experiment preparation
included cannulation (a. carotis communis sinistra) for drug
administration and pressure measurement, tracheotomy and
laminectomy at the level of the lumbar spinal cord. The stud-
ied muscle gastrocnemius was freed from the surrounding
tissues, the tendon part was cut in the distal part to the lower
back. To prepare for the modulated stimulation of efferents
in the corresponding segments, the ventral roots were cut
directly at the places of their exit from the spinal cord. The
filaments of the cut ventral roots were fixed on the stimu-
lating electrodes and the stimulus sequence was cyclically
distributed. Stimulation of efferents was carried out by elec-
trical rectangular 2 ms pulses, generated by a pulse genera-
tor, with a frequency of 10-50 s~! and duration of 2, 4 and
6 s (Govbakh et al. 2021). The current strength, at which the
muscle began to contract, was considered the threshold, and
further stimulation was performed with a force of 1.3-1.4
threshold (Nozdrenko et al. 2017).

Biochemical analysis

The levels of enzymes (creatine phosphokinase and lactate
dehydrogenase) as well as creatinine and lactate in the blood

plasma of the test animals and assessment of the level of
oxidative processes in muscle tissues (content of hydrogen
peroxide and reduced glutathione (GSH) as well as catalase
(CAT), selenium-dependent glutathione peroxidase (GP,)
and superoxide dismutase (SOD) activities) as markers of
muscle damage (Brancaccio et al. 2010) were determined
using clinical diagnostic equipment [hemoanalyzers RNL-
200 (Netherlands), ABX Micros ESV60 (France) and auto-
matic analyzer Pentra C400 (France)].

Blood alcohol concentration (BAC) was determined at
the end of the experiment by cardiac puncture using an AM1
alcohol analyzer (Analox Instruments Limited, UK).

Statistical analysis

Statistical processing of the measurement results was carried
out by methods of variation statistics using both Origin 9.4
and Statistica 13.3 softwares. In the biomechanical studies,
the fluctuations in the holding phase of the maximal force
response of the muscle (AF=F,, —F,,,) as well as the
amplitude of single muscle contractions before the transi-
tion of the force response to smooth tetanus (f;;,) were esti-
mated. It must be emphasized, that each of the experimental
curves of muscle contraction force is the result of averaging
10 similar measurements. In the biochemical studies, the
biochemical indicators in blood plasma and muscle tissue
were estimated. Five repeats were performed for each meas-
urement. Data are expressed as the means + SEM for each
group. To determine the statistical significance of differences
between the group means, a ¢ test (for one group) or one-way
ANOVA (for three groups) followed by a post hoc Dunnett
multiple comparison test to compare all data vs control were
used. A factorial ANOVA test was also used depending on
such factors of variation as dose, treatment period and drug
regimen. The underlying assumptions that the data follow
Gaussian distributions and have identical standard deviations
were tested using the methods of Shapiro-Wilk and Bartlett,
respectively. The differences among experimental groups
were judged to be statistically significant when p <0.05.

Results and discussion
BAC value

At the end of the experiment, the BAC value in rats after
chronic ethanol consumption ranged from 140 mg/dl
(3 months of alcohol consumption) to 250 mg/dl (9 months
of alcohol consumption). These data agree well with the
results of a study (Song et al. 2002).

It is important to note that C;,FAS administration at a
dose range of 0.5, 1 and 2 mg/kg in preventive (1 h before
alcohol intake) and therapeutic (together with alcohol and
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1 h after alcohol intake) regimens did not result in a signifi-
cant change of BAC value throughout the experiment (data
are not presented).

Muscle contraction force analysis

Figure 1 shows the mechanograms of the 10th muscle con-
traction in alcoholized rats at 50 s~! for 2, 4 and 6 s stimula-
tion. The recording of force responses to a 2 s stimulation
signal revealed a sharp decrease in muscle contraction force
by 19+ 1%, 22 +2% and 29 +2% from the control values
at 3, 6, and 9 months of alcoholization, respectively. When
force responses to the stimulation signal of 4 and 6 s were
recorded, the decrease in muscle contraction force was
22+1%,35+2%, 41 +4% and 25+ 1%, 39+2%, 79 +4%
as compared to controls in the case of 3, 6, and 9 months
of alcoholization, respectively. Rats receiving a mixture of
alcohol and C4)FAS at a dose of 1 mg/kg throughout the
period of alcoholization showed increases in muscle strength
of 14+ 1%, 18 + 1% and 35 +2% for 3 months of alcoholiza-
tion, 19+ 1%, 28 +2% and 44 +2% at 6-month alcoholiza-
tion and finally by 23 + 1%, 36 +2% and 59 +2% at 9-month
alcoholization when stimulation of 2, 4 and 6 s, respectively,
was applied relative to the “alcoholization” group (Fig. 1).

Fig.1 The strength of the
muscle gastrocnemius 10" P
contraction of alcoholized rats 1
caused by 2, 4 and 6 s non-
relaxation stimulation pools: 1,
2 and 3—alcoholized rats for 3,
6 and 9 months, respectively;
alcoholization +Cg, (1 mg/
kg)—rats receiving a mixture of
alcohol and C4,FAS at a dose of

stimulation

|

contraction

Alcoholization for 3 months increased fluctuations in the
holding phase of the maximal force response of the muscle
(AF=F,,—F;, from 0.03 mN at 2 s stimulation to 0.06
mN at 6 s one. There was a sharp increase in this index with
increasing duration of alcoholization. So, at 9 months of
alcohol intake the level of fluctuations was more than 1.2
mN (Figs. 1, 2). In animals receiving a mixture of alcohol
and C4 FAS at a dose of 1 mg/kg throughout the period of
alcoholization, there was a 15 + 1% decrease in the level of
muscle fluctuations at 3 months alcoholization, 32 +2% at
6 months and 70+ 3% at 9 months relative to the “alcoholi-
zation” group (Figs. 1, 2).

Reducing the dose of C,FAS to 0.5 mg/kg during the
studied periods of alcoholization in rats showed the sig-
nificant worsening of the effects described above (Fig. 2).
Increasing the dose of C4,FAS to 2 mg/kg only slightly
increased the positive effect recorded with C FAS at a dose
of 1 mg/kg, namely by 7+ 1%, 6+ 1% and 8 +1% in cases
3, 6 and 9 months of alcoholization, respectively. Thus, it
can be assumed that the dose of C¢,FAS 1 mg/kg is optimal.

An analysis of the methods of introducing C4 FAS during
alcohol intoxication of animals revealed its most significant
effect when C4,FAS was mixed with alcohol (Fig. 2).

Thus, when using C4,FAS (1 mg/kg) 1 h before alcohol
intake (prophylactic regimen), its effectiveness was lower

alcoholization

1 mg/kg during the entire period
of alcoholization; F,, and
Fi-—maximum and minimum
levels of fluctuation amplitudes
of the force response at the
phases of holding the maximum

force of muscle contraction

The force of muscle

stimulation
1

( I 1
e |
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Fig.2 Fluctuations levels (AF=F,, —F. ;) in the muscle gas-
trocnemius contraction of alcoholized rats induced by 2, 4 and 6 s
non-relaxation stimulation pools: alcoholization+Cg, (0.5, 1 and
2 mg/kg)—rats treated with alcohol mixture and CyFAS at doses

by 10+1%, 13+1% and 17+ 1% at 3, 6 and 9 months
of alcoholization, respectively, compared with the use of
alcohol and CyFAS together (Figs. 2, 3). When taking
CsFAS (1 mg/kg) 1 h after alcohol intake (therapeutic
regimen), its effectiveness was lower by 9+ 1%, 16 £ 1%
and 30+ 2% at 3, 6 and 9 months of alcoholization,

alcoholization +C,, (0.5 mgikg)
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0.5, 1 and 2 mg/kg for the whole period of alcoholization; 3, 6 and
9 months—alcoholization lasting 3, 6 and 9 months, respectively.
*p <0.05; **p <0.05 relative to the "alcoholization" group

respectively, compared with the use of alcohol and C)FAS
together (Figs. 2, 3).

The increased level of fluctuational amplitudes of the
force response in alcoholic animals may be associated with
the impaired processes of a single contractions summation
with subsequent temporal delays preventing the formation
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Fig.3 Fluctuations levels (AF=F, —F,,,) during muscle gastroc-
nemius contraction in alcoholic rats induced by 2, 4 and 6 s non-
relaxation stimulation pools: alcoholization+Cg, (1 mg/kg)—rats
receiving alcohol and Cy,FAS at a dose of 1 mg/kg throughout the
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entire period of alcoholization; 3, 6 and 9 months—alcoholization
lasting 3, 6 and 9 months, respectively; 1 and 2—administration of
C¢FAS 1 h before alcohol intake and 1 h after alcohol intake, respec-
tively. **p <0.05 relative to the "alcoholization" group
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of sustained maximum muscle contraction (Khoma et al.
2014). Therefore, we analyzed the biomechanical param-
eters of muscle gastrocnemius transition from serrated to
smooth tetanus (Figs. 4, 5) using a therapeutic regimen of
alcohol administration together with C¢ FAS at an optimal
dose of 1 mg/kg.

Figure 4 shows the mechanograms of muscle gastrocne-
mius contraction with modulated stimulation at frequencies
of 10, 15, and 20 s~'. The single contractions amplitude
of the muscle of alcoholized rats during stimulation with a
frequency of 10 s™! increased compared to control values
by 15+ 1%, 24+ 1% and 56 +2% with alcoholization last-
ing 3, 6 and 9 months, respectively. When stimulated with
frequencies of 15 and 20 s~! these indicators increased by
194+1%, 26 1%, 70+2% and 27 + 1%, 48 +2%, 80 + 3%,
respectively. It is important to emphasize that in the consid-
ered cases, the muscle gastrocnemius of the alcoholized rats
did not switch into the state of smooth tetanus.

CgoFAS administration has stabilized the mechanograms,
bringing them closer to control values in the case of 3-month
alcoholization of rats. With the increase in the duration of
alcoholization in rats up to 6 and 9 months, the positive
effect of C4(FAS administration was 20+ 1%, 25+ 2%,
30+2% and 24 + 1%, 37+2%, 53 +3%, respectively, at
stimulation at frequencies of 10, 15 and 20 s~! (Fig. 4).

The amplitude of single muscle contractions before
the transition of the force response to smooth tetanus
(fmin) (Fig. 5) was significantly increased by Cg,FAS

control alcoholization
10s”

stimulation

3 months & months 9 months

administration, namely by 29+ 1%, 33 + 1% and 40+ 2%
at 3, 6 and 9 months, respectively, contributing to reduced
fluctuations in muscle gastrocnemius contractions during the
maximum force response retention phases.

The analysis of biochemical parameters in blood
plasma and muscle tissue

The analysis of blood plasma biochemical parameters,
which are responsible for skeletal muscle function quality
and used to diagnose the development of muscular myopa-
thies (Gibala et al. 1995), in particular changes in creatinine,
creatine phosphokinase, lactate and lactate dehydrogenase
levels, made it possible to assess physiological changes in
a skeletal muscle function caused by long-term alcoholiza-
tion of animals. All these biochemical markers were found
to have a pronounced upward trend. Changes in creatinine, a
product formed in muscle when intramuscular structures are
destroyed, allowed to estimate the level of myocyte damage.
When alcohol and C4(FAS at a dose of 1 mg/kg were coad-
ministered, creatinine levels decreased by 17+ 1%, 19+ 1%
and 36 +2% with alcoholization lasting 3, 6 and 9 months,
respectively (Fig. 6).

It is important to emphasise that C,oFAS administration
1 h before and 1 h after alcohol ingestion decreased creati-
nine levels only slightly, by 9+ 1% and 11 + 1% on average,
respectively.

alcoholization +C.,(1mgka)

3 months & months 9 months

1

¢\ p | e e e e

Fig.4 Biomechanical parameters of muscle gastrocnemius transi-
tion from serrated to smooth tetanus when applying a modulated
stimulation with increasing frequencies of 10, 15 and 20 s~! for 6 s:
control—rats receiving 100% drinking water; alcoholization—alco-
holized rats; 3, 6 and 9 months—alcoholization lasting 3, 6 and

ellae Ll Bl .
elaw Salbiin G Springer

KACET 2 00dillg oglall =

9 months, respectively; alcoholization+Cg, (1 mg/kg)—rats receiv-
ing a mixture of alcohol and C4)FAS at a dose of 1 mg/kg for the
duration of alcoholization; f, ;,—minimum force response value in
one serrated thetanus (reducing this parameter to zero value results in
smooth tetanus)
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Fig.5 Change in f,;, parameter
for each of the single contrac-
tions before the transition of
the force response of muscle
gastrocnemius into smooth teta-
nus when applying a stimulation
signal with frequency of 20 s7:
control—rats receiving 100%
drinking water; alcoholiza-
tion—alcoholized rats; 3, 6 and
9 months—alcoholization for

3, 6 and 9 months, respectively;
alcoholization+ Cg, (1 mg/
kg)—rats receiving mixture of
alcohol and C4(FAS in a dose
of 1 mg/kg for the whole period
of alcoholization. #p <0.05;

*p <0.05 relative to the control
group; **p <0.05 relative to the
“alcoholization” group
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Fig.6 Changes in creatinine, creatine phosphokinase, lactate dehy-
drogenase and lactate levels in blood plasma of alcoholized rats
after the application of a relaxation-free stimulation with 30 pools of
50 s™! for 6 s: control—rats receiving 100% drinking water; alcoholi-
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ing a mixture of alcohol and C4)FAS at a dose of 1 mg/kg for the
duration of alcoholization; 3, 6 and 9 months—alcoholization lasting
3, 6 and 9 months, respectively. *p <0.05; *p<0.05 relative to the
control group; **p <0.05 relative to the "alcoholization" group
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One of the important markers of pathological processes
in a muscle is a change in the creatine phosphokinase con-
centration, an enzyme from the energy supply system of
skeletal muscle cells. When muscles are damaged during
active functioning, this enzyme is released from the cells and
there is a corresponding increase in its quantity in the blood.
The concomitant administration of alcohol and C4,FAS at a
dose of 1 mg/kg decreased creatine phosphokinase levels by
13+ 1%, 19+ 1% and 28 +2% with alcoholization lasting 3,
6 and 9 months, respectively (Fig. 6).

During the development of pathological reactions cascade
after the muscle myopathies, a significant depletion of cel-
lular energetic substances occurs, leading to a disturbance
of homeostasis and a loss of ionic gradient due to cell mem-
branes. This leads to the accumulation of lactate and H*
ions and, consequently, to an acidification of the pH of the
intra- and extracellular media. Coadministration of alcohol
and C4FAS at a dose of 1 mg/kg decreased lactate levels by
19+ 1%, 28 +2% and 37 +2% with alcoholization lasting 3,
6 and 9 months, respectively (Fig. 6).

The level of changes in lactate dehydrogenase, an enzyme
that catalyzes lactic acid oxidation, allowed the overall per-
formance status of injured muscle to be assessed after pro-
longed activation. When alcohol and C4,FAS at a dose of
1 mg/kg were coadministered, lactate dehydrogenase levels
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Fig.7 Indicators of pro- and antioxidant balance (H,0,, SOD, GP,,
CAT and GSH) in rat muscle gastrocnemius tissue after the relaxa-
tion-free stimulation with 50 pools of 20 s™! for 6 s: control—rats
receiving 100% drinking water; alcoholization—alcoholized rats;
alcoholization+Cg, (1 mg/kg)—rats receiving a mixture of alcohol
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decreased by 15+ 1%, 29 +2% and 40 +2% during alcoholi-
zation for 3, 6 and 9 months, respectively (Fig. 6).

In the development of muscle pathology, changes in mus-
cle antioxidant content are an important criterion determin-
ing the level of physiological disorders of muscle cells. The
explanation for the obtained positive therapeutic effect of
water-soluble Cg, fullerenes may be their powerful antioxi-
dant properties (Eswaran 2018; Ferreira et al. 2018; Gharbi
et al. 2005). The evaluation of the levels of pro- and anti-
oxidant balance in the tissues of the muscle under study is
essential to confirm this assumption.

Figure 7 shows the results of biochemical tests indi-
cating the increased levels of peroxidation and oxidative
stress after the alcoholized muscle stimulation. So, the
H,0, concentration increased with the increasing dura-
tion of alcoholization and was 151 +5%, 327 + 6% and
414 + 6% when alcoholization lasted 3, 6 and 9 months,
respectively, compared with the control. Coadministration
of alcohol and C¢FAS at a dose of 1 mg/kg resulted in a
28 +2%, 44 +2% and 50 +2% reduction in H,0, in rat
muscle gastrocnemius, respectively. The observed inhibi-
tion of excessive accumulation of oxygen derivative H,0,
in muscle may be mediated by the antiradical properties
of Cg, fullerene. The results confirm that C, fullerenes
are able to penetrate through plasma membranes and

10 7
% B —
s ® \
2 .
[=RF-a <3 I
ma
E * -
: 4 J i 0
8 5
- ‘—_‘

3 1
c i

8

E *

a

om 2 4 X T
£ I

— T

& #

3 | ]

7}

o 1

and C¢ FAS at a dose of 1 mg/kg for the duration of alcoholization;
3, 6 and 9 months—alcoholization lasting 3, 6 and 9 months, respec-
tively. *p <0.05; *p <0.05 relative to the control group; **p<0.05
relative to the "alcoholization" group
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accumulate in selected tissues, including muscle, with-
out evidence of damage (Prylutska et al. 2019; Prylutskyy
et al. 2016).

Antioxidant defense enzymes such as SOD, CAT and
GP, play a key role in the regulation mechanisms of free-
radical and peroxide processes. The most powerful natural
antioxidant and the enzyme of the first link of antioxidant
protection is SOD, which carries out the reaction of super-
oxide anion-radical dismutation and converts them into less
reactive hydrogen peroxide molecules (Sen 2001). Studies
(Hollander et al. 1999; Suzuki et al. 2000) showed that SOD
activity in rat skeletal muscles increased during exercise or
the development of pathological processes, predominantly
in oxidative muscles with a high content of type I and Ila
fibers. In our experiment with the electrical stimulation of
muscles against the background of coadministration of alco-
hol and CFAS at a dose of 1 mg/kg, a gradual decrease of
SOD activity in muscle gastrocnemius was found, namely,
by 20+ 1%, 29 + 1% and 43 +2% after 3, 6 and 9 months of
alcoholization of rats, respectively.

The change in CAT activity in muscle gastrocnemius
when alcohol and C4,FAS at a dose of 1 mg/kg were coad-
ministered was 12+ 1%, 34 +2% and 47 +2% after 3, 6 and
9 months of alcoholization in rats, respectively.

Cellular mechanisms of antioxidant protection are also
associated with the functioning of powerful glutathione link
(Sen 2001). Along with antiradical enzymes, the glutathione
system is one of the active components of the body's anti-
oxidant protection, which plays a significant role in attenuat-
ing the pathological process in the development of muscle
myopathy, as it not only prevents the course of free-radical
reactions, but also provides effective elimination of the final
metabolites of lipid peroxidation (Ji 2008). In our study,
after coadministration of alcohol and Cy,FAS at a dose of
1 mg/kg, GP, activity in muscle gastrocnemius decreased
by 17+ 1%, 23 + 1% and 40 + 2% after 3, 6 and 9 months of
alcohol exposure in rats, respectively.

The combined administration of alcohol and C4FAS at
a dose of 1 mg/kg resulted in 13+ 1%, 27 +£1% and 40+2%
change in GSH content in muscle gastrocnemius after 3, 6
and 9 months of alcohol exposure in rats, respectively. Con-
sequently, the administration of C4)FAS led to an increase in
the efficiency of the antioxidant defense system by increas-
ing GSH content in muscle, thereby increasing muscle toler-
ance to physical exertion. This is in good agreement with the
results (Gonchar et al. 2018), where it was shown that Cg
fullerene is able to influence the processes of glutathione
synthesis and metabolism in various tissues, including mus-
cle, under various pathological conditions by modulating the
Nrf2/ARE-antioxidant pathway.

Thus, in all conducted tests there is a positive change in
the studied biochemical parameters by about (15-30)+2%
when CFAS at a dose of 1 mg/kg is administered together

with alcohol. It is also worth noticing that C4 FAS is
(7-10) £ 2% effective with other methods of administration.
On the basis of the obtained data it can be concluded that
the application of water-soluble Cg, fullerenes contributes to
the reduction of oxidative processes in muscles by maintain-
ing the balance between pro-oxidants and antioxidant protec-
tion system, which prevents the negative effect of reactive
oxygen species on cellular and subcellular structures in the
development of alcoholic myopathy in rats. This indicates
a compensatory activation of the endogenous antioxidant
system by Cg, fullerene during pathological changes in the
rat muscle gastrocnemius caused by chronic alcohol con-
sumption. In our opinion, Cg, fullerene affects the activity
of endogenous antioxidants, suppressing the occurrence of
destruction in muscle and thus reducing its degradation.

Conclusion

Thus, for the first time in the model of chronically alco-
holized rats it was shown that combined administration of
ethanol and C¢FAS at the optimal dose of 1 mg/kg shows a
higher level of muscle force response correction compared
to other methods of this drug administration, in particular
it reduces the level of fluctuations of force response during
the phases of maximum force effort (the so-called "tremor™"),
which was confirmed by the biochemical tests. It can be
assumed, that a mixture of alcohol and C¢,FAS in alcoholic
beverages, without changing their taste, can bring significant
positive effect on myopathic dysfunctions caused by alcohol
intoxication. Summarizing, this finding opens the possibility
of using water-soluble Cy, fullerenes as promising pharma-
cological nanoagents capable of correcting the pathological
conditions of the muscular system arising in the develop-
ment of alcoholic myopathy.
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ARTICLE INFO ABSTRACT
Keywords: Muscle trauma is one of the most common body injuries. Severe consequences of muscle trauma
Ceo fullerene are ischemic injuries of the extremities. It is known that the intensification of free radical pro-

Muscle soleus

Muscle trauma

Biomechanical parameters of muscle
contraction

cesses takes place in almost most acute diseases and conditions, including muscle trauma. Cgg
fullerene (Cgp) with powerful antioxidant properties can be considered a potential nanoagent for
developing an effective therapy for skeletal muscle trauma. Here the water-soluble Cgp was
prepared and its structural organization has been studied by the atomic force microscopy and
dynamic light scattering techniques. The selective biomechanical parameters of muscle soleus
contraction and biochemical indicators of blood in rats were evaluated after intramuscular in-
jection of Cgg 1 h before the muscle trauma initiation. Analysis of the force muscle response after
Ceo injection (1 mg kg™! dose) showed its protective effect against ischemia and mechanical
injury at the level of 30 + 2 % and 17 + 1 %, accordingly, relative to the pathology group.
Analysis of biomechanical parameters that are responsible for correcting precise positioning
confirmed the effectiveness of Cgo at a level of more than 50 + 3 % relative to the pathology
group. Moreover, a decrease in the biochemical indicators of blood by about 33 + 2 % and 10 +
1 % in ischemia and mechanical injury, correspondingly, relative to the pathology group occurs.
The results obtained demonstrate the ability of Cg to correct the functional activity of damaged
skeletal muscle.

Blood biochemical indicators

1. Introduction

Muscle trauma is among the most common injuries to the human body [1]. The problem of determining the severity of myopathic
damage continues to be of great concern due to the difficulties in making decisions regarding treatment, determining the quality of the
therapy used, as well as the relatively high relapse rate. Therefore, it is necessary to understand the processes at the molecular
(cellular) level inherent in a particular type of skeletal muscle damage that are involved in their healing. The most important of these is
inflammation. The inflammatory response depends on two factors, namely the actual physical damage and muscle vascularization at
the time of injury [2]. All this ultimately affects the immune and cytokine responses of the body and makes it difficult to adequately
interpret the mechanisms of the studied pathology.
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Severe consequences of muscle injuries are ischemic injuries of the extremities. The rapid determination of the degree of ischemia
that has occurred is critical for adequate treatment [1,2]. Ischemic tissue damage triggers biochemical reactions that are initiated
under hypoxic conditions after a few minutes due to insufficient blood supply and continue for two to 3 h [3]. With ischemia lasting
three or more hours, necrotic changes in muscle tissue (the amount of necrosis can reach up to 60 %) as well as nervous degradation
occur. Activated neutrophils attracted to a lesion release free radicals, which is a characteristic manifestation of ischemic damage [3,
4].

The main clinical method for assessing the viability of muscle fibers is biochemical analysis. Such blood biochemical indicators as
levels of creatine phosphokinase (CPK), creatinine, lactate dehydrogenase (LDH) and lactate (LA) are markers of muscle tissue dis-
orders that are used in clinical studies to determine the degree of damage and evaluate therapeutic procedures [5].

The dynamics of muscle contraction is determined by specific mechanisms of interaction between motor neuron pools, entering the
muscle, as well as actin and myosin myofilaments. Therefore, an adequate understanding and analysis of changes in neuromuscular
pathologies require a comprehensive experimental approach with the possibility of simultaneous control of various biomechanical
parameters. Only in this case does it become possible to trace changes in the response of a neuromuscular system to stimulation, which
are responsible for the development of precise positional movements, the analysis of which is important in making a conclusion about
the efficiency of the therapeutic agent used.

Literature data [6] indicate that free radicals are one of the main factors of muscle tissue damage. They initiate lipid peroxidation
(LPO), suppress the ATPase (Adenosinetriphosphatase) activity and mitochondrial respiratory chain enzymes. Hence, antioxidant
therapy, including the development of novel effective nanoscale free radical scavengers, remains an attractive strategy for skeletal
muscle trauma.

Ceo fullerene is a fairly strong electronic acceptor capable of absorbing a large number of free radicals [7]. We have previously
shown, that water-soluble Cg fullerenes prevent the restraint of stress-induced oxidative disorders in rat’ brain and heart tissues [8] as
well as an acute liver injury [9], diminish muscle fatigue in rats [10], markedly decrease the level of oxidative stress in diet-induced
obesity rats [11] and, finally, realize therapeutic effects in the models of muscle injury and ischemia of the muscle soleus in rats [12,13].
Recenly the authors [14,15] demonstrated the protective effect of Cgo fullerene on liver tissue in liver ischemia reperfusion injury as
well as on lung and renal tissue in lower extremity ischemia-reperfusion injury in rats, which opens up a prospect for its use in
biomedicine.

Taking into consideration the preliminary obtained data, this work aimed to evaluate the protective effect of Cg fullerene against
the rat muscle soleus trauma (mechanical injury and ischemia of varying severity), based on changes in the biomechanical markers of
the contractile process and blood biochemical indicators.

2. Materials and methods
2.1. Preparation and characterization of CsoFAS

Ceo fullerene aqueous solution (CeoFAS) was prepared by transferring C¢o molecules from toluene into an aqueous dispersion using
an ultrasonic bath [16]. The obtained CgoFAS (0.15 mg ml~') was stable for 18 months at a temperature +4 °C.

The structural organization of CgoFAS was investigated by the atomic force microscopy (AFM) and dynamic light scattering (DLS)
methods [17]. AFM and DLS measurements were performed on the systems “Solver Pro M" (NT-MDT) and Zetasizer Nano ZS (Malvern
Ins. Ltd), correspondingly, at room temperature.

2.2. Animals

Male Wistar rats (170 £+ 5 g, 3-month-old) were used in the study. The experimental animals were housed in Plexiglas cages and
kept in an air-filtered and temperature-controlled (21 + 1 °C) room under 12-h light/12-h dark conditions. Rats received a standard
pellet diet and water ad libitum. All procedures complied with the ARRIVE guidelines. The use of the laboratory animals was approved
by the Biomedical Ethics Committee of the ESC “Institute of Biology and Medicine” of Taras Shevchenko National University of Kyiv
(protocol No. 2 dated September 2, 2022) and performed in accordance with the “European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes” (Strasbourg, 1986) and Article 26 of the Law of Ukraine “On
the Protection of Animals from Cruelty” (No. 3447-1V, 21.02.2006), as well as European Union Directive of 22 September 2010 (2010/
63/EU) for the protection of animals used for scientific purposes.

The animals were randomly divided into the following experimental groups:

- control group (n = 7);

- pathology (non-treated) groups (muscle injury and ischemia with varying degrees of severity (1, 2, and 3), respectively, without
drug administration) (n = 7 in each group);

- pathology (Cgo-treated) groups (intramuscular administration of CeoFAS (1 and 2 mg kg™ doses) 1 h before muscle injury and
ischemia with different degrees of severity (1, 2 and 3)) (n = 7 in each group).

2.3. Biomechanical and biochemical analyzes

Muscle soleus was released from the surrounding tissues. Its tendon was cut transversely in the distal part, and ventral roots - directly



D. Nozdrenko et al. Heliyon 10 (2024) e32677

at their exit points from the spinal cord. Efferents were stimulated by 2 ms (millisecond) electrical pulses generated by a pulse
generator. Force of muscle contraction was measured by using strain gauges [12,13].

For muscle ischemization [12], the branch of the femoral artery that provides blood supply to the experimental muscle was tied
with ligatures. The duration of ischemization was 1, 2, and 3 h (1, 2, and 3 degrees of ischemia, respectively).

Muscle injury was induced by compressing the muscle for 1, 2, and 3 min (1, 2, and 3 degrees of injury severity, respectively) with a
3.5mg cm 2 pressure clamp [18].

Analyzing the myotic response of the muscle understudy while applying a modulated stimulating signal, we analyzed several basic
biomechanical parameters as markers of the muscle dysfunctions [12,13,19], namely:

1. Change in the level of generation of minimum contraction force (Fyn). This marker is an indicator of the maximum changes in a
muscle caused by a pathological process;

2. Change in the time to reach the maximum force response (tmax). This marker indicates the level of muscle dysfunction when it
performs maximum strength tasks;

3. Change in the level of generation of maximum contraction force (Fyay). This marker is an indicator of general muscle dysfunction
during the development of pathology;

4. Change in the integrated power of muscle contraction (S). This marker, as a calculated area under the force curve, is an indicator of
muscle overall performance;

5. Change in the time of reduction of muscle contraction force by 50 % from the initial level (t50). This indicator is used to assess the
development of muscle fatigue;

6. Change in the time of force parameters output to the initial level (tp). This indicator describes a change in the rigid structure of the
muscle during the development of pathology;

7. Change in muscle force response onset time (change in latent period; tyq). Using this indicator one can evaluate the level of
pathology at the stages of the interaction of muscle myofilaments, calcium pump dysfunction, and sarcoplasmic reticulum system.

The levels of enzyme content (CPK and LDH) as well as creatinine, LA, reduced glutathione (GSH), hydrogen peroxide (H205),
thiobarbituric acid reactive substances (TBARS), and catalase (CAT) activity in the blood plasma of experimental animals, as markers
of muscle trauma [20], were determined using clinical biochemical equipment (Erba, Czech Republic).

2.4. Statistics

The statistical analysis of the obtained results was performed by using the Statistica 13.3 software. Each of the experimental force
curves is the result of averaging 10 similar tests. Each biochemical measurement was carried out at least three times. A factorial
ANOVA analysis with Tukey post-hoc test was used depending on such factors of variation as dose and degree of muscle trauma
severity. Data are presented as the means + SEM for each group. Differences between groups were considered significant at the level of
p < 0.05.

3. Results and discussion
3.1. Structural organization of CgoFAS

Because specific biological effects are highly dependent on particle size [21,22], we have investigated the size of Cgg fullerene
nanoparticles in a created aqueous solution using the AFM and DLS techniques.

~2.8nm ~2nm ~1.4nm

~3.5nm ~0.7nm

o2 S

(7N

Fig. 1. AFM image of Cg fullerene nanoparticles present in CgoFAS (0.15 mg ml ™). Values near arrows indicate the height of the nanoobjects.
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Fig. 1 demonstrates the 3D AFM image of Cg fullerene nanoparticles present in CgoFAS, namely a single Cgo molecule (~0.7 nm
(nanometer)) and its nanoclusters (~1.4, ~2.0, ~2.8, and ~3.5 nm).

Fig. 2 shows the DLS data for studied CgoFAS. As one can see CgoFAS also contains big Cgq fullerene nanoclusters with following
hydrodynamic size ranging: ~64 (8 %), ~75 (32 %), ~82 (42 %) and ~106 (18 %) nm.

3.2. Biomechanics of muscle soleus contraction

The crush syndrome applied as a factor of muscle injury [18] caused a significant decrease in the muscle soleus force response
(Fig. 3).

Thus, there was a sharp decrease in the muscle soleus force response as early in the first seconds of stimulation with a subsequent
decrease to 43 + 3 %, 38 &+ 2 %, and 19 + 2 % in cases of degree 1, 2 and 3 muscle injury, respectively, relative to the control group.
The administration of C¢oFAS (1 mg kg ! dose) increased the muscle force response by 21 = 2%, 19 + 1 %, and 12 + 1 % for degrees 1,
2, and 3 of muscle injury, respectively, relative to the pathology group. Increasing the CsoFAS dose (2 mg kg™1) further marginally
increased the strength response by 10 + 1 %.

After initiation of ischemic injury, the contractile force of the rat muscle soleus decreased to 71 + 4 %, 63 &+ 3 %, and 38 + 3 % in
cases of the 1st, 2nd’ and 3rd degree of ischemia, respectively, relative to the control group (Fig. 3). CgoFAS injections increased the
muscle soleus force response by 29 -+ 2 %, 23 = 2 %, and 37 + 2 % at the dose of 1 mg kg ™! in cases of the 1, 2 and 3 degree of ischemia,
respectively, relative to the pathology group and additionally by 10 + 1 % at the dose of 2 mg kg~ ™.

Thus, the applied dose of C¢oFAS injection of 1 mg kg™ can correct the force response of the muscle with a mechanical injury and
ischemia of varying severity. Doubling the dose of the protective agent did not significantly change muscle performance.

The use of biomechanical markers of amplitude-velocity changes in the force response to analyzing the pathological processes
understudy has revealed significant qualitative differences between them in the CsoFAS applied (Figs. 4 and 5). It turned out that these
biomechanical markers of muscle contraction had different sensitivity to the severity of the developing pathology and lined up in the
following order: Fpin = tmax — Fmax = S = ts0 = to = tsiares

For example, the change in minimum contraction force (Fy,n) with a muscle injury was 31 + 2 % and 17 + 1 % in cases of the 1 and
2 degrees of pathology, respectively, relative to the control group (Fig. 4). The protective effect of CsoFAS (dose 1 mg kg™!) on this
marker was 60 + 3 %, 23 + 1 %, and 18 + 1 % in cases of the 1, 2, and 3 degrees of pathology, respectively, relative to the pathology
group. The change in the time to reach maximum muscle contraction force (tmax) with a muscle injury was 42 + 2 % and 21 + 1 % in
cases of the 1 and 2 degrees of pathology, respectively, relative to the control group (Fig. 3). The protective effect of C¢oFAS (1 mg kg™!
dose) on this marker was 67 + 3 %, 38 + 1 %, and 21 + 1 % in cases of the 1, 2, and 3 degrees of pathology, respectively, relative to the
pathology group. The Fpay, S, and t5o markers showed the same tendency to change with CgoFAS (1 mg kg~ ! dose) application in cases
of the 1, 2, and 3 degrees of muscle injury (Fig. 3). At the same time, markers tp and tyq;s changed only in case of 2 and 3 degrees of the
pathological process (76 + 3 % and 49 + 2 % of the control group) and recovered by (92-95) + 3 % when CgoFAS (1 mg kg ! dose) was
applied (Fig. 3).

When the CgoFAS dose (2 mg kg~!) was increased, all of the markers tested responded positively: from 35 + 2 % for the most
sensitive marker Fpj, to 10 + 1 % for the least sensitive marker tgq relative to the pathology group (Fig. 4).

Qualitative changes in muscle dynamics can be traced more significantly when analyzing the protective effect of C¢oFAS injection
on biomechanical markers of muscle contraction during the development of ischemia of varying severity (Fig. 5). So, for example, the
change in the minimum contraction force (Fpni,) was 60 + 3 % and 47 + 2 % in the case of 1 and 2 degrees of pathology development,
respectively, relative to the control. The effect of CsoFAS at a 1 mg kg™ * dose on this marker was 65 + 3 %, 56 + 3 %, and 28 + 1 % in
cases of the 1, 2, and 3 degrees of pathology, respectively, relative to the pathology group. It should also be noted that CgoFAS effect is
enhanced by (25-30) + 2 % for the first three sensitive markers (Fpin, tmax, and Fimax) when the dose is increased to 2 mg kg’l.
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= 204
=
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Fig. 2. Distribution of the number of light scattering particles present in CsoFAS (0.15 mg ml~?) (in %) according to their hydrodynamic size.



D. Nozdrenko et al. Heliyon 10 (2024) e32677

200s 0.2 tifiry ischemia
ischemia
injury + 1 mg/kg Cso

+ 1 mg/kg Cso

ischemia
+ 2 mglkg Ceo

The force of muscle contraction
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Fig. 3. Force of muscle soleus contraction during stimulation at a frequency of 50 Hz for 5 s, duration 500 s without relaxation (a): injury - me-
chanical injury; ischemia - ischemic muscle; injury/ischemia +1 mg kg™' Cgo and injury/ischemia +2 mg kg~' Cgo - corresponding pathology
against the background of CgoFAS injections at doses 1 and 2 mg kg ?, respectively; 1, 2, 3 — the degree of the pathological process in the muscle.
Biomechanical parameters of muscle contraction (b): S - integrated muscle power; Fpax and Fp, - maximum and minimum forces of a single
contraction; ty,ay - time to reach maximum muscle contraction force; tsq - time of reduction of muscle contraction force by 50 % from the initial level;
tp - time of force parameters output to the initial level; ty, — time between stimulation start and contractile process start.

Summarizing, one can assume that analysis of selected biomechanical markers in such chronological order of their maximum
change makes it possible to determine the severity degree of muscle pathology and the efficiency of the therapy used, which is of
paramount importance in emergency conditions.

3.3. Blood plasma biochemical indicators of rats

The analysis of blood biochemical markers, in particular, the levels of creatinine, CPK, LA, and LDH in rat blood plasma (Fig. 6),
makes it possible to evaluate physiological changes in the muscle and the therapeutic effect of the drug on pathological processes. As
can be seen, they all increase with increasing time after the initiation of injury, which indicates that the muscular system is performing
super-intense work for its physiological level, followed by the development of muscle fatigue.

Change in CPK concentration is one of the important markers of pathological processes in skeletal muscles. With mechanical
damage to the muscles, there is a release of the CPK from the cells and increase its concentration in the blood. The increase in the blood
CPK fraction (Fig. 6a) from 500 + 15 Units 171 in the control group to 1490 + 21, 1622 + 26, and 2430 + 29 Units 17! in cases of grade
1, 2, and 3 muscle injury, respectively, is the result of myocyte wall destruction with partial release of intramyocyte enzymes into the
extracellular space [23]. When CgoFAS (1 mg kg~ ' dose) was injected, CPK levels decreased by 10 + 1 % in cases of the 1, 2, and 3
degrees of muscle injury, respectively, relative to the pathology group and did not significantly change when the protective dose of
CeoFAS was increased to 2 mg kg™
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Fig. 4. Biomechanical parameters of muscle contraction (1 - Fiin; 2 - tmax; 3 - Fmaxs 4 - S; 5 - ts0; 6 - to; 7 - tsard) in the order of their maximum change
in the analysis of mechanical injury (in % relative to control): injury + 1 mg kg~ * Ceo and injury + 2 mg kg~ Cs - mechanical injury against the
background of CeoFAS injections at doses of 1 and 2 mg kg™, accordingly; 1, 2, 3 — degree of muscle injury. *p < 0.05 vs. control group; **p < 0.05
vs. muscle injury group.

During the development of the inflammatory reactions after the initiation of injury, a significant depletion of cellular energy
substances (especially ATP) take places, which causes loss of the ion gradient through cell membranes. This leads to the acidification of
the pH of intra- and extracellular media [19]. Fig. 6b shows that this parameter increased from 10.3 & 0.5 M in the control group to
15.7 +£1,17.9 + 1, and 22.4 + 1 M in cases of the 1, 2, and 3 degrees of muscle injury, respectively. When injected with CgFAS (1 mg
kg’1 dose), the LA level decreased by 11 4+ 1 % in the cases of 1, 2, and 3 degrees of muscle injury, respectively, relative to the pa-
thology group and did not significantly change with an increase in the protective dose of C¢oFAS up to 2 mg kg™

The level of LDH enzyme allows us to assess the general performance status of the damaged muscle after its prolonged activation.
The change in the level of LDH from 225 + 12 Units 17" in the control group to 510 + 14, 593 + 9, and 886 + 15 Units 1 'after the
initiation of the 1, 2, and 3 degrees of muscle injury indicates the significant muscle dysfunctions associated with excess fatigue
pathogens. With CgoFAS injection (1 mg kg™ * dose), LDH levels decreased by 10 + 1 % in the cases of 1, 2, and 3 degrees of muscle
injury, respectively, relative to the pathology group and did not significantly change when the protective dose of C¢oFAS was increased
to 2 mg kg’1 (Fig. 6b).

The relatively low protective effect of CgoFAS ((10-14) + 1 %), revealed by the analysis of changes in blood biochemical indicators,
is due to the fact that injury with a muscle tissues rupture is the most severe pathology, covering not only muscle structures but also
complicated by high-level pain symptoms. Therefore, the usage of C¢oFAS, in our opinion, is not a sufficiently complete solution for an
adequate therapeutic model. So, the previously discovered synergism of the action of menthol as an analgesic agent and CgoFAS on the
post-traumatic process of restoring skeletal muscle functions opens up prospects for the clinical application of such combination
therapy [13].

Analysis of blood biochemical markers in case of ischemic injuries revealed a significant Cg( fullerene protective effect. So, when
CeoFAS (1 mg kg~! dose) was injected, the creatinine level decreased by 31 = 2 %, 28 =+ 2 %, and 21 + 1 % in the case of 1, 2, and 3
degrees of ischemia, respectively, relative to the pathology group. Increasing the CoFAS dose (2 mg kg™ 1) additionally improved this
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Fig. 5. Biomechanical parameters of muscle contraction (1 - Fiin; 2 - tmax; 3 - Fmaxs 4 - S; 5 - ts0; 6 - to; 7 - tarp) in the order of their maximum change
in ischemia analysis (in % relative to control): ischemia +1 mg kg~ Cy and ischemia +2 mg kg™ Cgp - muscle ischemia against the background of
CeoFAS injection at 1 and 2 mg kg™ ! doses, accordingly; 1, 2, 3 - degree of muscle ischemia. *p < 0.05 vs. control group; **p < 0.05 vs.
ischemia group.

parameter by an average of 10 + 1 % (Fig. 6a).

With CgoFAS injection (1 mg kg’1 dose), the CPK level decreased by 29 + 1 %, 48 + 3 %, and 23 + 1 % in the case of 1, 2, and 3
degrees of ischemia, respectively, relative to the pathology group. Increasing the C¢oFAS dose (2 mg kg™ 1) additionally improved this
parameter by an average of 10 + 1 % (Fig. 6a).

When CgoFAS (1 mg kg’1 dose) was injected, the LA level decreased by 46 + 3 %, 49 + 3 %, and 35 + 2 % in the case of 1, 2, and 3
degrees of ischemia, respectively, relative to the pathology group. Increasing the CgoFAS dose (2 mg kg™ 1) additionally improved this
parameter by an average of 13 + 1 % (Fig. 6b).

With CgoFAS injection (1 mg kg’l dose), the LDH level decreased by 47 + 3 %, 34 &+ 2 %, and 26 + 2 % in the cases of 1, 2, and 3
degrees of ischemia, respectively, relative to the pathology group. Increasing the CsoFAS dose (2 mg kg™ 1) additionally improved this
parameter by an average of 10 + 1 % (Fig. 6b).

Thus, a clear tendency to decreasing the described biochemical blood parameters in the case of ischemic muscle injuries by about
(37-56) + 2 % relative to the pathology group when using CgoFAS in a protective regimen takes place. This may indicate activation of
the endogenous antioxidant system by Cgg fullerene nanoparticles, which is confirmed by previously obtained data [9-13,19].

The inflammatory process that occurs immediately after a muscle injury is a source of free radicals and contributes to the LPO
intensification [13]. As a result of biochemical tests, we evaluated the indicators of pro- and antioxidant balance (CAT, HyO2, TBARS,
and GSH) in the blood plasma of rats after the muscle trauma initiation (Fig. 7).

CeoFAS injection (1 mg kg~ ! dose) reduced CAT activity by 10 + 1 % for muscle injury, and by 33 + 1 %, 47 + 2 %, and 22 + 1 %
for ischemia with a grade 1, 2, and 3 pathologies, respectively, relative to the pathology group. Increasing the CoFAS dose (2 mg kg ™)
did not significantly change this index for muscle injury and further improved it by 10 + 1 % for ischemia (Fig. 7a).

The concentrations of HoOy after CsoFAS injection (1 mg kg ™! dose) decreased by 10 + 1 % for muscle injury and ischemia - by 29
+1 %, 35 + 1 %, and 22 + 1 % in the case of 1, 2, and 3 degrees of pathology development, respectively, relative to the pathology
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Fig. 6. Biochemical indicators (creatinine and CPK (a), LA and LDH (b) in blood plasma) of the development of pathological processes in the muscle
soleus of rats: injury - mechanical injury; ischemia - ischemic muscle; Ce( - the corresponding pathology on the background of C¢oFAS injection at 1
and 2 mg kg ! doses, accordingly; 1, 2, 3 - the degree of the pathological process development in the muscle; *p < 0.05 vs. control group; **p < 0.05
vs. the corresponding pathology group.

group. Increasing the CgoFAS dose (2 mg kg™ 1) did not significantly change this parameter for muscle injury and additionally improved
it by 11 + 1 % for ischemia (Fig. 7a).

The concentrations of TBARS after C¢oFAS injection (1 mg kg™! dose) decreased by 10 + 1 % for muscle injury and ischemia - by 33
+ 2%, 38 + 2 %, and 27 + 1 % in the case of the 1, 2, and 3 degrees of pathology development, respectively, relative to the pathology
group. Increasing the C¢oFAS dose (2 mg kg™1) did not significantly change this parameter for muscle injury and additionally improved
it by 10 + 1 % for ischemia (Fig. 7b).

GSH concentrations were reduced by 11 + 1 % for muscle injury and by 29 + 1 %, 33 & 2 %, and 25 + 1 % for ischemia in the case
of the 1, 2 and 3 pathology development, respectively, relative to the pathology group when CgoFAS (1 mg kg~ dose) was injected.
Increasing the CoFAS dose (2 mg kg™!) did not significantly change this parameter for muscle injury and further improved it by 10 &
1 % for ischemia (Fig. 7b).

Thus, the protective administration of CoFAS reduces the described biochemical parameters for ischemic injuries by (36-43) + 2
%, and for muscular injuries by (10-13) + 1 % relative to the pathology group.

Summarizing, the positive effect of Cgo fullerene injections on the studied muscle pathologies is associated with its powerful
antioxidant properties [24]. By inactivation of the free radicals during the development of skeletal muscle trauma, the proposed
protective therapy using Ceo fullerene reduces the degree of its damage.

4. Conclusion

The obtained results indicate that the CgoFAS has a pronounced protective effect on the resumption of muscle functional activity
after the occurrence of pathological processes associated with muscle trauma. In particular, the analysis of the force muscle response
after CgoFAS injection (1 mg kg1 dose) showed its protective effect against ischemia and mechanical injury at the level of 30 + 2 %
and 17 + 1 %, accordingly, relative to the pathology group. Increasing the GgoFAS dose (2 mg kg 1) did not significantly increase in the
protective effect for both injuries. The analysis of the biomechanical markers responsible for the correction of precise positioning
during protective exposure to CgoFAS confirmed its effectiveness at the level of more than 50 + 3 % relative to the pathology group.
The use of CgoFAS (1 mg kg’1 dose) showed a clear tendency to decrease the studied biochemical blood parameters by about 33 + 2 %
and 10 + 1 % in ischemia and muscle injury, correspondingly, relative to the pathology group. Increasing the CgoFAS dose (2 mg kg ™)
leads to a reliable increase in the protective effect by another 10 + 1 % for ischemia and did not significantly change for muscle injury.

Thus, Cgq fullerenes influence the activity of endogenous antioxidants, preventing the occurrence of dysfunction in the active
muscle and, therefore, maintaining it within the physiological norm throughout the contraction process. This opens up the possibility
of their usage as potential protective nanoagents capable of correcting the functional muscle activity during its mechanical injury and
most efficiently affecting the resumption of the precise control of motor reactions system.
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Fig. 7. The prooxidant-antioxidant balance indicators (CAT and H,05 (a), TBARS and GSH (b)) in the blood plasma of rats: injury - mechanical
injury; ischemia - ischemic muscle; Ce - the corresponding pathology on the background of injections of CeoFAS at doses of 1 and 2 mg kg™,
accordingly; 1, 2, 3 - the degree of development of the pathological process in the muscle; *p < 0.05 vs. control group; **p < 0.05 vs. the corre-
sponding pathology group.
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Abstract: The liver is the main organ responsible for the metabolism of ethanol, which suffers sig-
nificantly as a result of tissue damage due to oxidative stress. It is known that Cgg fullerenes are
able to efficiently capture and inactivate reactive oxygen species in in vivo and in vitro systems.
Therefore, the purpose of this study is to determine whether water-soluble Cg fullerene reduces the
level of pathological process development in the liver of rats induced by chronic alcohol intoxication
for 3, 6, and 9 months, depending on the daily dose (oral administration; 0.5, 1, and 2 mg/kg)
of Cgo fullerene throughout the experiment. In this context, the morphology of the Cg( fullerene
nanoparticles in aqueous solution was studied using atomic force microscopy. Such biochemical
parameters of experimental animal blood as ALT (alanine aminotransferase), AST (aspartate amino-
transferase), GGT (gamma-glutamyl transferase) and ALP (alkaline phosphatase) enzyme activities,
CDT (carbohydrate-deficient transferrin) level, values of pro-antioxidant balance indicators (concen-
trations of HyO, (hydrogen peroxide) and GSH (reduced glutathione), activities of CAT (catalase),
SOD (superoxide dismutase) and GPy (selenium-dependent glutathione peroxidase)), and pathohis-
tological and morphometric features of liver damage were analyzed. The most significant positive
change in the studied biochemical parameters (up to 29 £ 2% relative to the control), as markers
of liver damage, was recorded at the combined administration of alcohol (40% ethanol in drinking
water) and water-soluble Cg fullerenes in the optimal dose of 1 mg/kg, which was confirmed by
small histopathological changes in the liver of rats. The obtained results prove the prospective use
of Cgp fullerenes as powerful antioxidants for the mitigation of pathological conditions of the liver
arising under prolonged alcohol intoxication.

Keywords: Cg fullerene; liver; alcohol intoxication; biochemical blood parameters; histopathological
analysis; atomic force microscopy

1. Introduction

The liver is the main organ responsible for the metabolism of ethanol, which suffers
largely as a result of tissue damage due to oxidative stress. Alcohol-related liver diseases
include fatty liver or steatosis, steatohepatitis, alcoholic hepatitis, and cirrhosis [1]. Alco-
hol metabolism also occurs in other organs, for example heart, brain, kidneys, pancreas,
skeletal muscle, lungs, red blood cells, lymphocytes, etc. However, most studies on chronic
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alcoholism point to the leading role of the liver in increasing oxidative stress and lipid
peroxidation (LPO) [1]. Liver microsomes can oxidize ethanol in an NADH-dependent
pathway catalyzed by iron [2,3]. The resulting acetaldehyde affects the immune system
by altering the production of cytokines, antioxidant enzymes, and substances, especially
mitochondrial and cytosolic glutathione. These compounds can cause toxic effects, as the
proteins they bind to lose their functions and provoke an immune response [4].

Chronic alcohol consumption causes hypoxia in the pericentral liver, where additional
oxygen is required for alcohol metabolism [5]. Hypoxia causes additional production of
reactive oxygen species (ROSs) and LPO through the activity of xanthine oxylase in the
liver [6]. In addition, a high alcohol concentration facilitates the absorption of endotoxins by
altering intestinal permeability, modifying the intestinal microflora, and directly damaging
the cells lining the inner gut [7]. Endotoxins physically attach to the surface of Kupffer cells
via the CD14 receptor and Toll-like receptor 4 (TLR4) [8]. The results of study [9] indicate
that the oxidative stress associated with chronic alcohol consumption can be explained by
the activation of Kupffer cells by endotoxins.

The toxic effect of ethanol is in direct correlation with the concentration of acetaldehyde
and acetate in the blood. During ethanol oxidation, there is an increased consumption
of coenzyme NAD", and an increase in the NADH/NAD" ratio, that plays an important
role in the formation of fatty liver dystrophy. Acetaldehyde has a hepatotoxic effect,
which is manifested due to the intensification of LPO processes, and the formation of
compounds with other proteins and enzymes, which leads to the disruption of the function
of phospholipid cell membranes. The complex of acetaldehyde compounds with proteins,
including tubulin, causes changes in the structure of hepatocyte microtubules, forming
the so-called alcoholic hyaline, and contributes to the disruption of intracellular transport,
protein and water retention, and the development of balloon dystrophy of hepatocytes [10].

The current conventional diagnosis of alcoholic liver disease is based on a history
of alcohol consumption and laboratory results of blood biochemical diagnostic parame-
ters such as ALT (alanine aminotransferase), AST (aspartate aminotransferase), and GGT
(gamma-glutamyl transferase) [11,12]. However, it is not possible to accurately determine
the extent of liver damage while analyzing these biomarkers.

It is known that biocompatible and bioavailable Cg fullerene nanoparticles can effi-
ciently capture and inactivate ROSs in in vivo and in vitro systems [13,14]. Recently it was
demonstrated that applying water-soluble Cg fullerenes during chronic alcoholization of
rats reduces the level of fluctuations of force muscle response (the so-called “tremor”) [15]
and protects muscle tissue from damage caused by oxidative stress [16].

Thus, the purpose of this study was to determine whether water-soluble C¢ fullerene
reduces the level of pathological processes in the liver of rats caused by chronic alcohol
intoxication, depending on the oral administration dose (“dose-effect”) together with
alcohol throughout the experiment. In this context, the basic biochemical indices of exper-
imental animal blood, as markers of liver damage, as well as the pathohistological and
morphometric features of liver damage, were analyzed.

2. Results and Discussion
2.1. AFM Study

Atomic force microscopy (AFM) measurements showed that the C¢ fullerene layer
consisted of spatially separated randomly located point objects (Figure 1). The height of
most of them did not exceed 2.1 nm. As can be seen in the Z-profile, the widths of the
objects were in the range of 1.0-1.5 nm, which is close to the typical tip radius of the AFM
probe used in the experiments. This allowed us to identify objects with a height of ~0.7 nm
as individual Cgy molecules, and higher objects as aggregates of molecules with a shape
close to spherical. The size of most aggregates did not exceed three molecular diameters.
Thus, according to the AFM data, Cgp fullerene was in a molecular or low-aggregated state
in the characterized solution. The isolated arrangement of Cgy molecules (nanoclusters)
can be explained by the existence of electrostatic repulsion forces between them. They
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exhibited a high negative surface charge (zeta potential value was —25.3 mV at room
temperature [17]), indicating a low tendency for aggregation in aqueous solution (i.e.,
a high solute stabilization).

Thus, the detected nanoformation of the Cgy molecules in an aqueous solution
(0.15 mg/mL) indicates their suitability for in vivo studies.

~2.1nm ~l4dnm ~0.7nm

1.5
1.07
0.5-

0
0 0.2 0.4 0.6 pm

Figure 1. (Top): AFM image of single Cgy molecules and their nanoaggregates deposited from CggFAS
(0.15 mg/mL) on a mica substrate. The arrows indicate the height of the nanoobjects (height ~0.7 nm
corresponds to the diameter of the Cg4p molecule). (Bottom): Z-profile of the image along the marked
dotted line.

2.2. BAC Value

The blood alcohol concentration (BAC) in animals after chronic ethanol consump-
tion ranged from 142 + 4 mg/dL (3 months of alcohol consumption) to 257 £+ 5 mg/dL
(9 months of alcohol consumption). These results agree well with the data [18]. Cg fullerene
aqueous solution (C4FAS) administration at a dose range of 0.5, 1, and 2 mg/kg together
with ethanol did not lead to a reliable change in BAC values.
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2.3. Biochemical Analysis

During chronic alcohol consumption, increased accumulation of LPO products, ROSs,
glycosylated proteins, and carbohydrates leads to the formation of oxidative stress and may
be the cause of cytolysis of hepatocytes, the main markers of which are the liver enzymes
ALT, AST, and ALP (alkaline phosphatase) [19].

ALT is an enzyme whose highest amount is produced by the liver, heart muscle,
pancreas, kidney, and muscle cells, so its increase in blood indicates damage to these
organs [20].

ALT activity increased from 31 & 1 Units/L in the norm (intact group) to 56 + 2, 67 & 3,
and 74 £ 3 Units/L during alcoholization lasting 3, 6, and 9 months (control), respectively
(Figure 2). The co-administration of ethanol and CgyFAS (dose 1 mg/kg) decreased its
activity by 11 & 1%, 16 £ 1%, and 18 £ 1% during alcoholization of 3, 6, and 9 months,
respectively, relative to the control. This index did not significantly change with an increase
in the dose of CgoFAS to 2 mg/kg, and reducing the dose of C¢FAS to 0.5 mg/kg decreased
its positive effect by 11 & 1% relative to the group “alcoholization+Cg (1 mg/kg)”.
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Figure 2. Activities of AST and ALT in the blood of alcoholized animals: intact—rats receiving
100% drinking water; alcoholization—alcoholized rats (control); alcoholization+Cgg (0.5, 1 and
2 mg/kg)—rats receiving a mixture of ethanol and C¢yFAS at doses of 0.5, 1, and 2 mg/kg, respectively,
throughout alcoholization; 3, 6, and 9 months—alcoholization of 3, 6, and 9 months, respectively.
* p < 0.05 relative to the intact group; # p < 0.05 relative to the alcoholization group.

AST is an enzyme, the largest amount of which is produced by liver and heart cells in
pathology. Normally only a small part of this enzyme is present in the blood [20].

The increase in AST activity from 132 4= 1 Units/L in the norm (intact group) to 138 £ 6,
142 £ 7, and 154 & 6 Units/L during alcoholization lasting 3, 6, and 9 months (control),
respectively, is a consequence of progressive destruction of hepatocytes (Figure 2). The
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co-administration of ethanol and CggFAS (dose 1 mg/kg) decreased its activity by 10 £ 1%
during the experiment relative to the control. This index did not significantly change
with an increase in the dose of C4FAS to 2 mg/kg, and reducing the dose of C4FAS to
0.5 mg/kg decreased its positive effect by 10 £ 1% relative to the group “alcoholization+Cgg
(I mg/kg)”.

In clinical practice, the ratio of AST to ALT activity in the blood (de Ritis ratio = AST/ALT)
is used to diagnose liver diseases [20]. As mentioned above, these enzymes have organ
specificity; in particular, in case of liver damage due to alcohol intoxication, increased
activity of ALT in blood is detected.

The decrease in the de Ritis ratio from 0.97 & 0.05 in the norm (intact group) to
0.80 4+ 0.07, 0.68 + 0.07, and 0.78 £ 0.07 at 3, 6, and 9 months of alcoholization indicates
progressive disturbance of hepatocyte functioning, which is in good agreement with the
data [20]: at the initial stage of alcohol intoxication, the de Ritis ratio was equal to 0.6. The
co-administration of ethanol and CgFAS (dose 1 mg/kg) increased the de Ritis ratio by
14 &£ 1% during the experiment relative to the control (ALT activity decreases more strongly
than AST activity).

GGT is an enzyme, the largest amount of which is accumulated in the liver, kidney,
and pancreatic cells. It takes part in the metabolism of amino acids and synthesizing protein
molecules. Unlike other liver enzymes, GGT production is “triggered” by alcohol, so its
activity may be increased in abusers even in the absence of liver disease. This enzyme is
more sensitive to disturbances in liver cells than ALT and AST [21].

The increase in GGT activity from 1.6 £ 0.1 Units/L in the norm (intact group) to
3.44+0.1,44+0.1,and 5.9 £ 0.2 Units/L during alcoholization lasting 3, 6, and 9 months
(control), respectively, is an indicator of progressive liver cell destruction (Figure 3). The
co-administration of ethanol and CgoFAS (dose 1 mg/kg) reduced the described indices by
15 + 1%, 18 = 1%, and 22 £ 1% during alcoholization of 3, 6, and 9 months, respectively,
relative to the control. This index did not significantly change with an increase in the dose
of C4FAS to 2 mg/kg, and decreasing the dose of C5pFAS to 0.5 mg/kg reduced its positive
effect by 10 & 1% relative to the group “alcoholization+Cg (1 mg/kg)”.

ALP is an enzyme that catalyzes the removal of phosphate groups from organic com-
pounds, such as proteins and nucleotides, and is involved in the transport of phosphorus
and calcium in the body. ALP activity in the blood increases as a result of liver diseases,
particularly hepatitis caused by alcohol intoxication [22].

ALP activity increased from 8.8 &£ 0.5 Units/L in the norm (intact group) to 9.4 + 0.7,
9.8 £ 0.7, and 10.3 £ 0.7 Units/L during alcoholization lasting 3, 6, and 9 months (control),
respectively (Figure 3). The co-administration of ethanol and CgFAS (dose 1 mg/kg)
decreased ALP activity by 10 & 1% during the experiment relative to the control. This
index did not significantly change with an increase in the dose of C¢oFAS to 2 mg/kg, and
reducing the dose of C¢FAS to 0.5 mg/kg decreased its positive effect by 10 &= 1% relative
to the group “alcoholization+Cgg (1 mg/kg)”.

Transferrin is a blood plasma protein that transports iron ions. The liver is the main
source of transferrin production, the main role of which is to deliver iron from absorption
centers in the duodenum to the rest of the tissues and digestion of red blood cells by
macrophages. The CDT (carbohydrate-deficient transferrin) level is an important biomarker
of chronic alcohol intoxication. The advantage of using this index over others is that it
is more specific and rarely produces false-positive reactions in liver damage of alcoholic
etiology [23].

The CDT level increased from 1.54 & 0.10% in the norm (intact group) to 1.65 & 0.1%,
1.75 £ 0.1%, and 1.94 & 0.1% during alcoholization lasting 3, 6, and 9 months (control),
respectively (Figure 3). The co-administration of ethanol and CgFAS (dose 1 mg/kg)
decreased CDT levels by 10 &= 1% during the experiment relative to the control. This
index did not significantly change with an increase in the dose of C4FAS to 2 mg/kg, and
decreasing the dose of C4FAS to 0.5 mg/kg reduced its positive effect by 10 £ 1% relative
to the “alcoholization+Cgp (1 mg/kg)” group.



Molecules 2024, 29, 2951

6 of 15

alcoholization alcoholization
I—‘ +C,,(0.5 mglkg) alcoholization alcoholization
3 | +C,,(1 mg/kg) +C”(2 mg/kg)
- #

iill il s

alcoholization
+C,,(0.5 mglkg) alcoholization

GGT, Units/I
£

alcoholization

4 o
& :0 :
o © %

alcoholization
| 4 +C,,(1 malkg) +C,.(2 mg/kg)
< m | s 1 &
'g # # :
lﬂ L
|
4 D D |:| |:| D
§ alcoholization b =g
alcoholization +C,,(0.5 mglkg) il((::ot:olnz:uon alcoholization
5 | % | ’—l w1 mg g) +Cﬁn{2 mglkg)
1.9 1 # | # I 4 |
'a?.“ 181 i # :
E 171 * # " # #
1.6 1 1 #
& ‘6{9 (@ ‘Ff’
& &

Figure 3. GGT and ALP activities and CDT level in the blood of alcoholized animals: intact—rats
receiving 100% drinking water; alcoholization—alcoholized rats (control); alcoholization+Cgg (0.5,
1, and 2 mg/kg)—rats receiving a mixture of ethanol and CgFAS at doses of 0.5, 1, and 2 mg/kg,
respectively, throughout alcoholization; 3, 6, and 9 months—alcoholization of 3, 6, and 9 months,
respectively. * p < 0.05 relative to the intact group; # p < 0.05 relative to the alcoholization group.

The effects of Cg fullerenes on the in vivo models [19,20] can be explained by their
antioxidant properties. To confirm this hypothesis in our case, we assessed the indicators
of pro-/antioxidant balance in the blood of the studied rats.

The data presented in Figure 4 indicate an increased level of LPO and oxidative stress
in the blood of rats after prolonged alcohol intoxication. Thus, HO, (hydrogen peroxide)
concentration increased by 151 & 9%, 327 £ 12%, and 414 + 17% during alcoholization of
3, 6, and 9 months, respectively, compared with the intact group. The co-administration
of ethanol and CgFAS (dose 1 mg/kg) decreased H,O, content by 24 £ 2%, 27 £ 2%,
and 20 £ 2% during alcoholization lasting 3, 6, and 9 months, respectively, relative to the
control. These data confirm that a water-soluble Cg fullerene can penetrate through the
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cell membranes without signs of their damage [21]. Finally, this index did not significantly
change with an increase in the dose of C¢FAS to 2 mg/kg, and decreasing the dose of
CgoFAS to 0.5 mg/kg reduced its positive effect by 14-16 £+ 1% relative to the group

“alcoholization+Cgp (1 mg/kg)”.
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Figure 4. Pro- and antioxidant balance indicators (H,O,, SOD, CAT, GPy, and GSH) in the blood
of alcoholized animals: intact—rats receiving 100% drinking water; alcoholization—alcoholized
rats (control); alcoholization+Cgq (0.5, 1, and 2 mg/kg)—rats receiving a mixture of ethanol and
CgoFAS at doses of 0.5, 1, and 2 mg/kg, respectively, throughout alcoholization; 3, 6 and 9 months—
alcoholization of 3, 6, and 9 months, respectively. * p < 0.05 relative to the intact group; # p < 0.05
relative to the alcoholization group.

A key role in the mechanisms of regulation of free radical and peroxide processes in
the body belongs to such antioxidant defense enzymes as SOD (superoxide dismutase),
CAT (catalase), GPx (selenium-dependent glutathione peroxidase), and GSH (reduced
glutathione). SOD is the most powerful natural antioxidant and enzyme of the first link of
antioxidant defense, which performs the dismutation reaction of superoxide anion radicals
and transforms them into less reactive hydrogen peroxide molecules [24].

In the experiment against the background of combined use of ethanol and CgFAS
(dose 1 mg/kg), a gradual decrease in SOD activity by 25 £ 2%, 29 £ 2%, and 30 &+ 2%
was found during alcoholization of 3, 6, and 9 months, respectively, relative to the control
(Figure 4). This index did not significantly change with an increase in the dose of C40FAS
to 2 mg/kg, and reducing the dose of C4FAS to 0.5 mg/kg decreased its positive effect by
15-18 + 1% relative to the group “alcoholization+Cgp (1 mg/kg)”.

CAT activity was decreased by 27 £ 2%, 29 & 2%, and 30 =+ 2% when ethanol and
CgoFAS were co-administered at a dose of 1 mg/kg during alcoholization of 3, 6, and
9 months, respectively, relative to the control (Figure 4). This index did not signifi-
cantly change with an increase in the dose of C¢FAS to 2 mg/kg, and decreasing the
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dose of C¢FAS to 0.5 mg/kg reduced its positive effect by 14-19 £ 1% relative to the
“alcoholization+Cgp (1 mg/kg)” group.

The cellular mechanisms of the body’s antioxidant defense are also associated with
a powerful glutathione link functioning [24]. The glutathione system is one of the active
components of antioxidant defense along with antiradical enzymes, which not only pre-
vents the course of free radical reactions but also ensures the effective elimination of the
final metabolites of LPO [25].

In the experiment against the background of combined use of ethanol and CgFAS
(dose 1 mg/kg), a decrease in GPy activity by 24 & 2%, 25 & 2%, and 20 % 2% was found
during alcoholization of 3, 6, and 9 months, respectively, relative to the control (Figure 4).
This index did not significantly change with an increase in the dose of C4oFAS to 2 mg/kg,
and decreasing the dose of CgoFAS to 0.5 mg/kg reduced its positive effect by 11-17 &+ 1%
relative to the group “alcoholization+Cgg (1 mg/kg)”.

The co-administration of ethanol and CgFAS (dose 1 mg/kg) decreased GSH level by
21 £ 2%, 27 &+ 2%, and 25 £ 2% during alcoholization lasing 3, 6, and 9 months, respectively,
relative to the control (Figure 4). This agrees well with preliminary studies [26], where it
was shown that Cg fullerenes affect the processes of glutathione synthesis and metabolism
in different tissues under various pathologies by modulating the Nrf2 / ARE-antioxidant
pathway. This index did not significantly change with an increase in the dose of C¢yFAS up
to 2 mg/kg, and decreasing the dose of C4nFAS up to 0.5 mg/kg reduced its positive effect
by 11-17 +£ 1% relative to the “alcoholization+Cgg (1 mg/kg)” group.

Summarizing the above biochemical data, we can conclude that 1 mg/kg is the optimal
dose of CgoFAS administration: reducing it by half significantly decreases the therapeutic
effect of Cg fullerenes, and doubling it does not lead to a significant increase in the observed
effects.

2.4. Histological Analysis

In intact rats, no histopathological features were observed. Only a small number of
pyknotic nuclei in hepatocytes were present (Figure 5A).

In the liver of alcoholized rats, within 9 months (longest experiment duration), there
is a strong hydropic dystrophy of hepatocytes with an increase in cell size (as a result
of edema or as a result of increased functional load on hepatocytes) (Table 1; Figure 5B).
Some of the cell nuclei are pyknotic, others are enlarged and bright. Also, six animals have
small-droplet lipid dystrophy, and four animals have strong large-droplet lipid dystrophy
and balloon dystrophy of hepatocytes (Figure 5B). Necrotic hepatocytes are found, in great
number, in 5 of 10 rats. Some of the blood vessels are dilated, with leukocyte infiltrates
around. There is a weak expansion of connective tissue.

In the liver of alcoholized rats that received CgoFAS (optimal dose 1 mg/kg), within
9 months, moderately expressed hydropic and weakly expressed small-droplet lipid dys-
trophy of hepatocytes are observed, and balloon dystrophy is absent (Figure 5C). The
sizes of the cells and the volumes of their nuclei are increased (Table 1). Hepatocytes with
pyknotic nuclei and necrotic hepatocytes are present but in significantly lower numbers
than in alcoholized animals that did not receive C¢FAS. Occasionally there are dilated
blood vessels, with leukocyte infiltrates around. There is a weak expansion of connective
tissue (Figure 5C). Therefore, histopathological changes in the liver of rats that received
CgoFAS together with alcohol are clearly smaller.
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Figure 5. Representative histological images of the liver: (A)—intact group; (B)—alcoholization
group; (C)—alcoholization+Cgg (1 mg/kg) group. H&E (hematoxylin and eosin) staining. Scale
bar: 25 pm. 1—pyknotic nuclei; 2—Mallory bodies; 3—small-droplet lipid and balloon dystrophy in
alcoholization group; 4—hydropic dystrophy in alcoholization+Cgg (1 mg/kg) group.
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Table 1. Histopathological features of the liver in rats after alcohol and CgFAS consumption within

9 months.
Groups L. L.
Intact Alcoholization Alcoholization+Cgp (1 mg/kg)

Histopathological Features
Volume of hepatocyte’s nucleus, um? 138 + 8 248 £11*% 284 +19%
Cross-sectional area of hepatocyte, m? 205+ 11 273 +£20* 244 £11%
Pyknotic nuclei in hepatocytes + ++ +
Mallory bodies - +++ ++
Lipid dystrophy of hepatocytes - +++ +
Hydropic dystrophy of hepatocytes - +++ ++
Balloon dystrophy of hepatocytes - ++ -
Necrotic hepatocytes - ++ +
Blood vessel dilatation - ++ +
Inflammatory cell infiltration - ++ ++
Expansion of connective tissue (fibrosis) - + +

Trait intensity: “~”"—not observed; “+”"—weak; “++”"—moderate; “+++"—strong. * p < 0.05 compared with the

intact group; # p < 0.05 compared with the alcoholization group.

The authors [27] showed that more than 90% of alcohol consumed is metabolized
through oxidative and non-oxidative pathways with the formation of such reactive com-
pounds as acetate, acetaldehyde, fatty acid ethyl ester, etc. These compounds generate
ROSs, which causes an increase in oxidative stress and LPO, thus disrupting the structural
integrity of cells and, accordingly, the functions of tissues and organs. In our opinion,
a potential mechanism of the Cg fullerene effects described above are related to their
powerful antioxidant properties [13,14]: by effectively inactivating ROSs, C¢ fullerenes
reduce the number of damaged hepatocytes and thus reduce the severity of alcohol intox-
ication. The results obtained here are in good agreement with the previous data on the
Cgo fullerene inhibition of liver inflammation and improvement in liver and pancreas state
under acute and chronic cholangitis in rats [28]. Moreover, the results of [29,30] indicate an
indirect effect of antioxidants on the increase in LPO indicators in alcohol-induced muscle
damage. It has been shown that the use of N-acetylcysteine can attenuate the toxic effects
of alcohol [31]. A study [32] demonstrated that procysteine use increases mitochondrial
glutathione levels and thereby alleviates alcohol-induced oxidative stress.

3. Materials and Methods
3.1. Preparation and Characterization of CgoFAS

A unique method based on the transfer of Cg fullerenes from toluene into water
with simultaneous ultrasonic treatment (8 Hz, 8 h) was used to prepare the highly stable
reproducible CgoFAS [33]. The resulting dark brown CgFAS (maximum concentration
0.15 mg/mL) is stable for 12-18 months in the temperature range of +4-25 °C.

The structural state of Cgg fullerene was studied using AFM after deposition of its layer
from a drop of C¢oFAS on a mica substrate and evaporation of water. AFM measurement
was performed using the “Solver Pro M” (NT-MDT) system in the amplitude modulation
tapping mode using probes “RTESPA-150" (Bruker, Preston, VIC, Australia, ~150 kHz,
5-10 N/m, Ryjp < 12 nm). The free oscillations” amplitude of the cantilever was set to 50 nm.
No image processing techniques other than surface tilt subtraction were used.

3.2. In Vivo Experiments

The experiments were carried out on male Wistar rats aged 1 to 10 months (at the end
of the experiment). The initial weight of the animals was 170 + 10 g.
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The study protocol was approved by the Bioethics Committee of the ESC “Institute of
Biology and Medicine” of Taras Shevchenko National University of Kyiv (protocol No. 2
dated 2 September 2022) in accordance with the rules of the European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes
and the norms of biomedical ethics in accordance with the Law of Ukraine No. 3447—IV
of 21 February 2006, Kyiv, “On the Protection of Animals from Cruelty”, as well as the
European Union Directive (2010/63/EU) “On the protection of animals used for scien-
tific purposes”.

During the experiment, we used the following groups of animals:

- The intact group of rats (n = 10) received 100% drinking water;

- Rats in the “alcoholization” group (control; n = 30; 10 animals in each group) were
randomly selected. Each rat was placed in a separate cage to receive 40% ethanol in
drinking water [34], which meant that the animals did not have access to 100% water
until they had consumed the dosed portion of ethanol [18]. The amount of ethanol
consumed was calculated with respect to 0.5% of the animal’s body weight. Recalcula-
tion of the ethanol dose was performed every 24 h throughout the experiment [35].
The duration of alcoholization was 3, 6, and 9 months. The target value of 40% ethanol
in drinking water was chosen because it reflects the blood alcohol concentrations
reported in chronic alcoholics [32];

- Rats of the “alcoholization+Cgp” groups (n = 90; 10 animals in each group) together
with ethanol were orally administered CyoFAS at daily doses of 0.5, 1, and 2 mg/kg of
rat weight. Recalculation of the C40FAS dose was performed every 24 h throughout
the experiment. Control of the amount of C4oFAS ingested was performed by denying
the animals access to drinking 100% water until they fully consumed the applied drug.

Note that the tested doses of C4oFAS are significantly lower than the LDs value, which
was 600 mg/kg body weight when administered orally to rats [36] and 721 mg/kg when
administered intraperitoneally to mice [17]. It has been established that after intravenous
administration to mice, Cgg fullerenes accumulate predominantly in the blood, spleen,
stomach, and liver and are excreted from the body within 72 h, mainly with urine [37].

Finally, it should also be emphasized that in our recent research [38], various regimens
of C¢oFAS administration (1 mg/kg) were studied during rat alcoholization lasting 3, 6,
and 9 months, namely, 1 h before drinking alcohol, together with alcohol, and 1 h after
drinking alcohol. Based on the assessment of the biochemical indices of blood and tissue
of the muscle gastrocnemius chronically alcoholized rats, the most optimal regimen for
administering C¢oFAS was determined, namely, together with alcohol, the positive effects
of which exceeded other regimens for the administration of this pharmacological agent.

Animals in the study groups were euthanized (carbon dioxide-induced hypoxia) on
the last day of the experiment, and all efforts were made to minimize suffering. During
the study, animals were observed daily for visual clinical signs according to the FELASA
recommendations [39].

3.3. Biochemical Analysis

The activities of the enzymes ALT, AST, GGT, and ALP, the level of CDT, and the
values of pro-antioxidant balance indicators (H,O, and GSH contents, CAT, SOD, and
GPy activities) in the blood of rats as markers of liver dysfunction were determined using
clinical diagnostic equipment—biochemical analyzers RNL-200 (The Netherlands) and
ABX Micros ESV60 (France).

The BAC value in rats was measured at the end of experiment using an AM1 alcohol
analyzer (Analox Instruments Limited, Stourbridge, UK).

3.4. Histological Analysis

The liver samples were separated and fixed in 10% formalin. They were then embed-
ded in paraffin, cut into 5 um thick sections, and stained with H&E [40]. Digital micrographs
of stained sections were taken at a magnification of X400 by using a computer-assisted
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image analyzing system (Olympus BX41 microscope and Olympus C-5050 Zoom digital
camera). The histopathological profiles of the liver were determined by light microscopy
observation. Intensity of each histopathological feature was evaluated as follows: “~”"—not
observed; “+”—slight; “++”—moderate; “+++"”—strong. Diameter of hepatocytes’ nuclei
and cross-sectional area of hepatocytes were measured using Image] software [41]. Volume
of hepatocytes’ nuclei was calculated using formula V = ZD?, where D is the diameter of

hepatocytes’ nuclei.

3.5. Statistics

The experimental results were processed by methods of variation statistics using the
Statistica 13.3 program. At least three repeats were performed for each measurement.
A t-test (for one experimental group) or one-way ANOVA (for three experimental groups)
followed by a post hoc Dunnett multiple comparison test to compare all data vs. control
were used. A factorial ANOVA test was also used depending on such factors of variation as
dose and treatment period. Assumptions that the data followed a normal distribution and
had identical standard deviations were tested using the Shapiro-Wilk and Bartlett methods,
respectively. The differences among experimental groups were considered statistically
significant at p < 0.05.

4. Conclusions

Thus, in all tests performed after chronic alcoholization during 3, 6, and 9 months,
when alcohol and CgFAS at the optimal dose of 1 mg/kg were co-administered, there
was a positive change in the studied biochemical parameters of rat blood, as markers of
liver damage, up to 29 & 2% relative to the control. Ultimately, the above biochemical
results were confirmed by histopathological data. It can be concluded that the use of
CgoFAS contributes to the reduction in oxidative processes in tissues by maintaining a
balance between pro-oxidants and the body’s antioxidant defense system. This prevents
the negative impact of ROSs on cellular and subcellular structures during prolonged
alcohol intoxication. On this basis, it can be assumed that Cg fullerenes, as powerful
nanoantioxidants, are able to correct pathological conditions of the liver arising in chronic
alcohol intoxication, which requires further clinical trials.
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Introduction: Rhabdomyolysis, as an acute stage of myopathy, causes kidney damage. It is known that this pathology is caused by
the accumulation of muscle breakdown products and is associated with oxidative stress. Therefore, the present study evaluated the
effect of intraperitoneal administration (dose 1 mg/kg) of water-soluble Cg fullerenes, as powerful antioxidants, on the development
of rat kidney damage due to rhabdomyolysis caused by mechanical trauma of the muscle soleus of different severity (crush syndrome
lasting 1 min under a pressure of 2.5, 3.5, and 4.5 kg/cm?, respectively).

Methods: Using tensometry, biochemical and histopathological analyses, the biomechanical parameters of muscle soleus contraction
(contraction force and integrated muscle power), biochemical indicators of rat blood (concentrations of creatinine, creatine phospho-
kinase, urea and hydrogen peroxide, catalase and superoxide dismutase activity), glomerular filtration rate and fractional sodium
excretion value, as well as pathohistological and morphometric features of muscle and kidney damages in rats on days 1, 3, 6 and 9
after the initiation of the injury were studied.

Results: Positive changes in biomechanical and biochemical parameters were found during the experiment by about 27-30 + 2%, as
well as a decrease in pathohistological and morphometric features of muscle and kidney damages in rats treated with water-soluble Cg
fullerenes.

Conclusion: These findings indicate the potential application of water-soluble Cgo fullerenes in the treatment of pathological
conditions of the muscular system caused by rhabdomyolysis and the associated oxidative stress.

Keywords: muscle soleus, Cgo fullerene, rthabdomyolysis, biomechanical parameters of muscle contraction, blood biochemical
indicators, histopathological analysis

Introduction

Acute renal failure (ARF) is a condition in which there is a rapid decline in kidney function, in particular, there is
a decrease or even complete absence of urine production, which leads to the accumulation of nitrogen metabolism
products in the blood. Recently, a significant number of ARF cases have been associated with rhabdomyolysis of skeletal
muscle. Rhabdomyolysis is a clinical syndrome of muscle disorder caused by the destruction of skeletal muscle fibers,
large artery occlusion, epileptic status, infections, etc. It is characterized by the release of skeletal muscle cell contents
into the bloodstream, including myoglobin, labile iron ions, and various toxic metabolites,' followed by a potentially
lethal accumulation of toxins, including potassium, lactic acid, and myoglobin, leading to multiple organ failure,
primarily acute kidney injury.? This pathology affects up to 46% of hospitalized patients and 80% of patients requiring
intensive care for rhabdomyolysis.” Even with effective medical care, the mortality rate exceeds 25%.* Over the past
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decade, the incidence of rhabdomyolysis has increased 10-fold,” particularly for wounded military personnel due to
ballistic trauma to skeletal muscle,”” who are 5 times more likely to develop rhabdomyolysis than civilians.® Global
mortality from rhabdomyolysis is estimated at 10% to 46% depending on the severity, cause, early treatment, and the
presence of comorbidities and complications.’

Currently, there is no specific treatment for rhabdomyolysis. Dialysis remains the main treatment for patients with ARF
caused by rhabdomyolysis. Dialysis is believed to remove myoglobin released from damaged muscles and metabolic toxins
from the bloodstream. Standard medical interventions are usually massive hydration, urine alkalization, and forced diuresis.
It is reported that 28% to 65% of patients who develop rhabdomyolysis require mandatory dialysis therapy.'®

Note that traumas of various natures can cause acute kidney injury (AKI). It is the early diagnosis of AKI, in
particular, thanks to the use of nanoparticles'' and recently discovered biomarkers,'? ensures its effective therapy in the
future. The burst of reactive oxygen species (ROS) plays a key role in the pathological progression of AKI. Therefore,
mitochondrial-targeted antioxidant therapy is very promising because mitochondria are the main source of ROS in AKI.
It was shown that antioxidant nanodrugs, in particular ultra-small Tungsten-based nanodots, with actively targeted
mitochondria have achieved encouraging success in many oxidative stress-induced diseases.'> Many new antioxidant
nanodrugs with intrinsic kidney targeting through the control of size, shape, and surface properties have opened exciting
prospects for the treatment of AKL'*!?

AREF causes a general or regional decrease in renal blood flow. Subsequent renal hypoxia and ischemia contribute to
the formation of ROS, which damage biomolecules and membranes, including renal tubular cells. It has been shown that
various exogenous antioxidants have a significant effect on the course of ARF induced by rhabdomyolysis. For example,
ascorbate (vitamin C) reduces rhabdomyolysis kidney damage in humans.'® It has been shown that the increase in the
level of lipid peroxidation products (LPO) and the activity of antioxidant enzymes (superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase) was reversed by the administration of D-panthenol.'” Its use improved renal
morphology and reduced ARF markers through antioxidant effects and normalization of mitochondrial metabolism. It
was found that allopurinol administration attenuated renal dysfunction in the ARF model associated with rhabdomyolysis
by reducing oxidative stress (systemic, renal and muscle), apoptosis, and inflammation. Allopurinol also reduced
oxidative stress in injured muscles, attenuated muscle damage/inflammation, and accelerated muscle recovery.'®
Acetaminophen has been shown to reduce kidney damage and improve kidney function by counteracting ROS and
free radical formation in a rat model of rhabdomyolysis."® Study®” found that N-acetylcysteine improves renal function.
It has been shown that biocompatible and bioavailable carbon nanoparticles Cg fullerenes with actively targeted
mitochondria®' are powerful scavengers of ROS induced by muscle damage: their application in vivo resulted in
significant positive therapeutic effects after the initiation of ischemic injury,?* fatigue,*® atrophy,”* and skeletal muscle
injury,” as well as pesticide poisoning.?® Finally, in our previous work,?” we demonstrated a protective effect of water-
soluble Cg fullerene on the development of ARF in a rat model of glycerol-induced rhabdomyolysis.

Based on the above-mentioned data, the aim of this work was to study the effect of water-soluble Cg( fullerenes on
the development of rhabdomyolysis caused by muscle soleus mechanical trauma of different degrees of severity and
associated ARF by evaluating biomechanical parameters of muscle contraction (contraction force and integrated muscle
power) and biochemical parameters of laboratory animals blood (concentrations of creatinine, creatine phosphokinase
(CPK), urea and hydrogen peroxide, CAT and SOD activity), as well as glomerular filtration rate (GFR) and fractional
excretion of sodium (FEy,). Additionally, the pathohistological and morphometric features of muscle and kidney damage
in rats after the initiation of the injury were evaluated.

Materials and Methods

Material Preparation

An aqueous solution of pristine Cgo fullerene with a purity of more than 99.95% has been prepared according the
method.?® Briefly, it is based on the transfer of Cg, molecules from toluene to water followed by sonication. Microscopic
and spectroscopic data indicate that an aqueous solution of Cg fullerene at a maximum concentration of 0.15 mg/mL is
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a typical colloid containing both single C¢y molecules (~0.7 nm in diameter) as well as their nanoaggregates (up to ~100
nm)*’ and remains highly stable (zeta potential value is —25.3 mV>") for 18 months at a temperature +4 °C.

It is important to note that due to its nanosized almost spherical shape, high chemical stability, and unique physical
properties, Cqo fullerene is of the greatest interest for biomedical research.! In particular, Cg fullerene exhibits a strong
reducing ability, readily attaching up to six electrons simultaneously. Due to this, it acts in in vito and in vivo systems as

32,33

a powerful scavenger of free radicals, the overproduction of which leads to many pathologies.

Animal Model

All experiments were performed on rats in accordance with the international principles of the European Convention for
the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg, 1986), Article 26
of the Law of Ukraine “On the Protection of Animals from Cruelty” (No. 3447-1V, February 21, 2006) as well as the
European Union Directive (2010/63/EU) “On the protection of animals used for scientific purposes”. The research
protocols were approved by the Bioethics Committee of the ESC ‘Institute of Biology and Medicine’ of the Taras
Shevchenko National University of Kyiv (Protocol No. 2 of September 2, 2022).

Experiments were performed on male Wistar rats weighing 150-180 g, randomly divided into the following groups:

- control group (n = 7);

- model pathology groups of 1 (n=7), 2 (n=7), and 3 (n=7) severity degrees;

- model pathology groups of 1 (n=7), 2 (n=7), and 3 (n=7) severity degrees after administration of water-soluble Cgq
fullerenes.

Muscle trauma was induced by compressing the muscle for 1 min with a clamp under pressure of 2.5 (1° degree of
severity), 3.5 (2" degree of severity) and 4.5 (3™ degree of severity) kg/cm?.** The applied crush syndrome led to
a systemic manifestation of pathological changes due to the destruction of muscle cells, in particular, the release of
muscle cell components (creatine kinase, myoglobin) into the extracellular environment, which served as a marker of
a muscle injury severity.

It should be noted that the applied dose of water-soluble Cg fullerenes of 1 mg/kg was chosen as the most effective
when studying their antioxidant effect in other models of muscle pathologies.”* ¢ In addition, it is significantly lower
than the LDs, value, which was 600 mg/kg in the case of oral administration to rats®? and 721 mg/kg in the case of
intraperitoneal administration to mice.”® An aqueous solution of Cg, fullerene was administered intraperitoneally daily
throughout the experiment, starting on the first day immediately after the initiation of muscle injury.

Animals were anesthetized by intraperitoneal injection of nembutal (40 mg/kg). The rat soleus muscle was freed from
the surrounding tissues. Its tendon part was cut across the distal part of the muscle, which was connected to the force
sensors. Efferents were stimulated with electrical pulses of 2 ms duration, generated by an ADC (analog-to-digital

converter) pulse generator through platinum electrodes.?* ¢

Biomechanical and Biochemical Analysis
In the process of analyzing the biomechanical results, the following parameters were used: minimum and maximum
muscle contraction forces when performing 6 s of stimulation pool and integrated muscle power (calculated area under
the force curve), which is an indicator of its overall performance.?* 2

The content of creatinine, CPK, urea, and hydrogen peroxide, CAT, and SOD activity in the blood of experimental
animals as muscle and kidney dysfunction markers were determined using clinical diagnostic equipment - biochemical
analyzers RNL-200 and JN-1101-TR2 (Netherlands).** >°

GFR was determined by the clearance of endogenous creatinine:>> GFR (uL/min)=(V-Cry)/Crg, where V is urine
volume (uL/min; minute diuresis), Cry (umole/l) and Crg (umole/l) are the concentrations of creatinine in urine and
blood, respectively.

The FEy, value (the ratio between glomerular filtration of sodium and its reabsorption) was used to assess sodium
transport in the kidneys:36 FEnNa(%)=100%X%(CrgxNay)/(NagxCry), where Nay and Nag are the concentrations of sodium
in urine and blood, respectively.
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Histopathological Analysis

The samples of a kidney and a muscle were separated and fixed in 10% formalin, embedded in paraffin, cut into 5 pm
sections, and stained with hematoxylin and eosin (H&E) for general histopathological analyses.?” Sections of the muscle
were additionally stained with hematoxylin and picrofuchsin by van Gieson for detecting connective tissue and muscle
fibers. Digital microphotographs of stained sections were taken at x100 and x400 magnification using a computer-
assisted image analyzing system (consisting of Olympus BX41 microscope and Olympus C-5050 Zoom digital camera).
The histopathological profiles of the muscles and kidneys were determined by light microscopy observation. Then, the
muscle fiber diameters and the area occupied by connective tissue in the muscle bundles were measured using ImageJ
software. In addition, the cross-sectional area of renal glomeruli and diameter of renal tubes were measured in the
kidneys using ImagelJ software.

Statistical Analysis

Statistical evaluation of the results was performed using the procedure of analysis of variances (ANOVA) with mixed
design. Two between-group factors were supposed: 1) injury (three levels — 1%, 2™, and 3™ degree of severity); 2) Ceo
fullerene treatment (two levels — no and use of Cg). The factor of time was supposed a within-group with four levels (1,
3, 6, and 9 days after muscle injury initiation). The Shapiro—Wilk W-test was used to test for normality. Levene’s test was
used to assess the equality of variances across groups. Multiple pairwise comparisons between different groups and
conditions were performed by the Bonferroni post-hoc test. The differences between the groups were considered
significant at P < 0.05. The statistical evaluation was performed by the software package Statistica 8.0 (Dell, USA).

Results and Discussion

Biomechanics of Muscle Contraction

Figure 1 shows the generation curves of muscle soleus contraction force on days 1, 3, 6, and 9 after muscle injury
initiation of 1, 2, and 3 degrees of severity. Thus, on the first day after the injury, integrated muscle power decreased to
69 £ 3%, 43 + 2%, and 24 + 1% of control values at 1, 2, and 3 degrees of severity, respectively (Figure 1A and C). On
the third day, these indices amounted to 29 + 1%, 17 + 1%, and 11 £ 1%, respectively, in comparison with the control
(Figure 1A and C), which confirms the data on the maximum dysfunction of the injured muscle on the third day after the
injury.*®>? On the sixth day, a significant increase in the integrated power of the muscle was recorded up to 62 + 2%, 55
+ 3%, and 41 + 3% at 1, 2, and 3 degrees of severity, respectively (Figure 1A and C). Finally, on the ninth day, the value
of this parameter was 83 + 5%, 79 + 3%, and 75 + 3%, respectively, relative to the control (Figure 1A and C), which is
consistent with the data on the recovery of muscle function on the ninth day after injury. It should be emphasized that

40,41 - .
941 in our case, its level

during a long period (2-3 months) the performance of the injured muscle does not fully recover:
on the ninth day after injury initiation was 75-80 + 3%% of the control and remained so during 1 month.

The injections of Cg, fullerene aqueous solution increased integrated muscle power by 18 + 1%, 13 1%, and 14 +
2% at severity grades 1, 2, and 3, respectively, on the first day after injury and by 23 + 2%, 18 + 2% and 11 + 1%,
respectively, on the third day (Figure 1B and C). On the sixth and ninth day, these parameters did not change significantly
(Figure 1B and C) relative to the injury group. It should be noted that there was a slight difference in the positive effect of
Ceo fullerene between the different severity levels of muscle injury on both the first and ninth days of the experiment.
Thus, Ceq fullerene aqueous solution injections increased the level of integrated muscle power by 15-25 + 2% relative to
the injury group on the ninth day of the experiment.

When performing single-joint movements, such biomechanical indices as the generation levels of maximum and minimum
force of muscle contraction are the main markers of muscle dysfunction in the development of pathological processes.”* ¢ The
positive effect of Cg fullerene injections on the level of minimal force (the most sensitive marker of muscle dysfunction) did not
exceed 10 + 2% relative to the injury group on the first day of the experiment (Figure 2A). On the third day (the day of most
maximal dysfunction of the injured muscle), this index increased significantly and was 29 +2%, 73 + 3%, and 75 £ 4% at severity
grades 1, 2, and 3, respectively (Figure 2B). On the sixth and ninth day, it amounted to 45-50 + 2% relative to the injury group
(Figure 2C and D). The change in the level of maximal force of muscle contraction at injections of Cg fullerene amounted to 12—
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16 + 1% relative to the injury group at all time periods of the experiment (Figure 2). The obtained data testify to the suppressive
effect of the aqueous solution of Cg, fullerene on free-radical processes in the injured muscle, thus promoting myocytes to
generate the minimum force at a higher level. The insignificant positive effect of Cg fullerene on the level of maximal force
generation in the injured muscle may be related to the free-radical processes that occur inside the injured myocytes and prevent
actomyosin interactions.

Thus, biomechanical studies show that Cgo fullerene aqueous solution injections significantly reduce the level of
development of pathologic processes in injured muscle, which, in turn, may influence the level of ARF-initiated
rhabdomyolysis.
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severity) from baseline.” The data obtained (Figure 3A) confirm the significant increase in creatinine level with
increasing severity of muscle injury. However, on the third day of the experiment, the creatinine level decreased
compared to the first day after injury initiation by 11 + 1%, 14 £ 1%, and 23 + 1% at 1, 2, and 3 degrees of severity,
respectively, relative to the control. In our opinion, this is due to the cessation of the release of intracellular myocyte

contents into the circulating blood. On the sixth and ninth day after the injury, creatinine levels increased dramatically by
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Figure 3 Blood creatinine (A) levels in rats and GFR (B) with rhabdomyolysis kidney injury: injury and injury + Cq, - indices after initiation of muscle injury of I, 2, and 3
degrees of severity on the 1%, 3™, 6™, and 9™ day of the experiment without Cq fullerene aqueous solution administration and on the background of its injection,
respectively; *P < 0.05 relative to the control; **P < 0.05 relative to the injury group. Arrows indicate the most significant differences between injury and injury+Cgq groups.

International Journal of Nanomedicine 2024:19 hetps: 8049
Dove:


https://www.dovepress.com
https://www.dovepress.com

Prylutskyy et al Dove

150-170 + 5% and 300450 + 5% at 1 and 3 injury severity levels, respectively. Such an increase indicates the
development of ARF caused by rhabdomyolysis.

Ceo fullerene aqueous solution injections lead to a 14-22 + 1%, 21-24 + 2%, and 3040 = 2% decrease in the level of
creatinine at the 1%, 2", and 3™ degree of injury severity, respectively, relative to the injury group during the experiment
(Figure 3A).

GFR is an important indicator that characterizes the ability of the kidneys to perform their main function - to clear
plasma and produce urine.** During the development of rhabdomyolysis’ ARF outside the proximal convoluted tubule
(in the thick ascending part of the loop of Henle), urinary myoglobin combines with Tamm-Horsfall protein to form
a precipitate. pH-dependent precipitate forms tubular casts that obstruct the distal tubules.** Obstruction is thought to
increase intra-canalicular pressure above interstitial pressure, reducing vascular inflow and perfusion, promoting inflam-
mation, and directly reducing GFR by altering Starling forces, and the effect of antioxidants on this process may reduce
ARF development.*****

Decrease in GFR value was recorded starting from the third day after injury initiation (Figure 3B). On the ninth day,
the difference from control values was 21 + 1%, 43 + 4%, and 67 + 4% at 1, 2, and 3 degrees of injury severity,
respectively. When applying Cg( fullerene injections, this index increased approximately by 17 = 1%, 21 + 1%, and 27 +
1% at 1, 2, and 3 degrees of injury severity, respectively, relative to the injury group. At the same time, it should be noted
a slight difference in the GFR values (within the error) on the sixth and ninth day of the experiment (Figure 3B).

When ARF develops, the concentration in the blood of nitrogenous slag, which can only be excreted by the body with
urine, increases significantly, which is a sign of deteriorating kidney function. Urea is one of the end products of protein
metabolism that contains nitrogen. The result of a blood urea test is one of the main indicators of the quality of
glomerular filtration in ARF development.

An increase in urea levels was observed starting from the third day of the experiment and amounted to 83—-156 + 5%,
89-211 £ 5%, and 203-340 £ 7% of the control at 1, 2, and 3 muscle injury severity degrees, respectively, on days 3-9 of
the experiment (Figure 4A). Cgq fullerene injections decreased urea concentration by 17-18 £+ 1%, 20-22 + 1%, and 24—
27 + 2% at 1, 2, and 3 degrees of injury severity, respectively, during the experiment (Figure 4A).

Also, one of the important quantitative indicators of the degree of ARF development is sodium transport assessment,
since the mechanism of free-radical inhibition of reabsorption in rthabdomyolysis is associated with the inhibition of
sodium-potassium ATPase transport system, and the action of antioxidants can reduce the development of cascade
pathological reactions.*> On the third day of the experiment, the FEy, value increased by 31 = 1%, 98 + 3%, and 141 +
4% relative to the control at 1, 2, and 3 injury severity, respectively (Figure 4B). On the sixth and ninth day, this index
increased by 45-271 + 5% and 128-387 + 7% relative to the control at 2 and 3 injury severity, respectively. Injections of
Ceo fullerene aqueous solution reduced FEy, value by 13—15 £ 1%, 20-23 £ 1%, and 25-32 + 2% at 1, 2, and 3 muscle
injury severity, respectively, relative to the injury group during the experiment (Figure 4B).

Thus, the application of Cgq fullerene demonstrated significant (15-35 + 2%) positive effects on the main markers of
ARF induced by rhabdomyolysis. Note that their most significant reduction is observed in severe forms of rhabdomyo-
lysis on the ninth day after muscle injury initiation.

Recently, CPK concentration measurement in blood has become a clinical test to determine the level of rhabdomyo-
lysis development due to its rapidity and cheapness.’ The relationship between CPK level increase and ARF development
in patients with muscle injuries has been established.*® CPK is an enzyme from the energy supply system of skeletal
muscle cells, which catalyzes the transfer of phosphate group from ATP to creatinine molecule to form the high-energy
compound creatinine phosphate. In case of mechanical muscle damage, there is a release of this enzyme from the cells
and, accordingly, an increase in its concentration in the blood.

CPK levels on the first day after injury rose by 112 + 3%, 234 + 7%, and 414 £ 7% compared with control values at 1,
2, and 3 degrees of muscle injury severity, respectively (Figure 5A). CPK levels decreased on the following days of the
experiment and on the ninth day were 13-25 + 1% of control values, despite an increase in ARF development on the
sixth and ninth days.

Ceo fullerene injections significantly reduced CPK levels, which were 24 + 1%, 31 + 2% and 34 + 2% and 17 = 1%,
36 + 2% and 42 + 2% at 1, 2, and 3 degrees of muscle injury severity, respectively, on the first and third day of the
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Figure 4 Blood urea (A) levels in rats and FEn, (B) in rhabdomyolysis kidney injury: injury and injury+Cg, - indices after muscle injury initiation of |, 2, and 3 degrees of
severity on the 1%, 3™, 6™, and 9™ day of the experiment without Cq fullerene aqueous solution administration and on the background of its injection, respectively; *P <
0.05 relative to the control; **P < 0.05 relative to the injury group. Arrows indicate the most significant differences between injury and injury+Ceo groups.

experiment relative to the injury group. On the ninth day, the positive effect was insignificant due to the small level of
CPK increase relative to the control during this period (Figure 5A).

Pathological inflammatory processes occurring immediately after injury are a source of ROS and contribute to the
intensification of LPO processes.>®*” During the physiological recovery of muscle tissue, oxygen entering the tissues
initiates xanthine and hypoxanthine oxidation by xanthine oxidase, which leads to the formation of a large amount of
superoxide anion radical and hydrogen peroxide. In addition, inflammatory processes increase the expression of adhesive
molecules on the endothelium. Activated neutrophils attracted to the focus of damage also release hydrogen peroxide and
provoke pathological free-radical processes.

Throughout the experiment, an increase in the level of H,O, was recorded, which is associated with the muscle fiber
destruction and the development of inflammatory processes. The increase in HO, concentration on the first and third day
was 24-28 + 1%, 42-79 + 2%, and 98-124 + 3% at 1, 2, and 3 injury severity levels, respectively, relative to the control
(Figure 5B). Further increases in H,O, concentration of 10 + 1%, 14 + 1% and 19 + 1% and 15 £ 1%, 26 = 2% and 33 £
2% on the sixth and ninth day of the experiment, respectively, indicated the development of rhabdomyolysis’ ARF.
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Figure 5 Levels of CPK (A) and H,O, (B) in the blood of rats at rhabdomyolysis kidney injury: injury and injury + Cgg - indices after muscle injury initiation of I, 2 and 3

degrees of severity on the I, 3™, 6™ and 9™ day of the experiment without Cgo fullerene aqueous solution administration and on the background of its injection,
respectively; *P < 0.05 relative to the control; **P < 0.05 relative to the injury group. Arrows indicate the most significant differences between injury and injury+Cgyq groups.

At Cqp fullerene aqueous solution injections there is a decrease in HyO, concentration by 11-12 + 1%, 15-18 + 1%,
and 22-29 + 1% at 1, 2, and 3 degrees of muscle injury severity, respectively, relative to the injury group during the
experiment (Figure 5B).

The increase in H,O, level during muscle fiber injury leads to an increase in CAT activity, which performs
a protective antioxidant function by catalyzing the decomposition of hydrogen peroxide into water, oxygen and SOD.
The most powerful natural antioxidant and enzyme of the first link of antioxidant defense is SOD, which performs the
dismutation reaction of superoxide anion radicals and transforms them into less reactive hydrogen peroxide molecules.

SOD activity on the first day of the experiment increased by 25 + 1%, 39 + 4%, and 45 + 2% at the 1*!, 2, and 3™
degree of muscle injury severity, respectively, relative to the control (Figure 6A). On the third day, this index decreased
by 11-14 + 1%, which seems to be associated with a decrease in inflammatory processes in the muscle tissue. However,
on the sixth and ninth day, SOD activity increased dramatically by 23-29 + 1%, 3941 + 2%, and 5659 + 2% at injury
severity grades 1, 2, and 3, respectively, compared to the third day of the experiment, which is most likely due to the
development of ARF caused by rhabdomyolysis.
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Figure 6 Activity of SOD (A) and CAT (B) in the blood of rats at rhabdomyolysis kidney injury: injury and injury + Cg - indices after muscle injury initiation of |, 2, and 3
degrees of severity on the 1%, 3", 6™, and 9™ day of the experiment without Cq fullerene aqueous solution administration and on the background of its injection,
respectively; *P < 0.05 relative to the control; **P < 0.05 relative to the injury group. Arrows indicate the most significant differences between injury and injury+Cgq groups.

Ceo fullerene injections decreased SOD activity by 12 + 1% and 15 + 1% relative to the injury group on the first and

third day of the experiment. On the sixth and ninth day, the positive effects of C¢q fullerene injections were 10 = 1%, 15 +

1%, and 29 + 2% at 1, 2, and 3 degrees of muscle injury severity, respectively, relative to the injury group (Figure 6A).

International Journal of Nanomedicine 2024:19

https:

8053

Dove:


https://www.dovepress.com
https://www.dovepress.com

Prylutskyy et al Dovepress

CAT activity on the first day of the experiment increased by 111 £ 6%, 123 £ 6%, and 215 + 8% at 1, 2, and 3 degrees
of muscle injury severity, respectively, relative to the control (Figure 6B). On the third day, this index, as well as SOD
activity, decreased by 15 £ 1%, 27 + 2%, and 34 + 6%, which seems to be associated with a decrease in inflammatory
processes in muscle tissue. On the sixth and ninth day, CAT activity increased sharply by 27-31 + 2%, 65-79 + 3%, and
81-94 + 3% at 1, 2, and 3 injury severity levels, respectively, compared to the third day of the experiment.

The positive therapeutic effect of Cg fullerene aqueous solution injections on CAT activity was within the changes of
SOD activity in all investigated time ranges and degrees of muscle injury (Figure 6A and B). So, Cg, fullerene injections
decreased CAT activity by 11 + 1%, 24 + 1%, and 33 + 2% relative to the injury group on day one and by 10 + 1%, 11 +
1%, and 14 + 1% on day three of the experiment. On the sixth and ninth day, the positive effects of Cgq fullerene
injections were 10 = 1%, 12 + 2% and 16 + 2% and 10 £ 1%, 11 + 1% and 14 £ 1% at 1, 2, and 3 degrees of muscle
injury severity, respectively, relative to the injury group (Figure 6B).

Histopathological Analysis

Muscles

No deviations from the normal histological structure of the muscle were observed in the control group. Groups of muscle
fibers are visible, separated by thin layers of connective tissue. Inside each muscle fiber, myofibrils are clearly visible
(Figure 7A).

Figure 7 Representative histological images of the muscle soleus: (A) — control group; (B) — muscle injury (1*° degree of severity); (C) — muscle injury (1 degree of severity)
+ Cgo; (D) — muscle injury (2™ degree of severity); (E) — muscle injury (2" degree of severity) + Ceo; (F) — muscle injury (3™ degree of severity); (G) — muscle injury (3™
degree of severity) + Cqo. Hematoxylin and picrofuchsin staining by van Gieson. Scale bars — 100 um.
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In rats with muscle injury, muscle fibers are destroyed and connective tissue is heavily proliferated at the site of injury
(Figure 7B, D and F). In other parts of the muscle, the normal histological structure of the muscle fibers is disturbed.
Some of the fibers are hypochromatic, with the signs of edema. Some fibers are hyperchromatic, with the signs of
destruction. The structure of myofibrils inside the muscle fibers is disturbed. There is a disturbance in the transverse
striation of the fiber. Fibers may decrease in diameter. Connective tissue also grows: the area occupied by connective
tissue increases in all study groups (Table 1). In cases of the 1" and the 2" degrees of muscle injury severity (Figure 7B
and D), the increase in connective tissue volume is mainly due to the matrix ground substance of connective tissue, and
in the case of the 3™ degree (Figure 7F) — mainly due to the growth of collagen fibers. The severity of the above
pathological and morphometric changes varies in different experimental groups (Table 1).

The area occupied by connective tissue in rats with the 1% degree of muscle injury severity is 80—-110 = 7% higher
than in the control group. The diameter of muscle fibers is 16 + 2% smaller compared to the control group in rats that did
not receive water-soluble Cg( fullerenes but does not differ from the control values in rats that received them (Table 1).

In rats with the 2™ degree of muscle injury severity, which received water-soluble Cg, fullerenes, the area occupied
by connective tissue is 20 £+ 2% smaller and the diameter of muscle fibers is 30 + 2% larger (and does not differ from the
control) compared to rats that did not receive them (Table 1).

In rats with the 3" degree of muscle injury severity, which received water-soluble Cg, fullerenes, the area occupied by
connective tissue is 31 = 2% smaller and the diameter of muscle fibers is 12 + 1% larger compared to rats that did not
receive them (Table 1).

Thus, in rats treated with water-soluble Cg( fullerenes, connective tissue does not grow so much, and the diameter of
muscle fibers does not decrease (in cases of the 1% and 2™ severity of muscle injury), or decreases to a lesser extent (in
case of the 3™ severity of muscle injury). The degree of destructive pathological changes in muscle tissue is also less
(Figure 7C, E and G).

Kidney
In control rats, the kidneys have a normal histological structure (Figure 8A). In rats with muscle injury (Figure 8B, D and F),
retraction of glomerular tuft is observed in part of the renal glomeruli. As a result, the cross-sectional area of the renal
glomeruli decreases. In addition, in cases of 3" degree of muscle injury severity (Figure 8F), a slight hemorrhage is
observed in some renal glomeruli. The diameter of the renal tubes may decrease (Table 1).

Thus, noticeable histopathological changes in the kidneys are not observed after muscle injury. However, morpho-
metric parameters may decrease (this is evidence of a decrease in the functional activity of the kidney). The severity of

Table | Morphometrical Features of Muscle and Kidney in Tested Rats

Morphometrical Features Muscle Kidney
Groups . . . .
Diameter Area occupied Cross-sectional Diameter
of Muscle by Connective Area of Renal of Renal
Fibers, pm Tissue, pmzlpm2 Glomeruli, me Tubes, pm
Control 302+ 10 0.10 = 0.01 4848 + 217 36.1 £ 1.3
muscle injury (1°° degree of severity) 254 + |.I* 0.21 + 0.02* 2723 + 149* 322 + I.I*
muscle injury (1°° degree of severity) + Cqo 29.5 + |50 0.18 + 0.01~ 3681 * 2057 350 = 1.1~
muscle injury (2" degree of severity) 21.6 + 0.4* 0.25 £ 0.03* 3853 + 163* 32.8 + 1.0%
muscle injury (2" degree of severity) + Ceo 28.0 + 0.9 0.20 + 0.01~ 3460 £ | 167 343+ 1.00
muscle injury (3" degree of severity) 23.2 + 0.6* 0.22 + 0.02* 3572 + 217% 29.0 + I.I*
muscle injury (3" degree of severity) + Cqo 26.0 + 140 0.15 +0.017 3629 + 2287 31.7 £ 1.00

Notes: *P < 0.05 compared with the control group; AP < 0.05 compared with the muscle injury group at the same degree of severity.
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Figure 8 Representative histological images of the kidney: (A) — control group; (B) — muscle injury (I° degree of severity); (C) — muscle injury (1 degree of severity) +
Ceo; (D) — muscle injury (2™ degree of severity); (E) — muscle injury (2™ degree of severity) + Ceo; (F) — muscle injury (3" degree of severity); (G) — muscle injury (3™
degree of severity) + Cgo. H&E staining. Scale bars — 100 pum.

these changes varies in the different experimental groups. For example, the diameter of renal tubules in rats with 3™
degree of muscle injury severity, which received water-soluble Cg( fullerenes, is bigger by 10 £ 1% compared to rats with
injury (Table 1; Figure 8G), which did not receive them. In rats with 1°* and 2™ degrees of muscle injury severity, which
received water-soluble Cgq fullerenes, the diameter of renal tubules did not differ from the control values (Table 1;
Figure 8C and E).

Summarizing, the above-described positive effects of exposure to Cgo fullerenes on the ARF caused by rhabdomyo-
lysis are related precisely to their powerful antioxidant properties.”>*® Cg, molecules effectively inactivate the ROS,
protecting nephron membranes from oxidation, and, thus, reduce the severity of ARF.

Conclusion

Thus, during the experiment, there is a positive change of the studied biomechanical and biochemical parameters by
about 27-30 + 2% with Cg, fullerene aqueous solution administration at a low therapeutic dosage. Besides, they were
confirmed by the data of histopathological analysis. This indicates that there is compensatory activation by Cg fullerenes
of the endogenous antioxidant system of the organism in the process of posttraumatic changes of the muscle soleus
caused by mechanical damage of different degrees of severity. Thus, Cg, fullerenes, as powerful antioxidants, reduce the
development of both rhabdomyolysis and ARF induced by it. We can also assume the therapeutic effect of Cg( fullerenes
on the acceleration of the process of repair of muscle structures damaged by rhabdomyolysis, which is confirmed by the
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previously obtained data on their efficient action on the functions of the antioxidant system of the organism at various
pathological processes.>>>+%

Based on the obtained results, it can be suggested that the use of the aqueous solution of Cg fullerene as a therapeutic
agent is able to correct pathological conditions of the muscular and excretory system arising from skeletal muscle

injuries.
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Abstract: Traumatic skeletal muscle injury is a complex pathology caused by high-energy trauma
to muscle tissue. Previously, a positive effect was established when Cg fullerene was administered
against the background of muscle ischemia, mechanical muscle injury, and other muscle dysfunc-
tions, which probably protected the muscle tissue from damage caused by oxidative stress. Using
tensiometry and biochemical analysis, the biomechanical parameters of skeletal muscle contraction
and biochemical indices of the blood of rats 15 days after traumatic injury of the soleus muscle caused
by myocyte destruction by compression were studied. The intraperitoneal administration of Cg
fullerene aqueous solution (C4FAS) in a daily dose of 1 mg/kg improved its contractile function
by 2840 + 2% and the values of the investigated biochemical indices of the animals” blood by
15-34 + 2% relative to the trauma group. The obtained results indicate the potential ability of Cgg
fullerenes, as powerful antioxidants, to reduce the development of post-traumatic dysfunction of the

soleus muscle.

Keywords: soleus muscle; muscle injury; Cg fullerene; biomechanical and biochemical parameters

1. Introduction

A traumatic skeletal muscle injury is a complex pathology caused by high-energy
trauma to muscle tissue. Approximately 70% of combat injuries are associated with skele-
tal muscle injury [1]. Muscle injuries are also a common part of sports pathologies [2].
One limitation of effective therapy for muscle injuries is the lack of a unified approach
to classifying muscle injuries [3]. One of the types of mechanical muscle damage is a
compression injury. Such injuries are often observed following man-made disasters, road
traffic accidents, and military operations [4]. The rapid death observed in some cases is
due to cardiac arrhythmia caused by high concentrations of intracellular electrolytes, such
as potassium, suddenly washing over the heart. Further complications are mainly due
to the development of renal failure. For the effective treatment of the damaged muscular
system, the timing of the start of resuscitation procedures is critical: cell death as a result
of crushing occurs within 1 h after the injury, which leads to necrosis and the subsequent
destruction of the muscle, causing the release of intracellular contents into the plasma [5].
Common consequences of skeletal muscle crush syndrome include hypovolemic shock,
hyperkalemia, hyperphosphatemia, hypocalcemia, metabolic acidosis, arrhythmia, and
disseminated intravascular coagulation [6]. After an injury, muscle fibers can repair local
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damage, but they must be fully regenerated following myofibril necrosis [7]. It has been
found that several weeks of non-invasive and drug-free muscle recovery after a severe
injury does not lead to significant muscle regeneration, and this process is characterized
by persistent inflammation, chronic activation of profibrotic markers, and extracellular
matrix [8,9]. Infiltrating inflammatory and resident stem cells are involved before the repair
of damaged muscle tissue. At the same time, during an intense inflammatory process,
fibroblasts remain active, whereas the reparative capacity of stem cells decreases [10]. The
excessive concentration of free radicals due to the inflammatory process has a detrimental
effect on the regeneration processes [11]. Therefore, anti-inflammatory agents are widely
used to treat muscle injuries [12], although they often lose their effectiveness due to numer-
ous side effects [13]. For example, the immunosuppressive drug FK506 has improved the
recovery of maximal muscle strength in the early phase of posttraumatic regeneration [14].
Using the antihypertensive drug Losartan reduced fibrosis and improved the regeneration
of skeletal muscle injuries [15]. However, no improvement in muscle regeneration was
observed in severe injuries, and the drug even negatively affected muscle function. In
the absence of sufficient regeneration, the increased amount of connective tissue impairs
the ability of the injured muscle to generate force, leading to decreased muscle function
and impaired correction of accurate positioning. A positive therapeutic outcome has been
achieved by using drugs that reduce inflammation and thereby regulate post-traumatic
muscle fibrosis, the excess of which increases muscle stiffness and the risk of re-injury [16].

Due to their nanosized (almost spherical) shape, hydrophobicity, and unique chemical
structure (the presence of double electron-deficient bonds), Cg fullerenes penetrate cells
and localize preferentially in mitochondria [17], and they exhibit a strong reducing ability
and act within in vitro and in vivo systems as powerful scavengers of free radicals [18,19],
the overproduction of which leads to many pathologies. This opens up a valuable oppor-
tunity for the use of these nanoantioxidants, with effects surpassing those of well-known
natural antioxidants—vitamins C, E, and carotenoids [20]. In vivo models previously
demonstrated that the antioxidant properties of biocompatible Cg fullerenes [21] increased
the force response of skeletal muscles after glyphosate poisoning [22] and muscle atrophy
caused by prolonged immobilization [23]. A preliminary positive effect of C¢g fullerene
on soleus muscle contraction dynamics in rats after initiating ischemic injury [24] and
mechanical trauma [25] was demonstrated. Thus, it can be assumed that the powerful an-
tioxidant properties of Cg fullerene [18-20], reducing the level of the inflammatory process
in the injured muscle of varying severity, will influence the efficiency of its post-traumatic
recovery, which was the aim of the current study within the framework of the analysis of
the biomechanical parameters of soleus muscle contraction and blood biochemical indices
of model animals.

2. Results and Discussion
2.1. Biomechanical Analysis

Figure 1 shows the mechanograms of 10 consecutive contractions of the soleus muscle
obtained on the 15th day after the initiation of muscle injury of different degrees of severity
at 5 s of non-relaxation stimulation at a frequency of 50 Hz.

The integrated muscle power decreased by 11 &+ 1%, 19 £+ 1%, and 34 + 2% at the
1st, 2nd, and 3rd degrees of injury severity, respectively, compared to the control group,
indicating incomplete regeneration of damaged muscle fibers during this period at the
2nd and 3rd degrees of injury severity. The application of Cg fullerene aqueous solution
(CeoFAS) injections increased the level of integrated muscle power: it almost normalized at
the first injury severity grade and differed from the control group by 10 &= 1% and 14 &+ 1%
at the 2nd and 3rd injury severity grades, respectively (Figure 1).

The change in the value of the minimum force of muscle contraction was the main
indicator of its dysfunction in each successive contractile act [26].
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Figure 1. Force generation curves of soleus muscle contraction 15 days after its injury: mechanograms
of muscle contraction (a); integrated muscle power (S; relative to the control, which was taken as
100%) (b); injury and injury + CgoFAS—injury group (n = 30) and injury group against the background
of CgoFAS injection (n = 30), respectively; 1, 2, and 3—the severity of muscle injury; tsiart—the time
between the beginning of stimulation and the beginning of muscle contraction; tp—the time between
the end of stimulation and the power curve reaching the initial level; * p < 0.05 relative to the control
group (n = 30); # p < 0.05 relative to the injury group (n = 30).

The level of minimal force was 0.64 & 0.05, 0.59 + 0.05, and 0.53 &= 0.05 N at the 1st, 2nd,
and 3rd degrees of injury severity, respectively, and in the control group—0.70 £ 0.05 N.
At the C4FAS injections, the value of this parameter was almost normalized and was
0.68 & 0.05 N for all degrees of injury severity (Figure 2a).

One of the main factors influencing the decrease in the biomechanical parameters
described above was the increase in the stiffness components of the muscle during post-
traumatic regeneration [27].

To analyze them, we measured the time between the end of the stimulation and the
exit of the force curve to the initial level (Figure 2b). The ty time value increased from
560 % 12 ms in the control group to 830 + 14, 1050 & 9, and 1190 & 11 ms in injury severity
1, 2, and 3, respectively. The application of C4FAS reduced this parameter to 580 + 10,
730 £ 8, and 850 &£ 11 ms at the 1st, 2nd, and 3rd injury severity grades, respectively. Thus,
the efficacy of the CgoFAS therapy was 68-71 £ 4%.

The formation of muscle dysfunctions is also affected by changes in nerve conduction,
the disruption of which is associated with the development of the inflammatory process
occurring in the post-traumatic period [28]. The change in the onset of the force response
of a muscle caused by a single stimulation pool allows us to assess the level of pathological
changes in the neuromuscular preparation during prolonged, static, and slow dynamic
reactions of the muscular system.

The value of the tgart time (Figure 2c) increased from 85 + 2 ms in the control group
to 270 £ 6, 345 £ 7, and 430 &+ 11 ms in injury severity groups 1, 2, and 3, respectively.
When CgoFAS was applied, these values were 185 £ 12, 281 £ 8, and 315 & 7 ms at the 1st,
2nd, and 3rd injury severity levels, respectively. Thus, the effect of C¢yFAS was 21 £ 1%,
18 &= 1%, and 26 =+ 1% at the 1st, 2nd, and 3rd injury severity levels, respectively, relative to
the trauma group.

A post-traumatic increase in muscle stiffness causes increased fatigue processes in
active muscles [29].
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Figure 2. The biomechanical parameters of soleus muscle contraction 15 days after its injury:
Finin—minimal force of muscle contraction (a); tp—time between the end of stimulation and the
force curve reaching the initial level (b); tstart—time between the beginning of stimulation and the
beginning of muscle contraction (c); injury and injury + C¢oFAS—injury group (1 = 30) and injury
group against the background of CgoFAS injections (n = 30), respectively; 1, 2, and 3—severity of
muscle injury; * p < 0.05 relative to the control group (n = 30); # p < 0.05 relative to the injury group
(n =30).

The development of muscle fatigue was assessed by calculating the time to reach 50%
of the force response level when 1 Hz non-relaxation stimulation was applied (Figure 3). It
should be noted that the value of this parameter in the control group was characterized by a
long time interval. When registering force responses to the stimulation signal, a decrease in
the force activity of the injured muscle was revealed (Figure 3)—in particular, the maximal
force from 21 £ 1% at the 1st degree of injury severity to 64 £ 3% at the 3rd degree of
injury severity relative to the control group (Figure 4a). The administration of C¢FAS
increased this index by 25 £ 1%, 34 & 2%, and 53 £ 3% at injury severity grades 1, 2, and 3,
respectively, relative to the injury group.

The decrease in integrated muscle power (Figure 4b) was 21 £ 1%, 33 £ 2%, and
49 + 2% at the 1st, 2nd, and 3rd injury severity grades, respectively, relative to the control
group. CeFAS injections increased this index by 18 & 1%, 23 &= 1%, and 38 & 2% at the 1st,
2nd, and 3rd injury severity levels, respectively, providing direct evidence of its positive
effect on reducing connective and fibrotic tissue formation in the post-traumatic period.

The 1st, 2nd, and 3rd injury severity levels, respectively, achieved a 50% force response
from the initial level, with values of 480 £ 5, 303 + 2, and 202 =+ 3 s (Figure 4c). The use of
CgoFAS injections stopped the progressive fatigue processes in the injured muscle.
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Figure 3. The mechanograms of soleus muscle contraction induced by the stimulation frequency of
1 Hz with a duration of 500 s, on the 15th day after traumatic injury initiation: injury and injury +
CeoFAS—injury group (n = 30) and injury group against the background of C¢yFAS injection (1 = 30),
respectively; 1, 2, and 3—severity of muscle injury; tso—time of contraction force reduction by 50%
from the initial level; S—integrated muscle power.

Summarizing the above biomechanical results, we can conclude that the administration
of C¢oFAS in a daily dose of 1 mg/kg into the injured soleus muscle during the experiment
improved its contractile function by 28—40 + 2% relative to the trauma group. This can
be explained by the powerful antioxidant properties of Cgg fullerenes [18-20], and this
conclusion is in accord with our previous results [22-25], although it requires confirmation
at the biochemical level.

2.2. Biochemical Analysis

The increased stiffness components of post-traumatic muscle tissue and the insufficient
regeneration of damaged muscle fibers lead to high energy expenditure during the muscle’s
functioning. The analysis of blood biochemical markers, in particular, creatinine and lactate
levels, as well as creatine phosphokinase (CPK) and lactate dehydrogenase (LDH) activities,
allows us to evaluate the physiological changes in the muscle and the therapeutic effect
of the applied drug [30]. Studies have shown that all of these biochemical markers have a
pronounced tendency to increase with the increasing severity of the injury, indicating that
the muscle system performs work that is super-intensive for its physiological level and
subsequently develops muscle fatigue.

Changes in creatinine concentration due to the destruction of intramuscular structures
allow us to assess the residual level of myocyte damage and the efficiency of the post-
traumatic repair.

Figure 5 shows that the creatinine concentration increased from 54 = 1 uM in the
control group to 177 £ 7, 224 £ 6, and 241 £+ 8 pM at injury severity grades 1, 2, and 3,
respectively. C¢oFAS injection resulted in its reduction by 11 & 1%, 25 £ 1%, and 33 £ 2%
at the 1st, 2nd, and 3rd injury severity levels, respectively, relative to the injury group. The
decrease in the creatinine fraction, in our opinion, was caused by the Cg( fullerene protective
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effect at the early stage of the pathological process by reducing inflammatory reactions
and the ability to protect myocyte membranes from nonspecific free-radical destruction by
absorption of reactive oxygen species (ROS) [18].
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Figure 4. The biomechanical parameters of soleus muscle contraction 15 days after its injury: curves
of changes in maximum contraction forces (Fmax) during 500 s of stimulation pool (a); changes in
integrated muscle power (S) during 500 s of stimulation (b); time of reduction of contraction force by
50% from the initial level (tsp) (c); injury and injury + C¢9FAS—injury group (n = 30) and injury group
against the background of Cg4FAS injections (1 = 30), respectively; 1, 2, and 3—severity of muscle
injury; * p < 0.05 relative to the control group (1 = 30); # p < 0.05 relative to the injury group (1 = 30).

During the development of inflammatory reactions after the initiation of muscle
injury, a significant depletion of cellular energy substances, especially ATP (adenosine
triphosphate), occurs, which leads to a sharp disturbance in homeostasis and loss of ionic
gradient across cell membranes. This causes the accumulation of lactate and H* ions and,
consequently, the acidification of the pH of intra- and extracellular environments [31].
Thus, ionic changes impair the muscle’s ability to respond to electrical impulses, hinder the
development of excitation, and lead to a decrease in muscle strength. Consequently, the
lactate level is an important marker for assessing the performance of the injured muscle.

The analysis of blood lactate content showed an increase from 10 & 1 mM in the
control group to 15 £ 1, 17 £ 1, and 20 £ 2 mM at the 1st, 2nd, and 3rd injury severity
levels, respectively. The CgoFAS injection reduced this index by 12 + 1%, 19 £ 1%, and
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37 £ 2% at the 1st, 2nd, and 3rd injury severity levels, respectively, relative to the trauma

group (Figure 5).
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Figure 5. The biochemical indices of fatigue processes” development (the levels of creatinine and
lactate and the activities of CPK and LDH in blood plasma) 15 days after soleus muscle injury: injury
and injury + CgyFAS—the injury group (1 = 30) and the injury group against the background of
CgoFAS injections (1 = 30), respectively; 1, 2, and 3—degrees of severity of muscle injury; * p < 0.05
relative to the control group (n = 30); ** p < 0.04 relative to the control group (1 = 30); # p < 0.05 relative
to the injury group (n = 30).

One of the known markers of muscle fatigue is a change in the activity of CPK, an
enzyme from the energy supply system of skeletal muscle cells. During intensive muscle
functioning, this enzyme is released from the cells and, accordingly, creates an increase in
CPK activity in the blood [30].

The increase in CPK activity from 620 & 17 Units/L in the control group to 1410 £ 23,
1620 £ 32, and 1840 + 29 Units/L at the 1st, 2nd, and 3rd degrees of injury severity,
respectively, indicates an increased energy load on the injured muscle due to increased
connective tissue and the dysfunction of post-traumatic muscle fibers [32]. CPK activity
decreased by 24-28 + 2% relative to the trauma group when injected with C¢oFAS (Figure 5).

The change in the activity of LDH, an enzyme that catalyzes the oxidation of lac-
tic acid, allowed us to assess the performance of the injured muscle after its prolonged
stimulation [31].

The increase of LDH activity from 310 £ 9 Units/L to 390 £+ 13, 413 + 15, and
493 + 14 Units/L at the 1st, 2nd, and 3rd degrees of injury severity, respectively, indicates
the development of significant dysfunctions of the neuromuscular apparatus and, as a
consequence, fatigue processes. The CgFAS injection decreased LDH activity by 14 & 1%,
21 & 1%, and 37 £ 2% at the 1st, 2nd, and 3rd injury severity levels, respectively, relative to
the injury group (Figure 5).

Summarizing the above biochemical results, we can conclude that the administration
of C4oFAS in a daily dose of 1 mg/kg into the injured soleus muscle during the experiment
improved the values of the investigated biochemical indices of the animals” blood by
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15-34 + 2% relative to the trauma group. This can be explained as follows: Cgq fullerenes,
as powerful antioxidants, can effectively inactivate ROS [18-20], protecting myocytes from
damage and reducing the inflammation of the injured muscle, thereby reducing fibrosis [33]
and thus preventing the development of post-traumatic soleus muscle dysfunction, which
requires further preclinical testing.

3. Materials and Methods
3.1. Preparation of C4oFAS

Cg0FAS was prepared according to the method [34]. Briefly, we used a saturated
solution of Cg fullerene (purity > 99.99%) in toluene with a Cgp molecule concentration
corresponding to maximum solubility near 2.9 mg/mL and the same amount of distilled
water in an open beaker. The two phases formed were treated in an ultrasonic bath (8 Hz,
8 h). The procedure was continued until the toluene had completely evaporated and the
water phase became yellow-colored. Filtration of the aqueous solution (the pore size of
the filter was smaller than 2 mm) allowed the separation of the product from undissolved
Cgp fullerene. The resulting CoFAS, with a maximum concentration of 0.15 mg/mL, is a
typical colloid containing both single Cgp molecules (~0.7 nm) and their nanoaggregates up
to ~100 nm in size, and its zeta potential value was —25 £ 2 mV [35]. Moreover, C4FAS
was stable for 12-18 months at a storage temperature of +4-20 °C.

3.2. In Vivo Experiments

The experiments were performed on male Wistar rats aged 1 to 1.5 months (at the end
of the experiment). The rats were kept under controlled environmental conditions (21 °C,
12 h light-12 h dark cycle) with free access to water and standard rodent chow. The study
protocol (No. 9, dated 4 September 2023) was approved by the Bioethics Committee of the
ESC “Institute of Biology and Medicine” of Taras Shevchenko National University of Kyiv
in accordance with the rules of the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes and the norms of biomedical
ethics in accordance with the Law of Ukraine No. 3447-1V of 21.02.2006, Kyiv, “On the
Protection of Animals from Cruelty” during biomedical research.

Muscle injury was induced by compressing the soleus muscle for 1 (the 1st degree of
injury severity), 2 (the 2nd degree of injury severity), and 3 (the 3rd degree of injury severity)
min with a clamp under a pressure of 3.5 kg/cm? [36,37]: We made small incisions in the
skin of laboratory animals, where the branches of the crusher device were placed to prevent
mechanical impact on the nearby gastrocnemius muscle. This process was controlled
visually using a FIM-17 fiber optic microscope (Grandway Telecom Tech., Shanghai, China).

The applied crush syndrome leads to the destruction of myocytes, specifically the
release of their components (creatine kinase, lactic acid, and myoglobin) into the extra-
cellular environment, which serves as a marker of the severity of muscle injury. The 1st
degree of severity of muscle injury is characterized by the manifestation of numerous local
intramuscular hematomas and ruptures of individual muscle cells without damage to
the integrity of the muscle membranes; a characteristic manifestation of the 2nd degree
of severity of muscle injury is ruptures of the fascial structures of the muscle, damage
to the muscle innervation, inflammation and swelling of the muscle, damage to blood
vessels, and, as a result, large superficial and intramuscular hematomas; the 3rd degree
of severity of muscle injury is characterized by ruptures of muscle sheaths, fascia and
subfascial structures, muscle tendons, blood vessels, nerves, auxiliary apparatus of the
muscle, and tissues adjacent to the muscle [36-39].

Experimental animals were divided into the following groups: control (1 = 30), model
injury of the 1st, 2nd, and 3rd severity degrees (n = 30), and model injury of the 1st,
2nd, and 3rd severity after administration of C¢oFAS (1 = 30). C49FAS was administered
intraperitoneally daily throughout the experiment, starting on the first day immediately
after the initiation of muscle injury.
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Previously we investigated the impact of different doses of C4FAS (0.5, 1, 1.5, and
2 mg/kg) on various in vivo models of muscle pathologies [22-25] and found that the
1 mg/kg of C¢FAS dose demonstrated the highest efficacy in the therapy. Therefore,
this dose was chosen for these experiments. In addition, it is significantly lower than the
LDs( value (lethal dose, 50%), which was 600 mg/kg in the case of oral administration to
rats [18] and 721 mg/kg in the case of intraperitoneal administration to mice [35]. It is also
important to note that after intravenous administration to mice, Cg fullerenes accumulate
predominantly in the blood, spleen, stomach, and liver and are excreted from the body
within 72 h, mainly with urine [40].

All experimental studies were conducted during a 15-day post-injury period. This is
due to the fact that the main processes of repairing damaged muscles in the conditions of
their natural post-traumatic recovery last for 12-15 days [41].

3.3. Materials for Biomechanical Analysis

Animals were anesthetized (to study the functional activity of the soleus muscle) by
intraperitoneal injection of nembutal (40 mg/kg). The soleus muscle of the rat was freed
from the surrounding tissues. Its tendon part was cut across the distal part of the lumbar
spine. For modulated stimulation of efferents in the L7-51 segments, the ventral roots were
cut at the sites of their exit from the spinal cord. Electrical pulses performed a stimulation
of soleus muscle efferents with a duration of 2 ms, generated by a pulse generator through
platinum electrodes. The current strength at which the muscle started to contract was
considered the threshold, and further stimulation was performed at a strength of 1.3-1.4
of that threshold. The external load on the soleus muscle was controlled using a system
of mechanical stimulators. To record the force of skeletal muscle contraction, an original
strain gauge setup consisting of force and length sensors, a synchronous pulse generator,
and a temperature control system was used [22-25].

When analyzing the contractile activity of the soleus muscle, the following basic
biomechanical parameters were evaluated [22-25]:

e integrated muscle power—calculated area (S) under the power curve using Origin 9.4
software, which is an indicator of the overall performance of the muscle at applied
stimulation pools;

Fmin and Fraxy—minimum and maximum forces of contraction;
to—the time between the end of stimulation and the force curve reaching the ini-
tial level;

®  tgarr—the time between the beginning of stimulation and the beginning of muscle
contraction;

e  tsp—time of contraction force reduction by 50% of the initial level.

3.4. Materials for Biochemical Analysis

Blood biochemical indices of experimental animals, such as creatinine and lactate levels
and activities of CPK and LDH, which are the most commonly used clinical markers of
muscle injury [42], were determined using the following diagnostic equipment: biochemical
analyzers RNL-200 and JN-1101-TR2 (Amsterdam, The Netherlands).

3.5. Statistical Analysis

The statistical evaluation of the experimental results was performed using the proce-
dure of variance analysis (ANOVA) with mixed design. Two between-group factors were
supposed: (1) injury (three levels—the 1st, 2nd, and 3rd degrees of severity); (2) C4FAS
treatment (two levels—no and use of C4oFAS). The Shapiro-Wilk W-test was used to test for
normality. Levene’s test was used to assess the equality of variances across groups. Multi-
ple pairwise comparisons between different groups and conditions were performed by the
Bonferroni post-hoc test. The differences between the groups were considered significant
at p < 0.05. Each of the experimental force curves was the result of averaging 10 similar
tests. Each biochemical measurement was carried out at least three times. The statistical
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evaluation was performed using the software package Statistica 8.0 (Dell Technologies Inc.,
Round Rock, TX, USA).

4. Conclusions

To date, the powerful antioxidant properties of C¢ fullerenes have been widely used in
biomedicine. Due to the negative effects of ROS in oxidative stress processes, antioxidants
are required to protect injured muscles. Here, the effect of water-soluble Cg¢ fullerenes
(daily intramuscular dose of 1 mg/kg) on the process of the restoration of contractile activity
of rat skeletal muscle on the 15th day after the initiation of injury of varying severity was
studied for the first time. The revealed improvement in the dynamics of the soleus muscle
functioning by 28-40 + 2% and biochemical indices of rat blood by 15-34 + 2% opens
the prospect of applying Cg fullerenes as potential nanoagents that are able to effectively
correct the pathological state of skeletal muscle arising from its mechanical trauma.
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Abstract

The powerful antioxidant properties of Cg( fullerenes have been widely used in biomedical
nanotechnology. Owing to the negative effects of free radicals in oxidative stress processes,
antioxidants are required to protect injured muscles. Here, the effect of water-soluble Cgg
fullerenes (daily oral dose 1 mg kg~') on the process of restoration of contractile activity of
skeletal muscle of rats (muscle gastrocnemius) 15 d after the initiation of open trauma of
different severity was studied for the first time. The structural organization of Cg fullerene
nanoparticles in aqueous solution was analyzed by dynamic light scattering and atomic force
microscopy techniques. Such biomechanical parameters of muscle gastrocnemius contraction as
integrated muscle power, levels of generation of its maximum and minimum force, and time
interval until reaching 50% of the level of force response of the muscle were analyzed. Such
biochemical indices as concentrations of c-reactive protein, creatinine, and lactate in the rat
blood, as well as indices of pro- and antioxidant balance (activities of superoxide dismutase and
catalase, the concentration of reduced glutathione) in the blood and muscle tissue of
experimental animals, were investigated. It was found that application of water-soluble Cg
fullerenes statistically significantly improves biomechanical parameters of contraction of
injured muscle gastrocnemius at the level of 30—45 4 3%, which is confirmed by normalization
of biochemical indices in the blood and muscle tissue of rats at the level of 35-50 £ 3% and
20-37 £ 3%, correspondingly, relative to the open injury group. These findings open the
possibility of using Cg fullerenes as potential therapeutic nanoagents capable of correcting
pathological states of the muscular system during the physiological repair of open injuries.
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1. Introduction

Open trauma is one of the most common skeletal muscle injur-
ies among both civilians and military personnel [1, 2], and the
complications caused by such trauma can be significant [3, 4].
With timely and appropriate treatment ranging from simple
closure of injured areas to complex tissue transfer, the threat
of limb loss can be prevented [5]. Differences in the sever-
ity of the injury sustained and the affected muscle group, as
well as the non-specificity of symptoms, complicate research
to find effective treatments. In this case, it is important to
understand the cellular processes involved in muscle healing.
Acute skeletal muscle injury is known to result in fiber destruc-
tion, oxidative stress, and inflammation [6, 7]. The complica-
tion of healing is often associated with secondary damage to
surrounding muscle tissues with the development of inflam-
matory reactions. The inflammatory reaction depends on two
factors, namely the degree of actual physical injury and the
degree of muscle vascularization at the time of injury. Studies
[8, 9] have shown that the use of various anti-inflammatory
treatments is not effective enough to promote the healing of
open muscle injuries. Therefore, there is an urgent need to find
new techniques and drugs that improve the healing processes
of injured muscles [6, 10, 11].

Antioxidant therapy is quite effective in reducing the level
of inflammation in muscle injuries [10, 12]. For example, the
proanthocyanidin oligomer resveratrol, an antioxidant derived
from grape seeds, reduces inflammation in injured muscles
[13]. It also improved skeletal muscle regeneration after injury
compared to conventional treatment with non-steroidal anti-
inflammatory drugs. Melittin, an antioxidant isolated from
bee venom, enhances the expression of muscle regeneration
factors in a mouse model of skeletal muscle injury [14].

Due to the presence of double electron-deficient chem-
ical bonds in the structure, Cgg fullerene, as a third allotropic
form of carbon, exhibits a strong reducing ability and acts
in in vitro and in vivo systems as a powerful scavenger of
free radicals [15-17], the overproduction of which leads to
many pathologies. This opens up a real opportunity for the
practical use of this nanoantioxidant, with effects surpassing
those of well-known natural antioxidants—vitamins C, E, and
carotenoids [18] as well as N-acetylcysteine and [-alanine
[19], which are often used in sports medicine. So, it has been
shown that in vivo application of an aqueous solution of Cgq
fullerene leads to significant positive therapeutic effects in
muscle pathologies of different origins [20-23]. Based on the
above data, the present work aimed to investigate the effect of
Cgp fullerenes on the process of recovery of contractile activ-
ity of rat skeletal muscle (muscle gastrocnemius) 15 d after
initiation of open trauma of different severity.

2. Materials and methods

2.1. Preparation of water-soluble Cg fullerenes and
characterization

A method, based on the transfer of C¢y molecules from toluene
solution to water followed by sonication [24], has been used to
preparation of water-soluble Cg fullerenes. The resulting fluid
at a maximum Cg fullerene concentration of 0.15 mg ml™~!
remains stable for 18 months at a temperature of +4 °C-25 °C.
Measurements of the size distribution for Cgg fullerenes in
aqueous solution and the zeta potential value for them were
performed by dynamic light scattering (DLS) on a NanoBrook
Omni (Brookhaven, NY, USA) at T = 298 K. A DLS instru-
ment equipped with a He—Ne laser (max 5 mW) operating at
the wavelength of 512 nm was used. The results were evalu-
ated using the Smoluchowski approximation, which is known
to be rigorously valid only for spherical-like particles.
Atomic force microscopy (AFM; ‘Solver ProM’ system
in tapping mode) was used to study the structural organiza-
tion of Cgp fullerene in an aqueous solution. To prepare the
sample, a drop of water-soluble Cg fullerenes was applied
to an atomically smooth surface of the mica substrate (SPI
Supplies, Grade V1 Muscovite). The visible water evaporation
process was monitored using an optical microscope built into
the ‘Solver ProM’ AFM system. The sample was further dried
under ambient conditions for 24 h before AFM measurements.

2.2. In vivo study

The experiments were conducted on 3-month-old male Wistar
rats weighing 170 + 5 g. All procedures complied with the
ARRIVE guidelines. The use of the laboratory animals was
approved by the Biomedical Ethics Committee of the ESC
‘Institute of Biology and Medicine’ of Taras Shevchenko
National University of Kyiv (protocol No. 9 dated 4 September
2023) and performed under the ‘European Convention for
the Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes’ (Strasbourg, 1986) and Article
26 of the Law of Ukraine ‘On the Protection of Animals
from Cruelty’ (No. 3447-1V, 21.02.2006), as well as European
Union Directive of 22 September 2010 (2010/63/EU) for the
protection of animals used for scientific purposes.

The rats were randomly divided into the following exper-
imental groups: control group (n = 10); open injury (non-
treated) group 1 (n = 10), 2 (n = 10), and 3 (n = 10) of
the 1st, 2nd, and 3rd degree of severity, respectively; open
injury 4+ Cg (treated) group 1 (n = 10), 2 (n = 10) and 3
(n = 10) of the 1st, 2nd and 3rd degree of severity, respect-
ively (oral daily use of water-soluble Cgy fullerenes in a
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dose of 1 mg kg™!

injury).

Previously we investigated the impact of different doses of
CeoFAS (0.5, 1, 1.5, and 2 mg kg_l) on various in vivo models
of muscle pathologies [20-23] and found that the 1 mg kg~!
of C4oFAS dose demonstrated the high efficacy in the therapy.
Therefore, this dose was chosen in the experiments. In addi-
tion, the total dose of 15 mg kg ™! in the experiment is signific-
antly lower than the LDs( value (lethal dose, 50%), which was
600 mg kg~ ! in the case of oral administration to rats [15] and
is therefore safe for bioapplication. It is also important to note
that after intravenous administration to mice, the radiolabeled
Ceo fullerenes accumulate predominantly in the blood, spleen,
stomach, and liver and are excreted within 72 h, mainly with
urine [25, 26].

All experimental studies were conducted on a 16 d post-
injury period. This is because the main processes of repair-
ing damaged muscles in the conditions of their natural post-
traumatic recovery last for 12-15 d [27].

Anesthesia of rats was carried out by intraperitoneal injec-
tion of nembutal (40 mg kg~'), which allowed the animals
into deep surgical anesthesia for at least 2 h. Muscle gast-
rocnemius was isolated from surrounding tissues in the area
of the hamstring fossa. All branches of the muscle, except
for those innervating it, were cut. The isolated muscle was
fixed on a bipolar platinum wire electrode for further electrical
stimulation. The skin edges on the hind limbs of rats around
the incision were sutured to the armature of the strain gauge
machine, and the resulting baths with the muscle and nerve
were filled with Vaseline oil.

During the experiments, the muscle gastrocnemius was
transversely dissected by 1, 2, and 3 incisions of 1 mm depth
each at three equidistant locations to obtain the 1st, 2nd, and
3rd degree of severity of open muscle injury, respectively [28].
We then sutured the wound skin opening with absorbable syn-
thetic suture material (Liberti, Germany).

animal body weight after initiation of

2.3. Biomechanical and biochemical studies

Analysis of mechanograms for contractile activity of muscle
gastrocnemius and biochemical analysis of rat blood were per-
formed 15 d after initiation of open muscle injury.

Stimulation of muscle gastrocnemius efferents was carried
out by electrical impulses generated using a strain gauge gen-
erator. Each series of stimulation consisted of a separate series
of rectangular 2 ms pulses with a frequency of 50 Hz and a dur-
ation of 6 s. The current strength at which the muscle started
to contract was considered as threshold and further stimulation
was performed at a strength of 1.3—1.4 threshold. The external
load on the muscle was controlled using a mechanostimulator
system. The force of muscle contraction was measured using
strain gauges [20-23].

In the process of analyzing the obtained results, we used
several biomechanical parameters that have a clear tend-
ency to change with increasing severity of muscle pathology
[20-23], namely:

- integrated muscle power (S)—numerically calculated area
under the power curve using Origin 9.4 software. The ana-
lysis of this parameter allows us to evaluate the mechanism
of muscle activity formation in the system of equilibrium
‘force of contraction—external load’, which is a physiolo-
gical analog of the muscular system performance as a
whole;
the level of generation of the maximum force of muscle con-
traction (Fpax). This parameter is an indicator of the gen-
eral dysfunction of the muscular system. A decrease in the
maximum possible force response of the muscle is associ-
ated with both disorders in the neural component and myotic
components of the pathology under study;

the level of generation of the minimum force of muscle con-

traction (Fpin). This parameter is an indicator of the max-

imum changes caused by the pathological process in each
consecutive contractile act;

- an assessment of muscle fatigue development was per-
formed by calculating the time interval until reaching
50% of the force response level (#59). It should be noted
that in the control group of animals, very long (sev-
eral hours) time frames were required to change this
parameter.

The concentrations of c-reactive protein (CRP), creatinine,
and lactate, as well as indicators of pro- and antioxidant bal-
ance (activity of catalase (CAT) and superoxide dismutase
(SOD) and concentration of reduced glutathione (GSH)) in
the blood plasma and muscle tissue of rats, as markers of
muscle damage, were determined using the clinical diagnostic
equipment—biochemical analyzers RNL-200 and JN-1101-
TR2 (Netherlands), ABX Micros ESV60 and automatic ana-
lyzer Pentra C400 (France).

2.4. Statistics

Statistical evaluation of the experimental results was per-
formed using the procedure of analysis of variances with
mixed design. Two between-group factors were supposed:
(1) open injury (three levels—the 1st, 2nd, and 3rd degree
of severity); (2) water-soluble Cg fullerenes treatment (two
levels—no and use of Cgy). The factor of consecutive non-
relaxation contractions of the muscle gastrocnemius when
stimulation is applied was supposed as grouped with ten
levels. The Shapiro-Wilk W-test was used to test for nor-
mality. Levene’s test was used to assess the equality of
variances across groups. Multiple pairwise comparisons
between different groups and conditions were performed by
Bonferroni post-hoc test. The differences between the exper-
imental groups were considered significant at p < 0.05.
Each of the experimental force curves is the result of
averaging 10 similar tests. Each biochemical measurement
was carried out at least three times. The statistical evalu-
ation was performed by the software package Statistica 8.0
(Dell, USA).



Nanotechnology 36 (2025) 125101

Y Prylutskyy et al

Intensity, a.u.

WAL B ML AL B T L | i m
0.2 1 10 100 1000

d, nm

Figure 1. Distribution of the scattered light intensity according to
the diameters of light scattering Cgo fullerene nanparticles
(0.15 mg ml™h).

3. Results and discussion

3.1 AFM analysis

Since the size of nanoparticles affects their toxicity and
bioactivity [29], we conducted DLS and AFM research on the
resulting sample.

A typical result of DLS experiment shown in figure 1
gives the distribution of light-scattering particles according to
their hydrodynamic diameters at a fixed solute concentration
(0.15 mg ml~"). The main fraction of light-scattering particles
(nanoaggregates of Cg fullerenes) had diameters in the range
of 100 nm.

The magnitude of the zeta potential is related to the stabil-
ity of colloid dispersions because it determines the degree and
nature of the interaction between the particles of the dispersed
system. The zeta potential value for the prepared Cgg fullerene
aqueous solution was equal to —24.7 mV. A high negative
charge of colloid clusters (or, more strictly, the electrostatic
repulsion between the negatively charged clusters) indicates a
low degree of particle aggregation over time.

The AFM image obtained (figure 2(A)) shows large Cgo
fullerene nanoclusters with a size of 20-90 nm, which
is in good agreement with above DLS results. Moreover,
figure 2(B) demonstrates individual Cgy molecules (diameter
~(0.7 nm) and their small nanoclusters with a size of 1.2—
3.0 nm. Thus, the studied aqueous solution is a typical polydis-
perse nanofluid, which is in good agreement with our previous
theoretical calculations [30].

3.2. Biomechanics of injured muscle gastrocnemius
contractions

Figure 3 shows the results of changes in the force of 10 consec-
utive non-relaxation contractions of the muscle gastrocnemius
of rats 15 d after the initiation of open muscle injury when
applying stimulation at a frequency of 50 Hz for a duration of
6 s. The corresponding biomechanical parameters describing
the dysfunction of the investigated muscle work were calcu-
lated based on the obtained mechanograms (figure 4).

A ~20nm

~40nm

=i ~60nm

~12nm ~3nm

~1.8nm

_ ~24nm
~0.7nm

Figure 2. 3D AFM images of Cg fullerene nanoparticles in
aqueous solution (0.15 mg ml ™).

Change in integrated muscle power is one of the most
important parameters of skeletal muscle contraction kinetics
[23]. Pathological processes occurring in the nerve or muscle
tissue lead to a decrease in this parameter, which indicates the
emerging difficulties in accurate joint positioning by the dam-
aged muscle [31].

At the end of 15 d after initiation of open muscle injury
of the 1st degree of severity, this parameter was 58 £ 3%
and 38 + 2% (control values were taken as 100%) at
the first and tenth contraction, respectively. Application of
water-soluble Cg fullerenes changed the values of these
indices, which were 94 + 4% and 61 £ 3%, respect-
ively, relative to the control. Significant decrease in integ-
rated muscle power at the 2nd and 3rd degree of injury
severity (44 £ 2% and 21 + 1%, and 40 £ 2% and
15 £ 1%, respectively) was corrected by application of Cg
fullerenes, namely its increase to 86 + 4% and 49 £ 3% and
50 £ 3% and 32 £ 2%, respectively, relative to the control
(figure 4).

The decrease in integrated muscle power is due to both
primary mechanical damage and secondary metabolic damage
of myocytes by free radicals. Based on the obtained data, we
can assert the positive effect of water-soluble Cg fullerenes
specifically on secondary, trauma-induced myocyte damage,
the recovery of which is usually completed not earlier than
after 30 d [32].
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Figure 3. The force of 10 consecutive non-relaxation contractions
of rat muscle gastrocnemius 15 d after initiation of open muscle
injury when applying 50 Hz stimulation of 6 s duration: open injury
and open injury + Cgp—mechanograms of muscle gastrocnemius of
injured rats and rats receiving water-soluble Cg fullerenes after
injury initiation; Fmax and Fpi,—maximum and minimum force of a
single muscle contraction, respectively; S—integrated muscle power
for a single contraction; 1, 2 and 3—1st, 2nd and 3rd degree of
severity of open muscle injury, respectively.

The level of maximum force of muscle contraction is a
biomechanical marker responsible for the adequate realization
of motoneuron pools by the muscular system. This compon-
ent of muscle dynamics is particularly important in the con-
trol of hand contraction in humans. Increased intramuscular
collagen structures, the presence of non-functioning muscle
fibers, inflammatory processes, and the involvement of activ-
ated neutrophils releasing additional free radicals into the
focus of damage reduce the level of this parameter.

15 d after initiation of open muscle injury, this para-
meter decreased significantly and was 0.68 £+ 0.05 and
0.35 + 0.03 N at the 1st degree of injury severity, 0.54 =+ 0.05
and 0.20 £ 0.02 N at the 2nd degree of injury severity,
and 0.40 = 0.03 and 0.18 £ 0.20 N at the 3rd degree of
injury severity on the first and tenth contraction, respect-
ively. In the control, its value was 1.2 4+ 0.1 N. Application
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Figure 4. Changes in integrated muscle power, its minimum and
maximum force of contraction 15 d after initiation of open injury of
rat muscle gastrocnemius at the application of 50 Hz stimulation
with a duration of 6 s: open injury and open injury + Cey—group of
injured rats and group of rats receiving water-soluble Cep fullerenes
after injury initiation, respectively; 1-10—ten consecutive
non-relaxation contractions of muscle gastrocnemius; 1, 2 and
3—1st, 2nd and 3rd degree of severity of open muscle injury,
respectively. *p < 0.05 relative to the control group; *p < 0.05
relative to the open injury group.

of water-soluble Cg fullerenes increased this parameter to
0.89 £ 0.08 and 0.72 + 0.07 N, 0.90 4+ 0.09 and 0.51 = 0.05 N
and 0.55 £ 0.05 and 0.41 £ 0.04 N at the 1st, 2nd and 3rd
degree of injury severity, respectively (figure 4).

Note that the results obtained above can be related not only
to the protective effect of antioxidants on myocyte membranes
[10, 12, 13]. The trajectory of a rather slow muscle movement
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is completely determined by its static properties. If the move-
ment is more rapid, dynamic components are added, which
directly depend on the stiffness and pliability of the muscle.
It is clear that if complications develop after muscle injur-
ies, they undergo significant changes [23]. Increased fibrosis
of skeletal muscles during post-traumatic regeneration wor-
sens their function and negatively affects myocyte regenera-
tion after injury, reducing the maximum possible mechanical
force [33]. It can be assumed that the use of Cg fullerenes
can reduce the level of development of such pathological
processes.

The level of minimal muscle contraction force is a bio-
mechanical marker describing the quality level of the per-
formed movement. The inability to maintain the achieved tar-
get position throughout the entire muscle activation process
leads to serious errors in the positioning system and the occur-
rence of tremor components [34]. This parameter is not asso-
ciated with neuropathic damage and its analysis gives an idea
of the disturbances of the force generation system within the
muscle fiber.

After initiation of open muscle injury, the minimum con-
traction force decreased from a control value of 1.1 = 0.1 N
to 0.69 £ 0.06 and 0.42 £+ 0.04 N at the Ist injury sever-
ity level, 0.51 £ 0.05 and 0.21 £ 0.02 N at the 2nd injury
severity level, and 0.32 £ 0.03 and 0.18 &+ 0.01 N at the 3rd
injury severity level on the first and tenth contraction, respect-
ively. Application of water-soluble Cgo fullerenes increased
this parameter, which was 0.85 4+ 0.08 and 0.73 £ 0.07 N,
0.81 £ 0.08 and 042 £ 0.04 N and 0.53 £ 0.05 and
0.30 = 0.03 N at the 1st, 2nd and 3rd degree of injury severity,
respectively (figure 4).

It should be noted that this parameter is significantly
affected by the loss of muscle mass that occurs in the pro-
cess of posttraumatic regeneration. Significant loss of muscle
mass by definition exceeds the endogenous ability to regen-
erate skeletal muscles, which leads to permanent structural
and functional deficits [35], and the positive effect of Cgg
fullerenes on atrophic processes in skeletal muscle was con-
firmed by us earlier [22].

Muscle fatigue is a protective mechanism against overload-
ing the organism and preventing further development of patho-
logical processes in the muscle [36]. Physiological disorders
associated with muscle injury increase their fatigue sympto-
matology and worsen as the severity of injury increases. To
evaluate the effect of Cgy fullerenes on biomechanical para-
meters of contraction of injured muscle gastrocnemius we ana-
lyzed their changes at the onset of muscle fatigue.

Figure 5 presents mechanograms of muscle gastrocnemius
contraction in rats 15 d after initiation of open muscle injury
when applying stimulation at a frequency of 50 Hz for a dura-
tion of 2 s in the case of 100 consecutive non-relaxation con-
tractions. On their basis, the indices of the integrated muscle
power and reduction time of the maximal force response to
50% of the initial amplitude were analyzed (figure 6).

The integrated muscle power throughout the entire period
of stimulation decreased to 45 + 3%, 40 + 2%, and 30 + 2%
at the 1st, 2nd, and 3rd degree of injury severity, respectively,
relative to the control. It should be noted that at the 3rd degree
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Figure 5. Force generation curves of muscle gastrocnemius
contractions in rats 15 d after initiation of open muscle injury when
applying stimulation at a frequency of 50 Hz for a duration of 2 s in
the case of 100 consecutive non-relaxation contractions: open injury
and open injury + Cgp—mechanograms of muscle gastrocnemius of
injured rats and rats receiving water-soluble Cgo fullerenes after
injury initiation; 1, 2 and 3-1st, 2nd and 3rd degree of severity of
open muscle injury, respectively; S—integrated muscle power for
the whole contractile process; #so_time to reduce the maximal force
response to 50% of the initial muscle force amplitude.

of injury severity the reduction of this parameter after 1200 s
ended with almost complete muscle stiffness. Application of
water-soluble Cg( fullerenes increased this parameter, which
was 74 &+ 4%, 58 £+ 3%, and 47 + 2% at the 1st, 2nd, and 3rd
degree of injury severity, respectively, relative to the control.
Note that in this case, the muscle responded with a contract-
ile response throughout the entire period of stimulation, not
decreasing below the 30 & 2% limit (figure 5).

The time to decrease the force response of the muscle by
50% of the initial value was 609 + 11, 501 =13, and 408 £+ 8 s
at the 1st, 2nd, and 3rd degree of injury severity, respect-
ively. Application of water-soluble Cg fullerenes significantly
increased this parameter, which was 1011 £ 12, 759 + 15, and
575 £ 9 s at the 1st, 2nd, and 3rd degree of injury severity,
respectively (figure 6).

In our opinion, the improvement of these biomechanical
parameters of contraction of injured muscle gastrocnemius of
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Figure 6. Changes in integrated muscle power and time of
maximum force response reduction to 50% of the initial amplitude
15 d after initiation of open injury of rat muscle gastrocnemius at
the application of stimulation with a frequency of 50 Hz with
duration of 2 s in case of 100 consecutive non-relaxation
contractions: open injury and open injury + Cgo—group of injured
rats and group of rats receiving water-soluble Cg fullerenes after
injury initiation, respectively; 1, 2 and 3—1st, 2nd and 3rd degree of
severity of open muscle injury, respectively. *p < 0.05 relative to
the control group; *p < 0.05 relative to the open injury group.

rats upon application of Cgg fullerenes can be explained pre-
cisely by their antioxidant properties [37].

In summary, the application of water-soluble Cg( fullerenes
in a daily dose of 1 mg kg~' during the whole experiment
increases the values of investigated mechanokinetic paramet-
ers of contraction of injured muscle gastrocnemius of rats at
the level of 3045 + 3% relative to the open injury group.

3.3. Blood and muscle tissue biochemical indicators of rats

To confirm the obtained mechanokinetic data on the contrac-
tion of injured muscle gastrocnemius at the application of Cg
fullerenes we analyzed the changes of blood and muscle tissue
biochemical composition of experimental animals.

Highly sensitive CRP is a clinical marker of both acute and
chronic phases of inflammation in musculoskeletal diseases
[38]. It is known that CRP concentration increases in response
to the development of muscle injury.

The recorded significant increase in CRP concentration
from 0.50 + 0.03 mg 1=! in control to 1.8 £ 0.1, 2.7 + 0.2,
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Figure 7 CRP, creatinine, and lactate concentrations in rat blood
plasma 15 d after initiation of open muscle gastrocnemius injury:
open injury and open injury + Cgp—a group of injured rats and a
group of rats receiving water-soluble Cgg fullerenes after injury
initiation, respectively; 1, 2 and 3-1st, 2nd and 3rd degree of
severity of open muscle injury, respectively.”p < 0.05 relative to the
control group; *p < 0.05 relative to the open injury group.

and 3.9 + 0.3 mg 17! at the Ist, 2nd, and 3rd degree of
injury severity, respectively, is evidence of ongoing inflam-
matory processes in the injured muscle. Application of water-
soluble Cg¢ fullerenes significantly decreased its concentration
tol.1+0.1,1.4+£0.1,and 2.0 = 0.2 mg 1-! at the 1st, 2nd and
3rd degree of injury severity, respectively (figure 7), which is
a confirmation of the prospective application of antioxidants
in the therapy of muscle pathologies [17-20].

Creatinine, as a source of energy for muscle contrac-
tion, is the end product of creatine and creatine phosphate
metabolism. Changes in its concentration are caused by
myocyte destruction under various physiological and patho-
logical conditions [39].
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Creatinine concentration increased from 43 + 2 M in con-
trol to 122 £ 6, 149 £+ 5, and 181 4+ 7 uM at the 1st, 2nd,
and 3rd degree of injury severity, respectively. Application of
water-soluble Cgg fullerenes significantly reduced this index
to 82 £ 2, 104 £+ 3, and 119 + 3 M, respectively (figure 7),
which, in our opinion, is due to antioxidant properties of Cgg
fullerenes, which protect skeletal muscle cell membranes from
nonspecific free-radical destruction by actively absorbing free
radicals.

Skeletal muscles are the main producer of lactic acid in the
body, but their fibers also use lactic acid as a breathing fuel.
The transport of lactic acid across the plasma membrane is fun-
damental to intracellular pH homeostasis. Lactate is an import-
ant metabolic intermediate that can be rapidly exchanged
between different cells within a given muscle, between differ-
ent muscles, and between muscle and blood [40]. An increase
in lactate concentration indicates that the amount of lactate
entering the cell exceeds its oxidation and excretion. This may
be a direct consequence of muscle fiber dysfunction associated
with impaired reparative processes after injury.

In control, the lactate concentration was 5.3 &= 0.5 mM.
After initiation of open muscle injury, its value increased to
9.2 +£0.7,11.9 £ 0.7, and 14.3 + 0.8 mM at the 1st, 2nd,
and 3rd degree of injury severity, respectively. Application
of water-soluble Cg fullerenes contributed to the increase of
lactate oxidation: its concentration significantly decreased and
was 7.1 £0.3,7.7 £ 0.3, and 9.8 + 0.4 mM at the 1st, 2nd and
3rd degree of injury severity, respectively (figure 7).

Muscle damage is usually accompanied by the formation
of free oxygen radicals and the intensification of lipid perox-
idation (LPO) processes [41]. As a result of biochemical tests,
we recorded an increase in the level of markers of peroxida-
tion and oxidative stress (SOD, CAT, and GSH) in the blood
and muscle tissue of rats after the induction of injury and their
decrease upon application of Cgq fullerenes (figures 8 and 9).

SOD is one of the most potent endogenous antioxidants,
which protects body cells from the damaging effects of free
radicals formed during the activation of LPO [42].

SOD activity in blood was 3.7 £ 0.2, 4.3 £+ 0.4, and
5.8 £ 0.4 Units ml~! at the 1st, 2nd, and 3rd degree of injury
severity, respectively, and 1.8 £ 0.1 Units ml~! in the con-
trol. Application of water-soluble Cg fullerenes significantly
reduced this rate, whichwas 2.4 +£0.1,2.8 £0.2,and 3.2 + 0.3
Units ml~" at the 1st, 2nd, and 3rd degree of injury severity,
respectively (figure 8).

SOD activity in muscle tissue was 4.3 +0.3,5.7 4+ 0.6, and
8.2 4 0.5 Units mg~! protein at the Ist, 2nd, and 3rd degree
of injury severity, respectively, and 2.6 4= 0.2 Units mg~' pro-
tein in the control. Application of water-soluble Cg( fullerenes
significantly reduced this rate, which was 3.1 £0.2,4.0 £ 0.3,
and 5.2 £+ 0.4 Units mg~' protein at the Ist, 2nd, and 3rd
degree of injury severity, respectively (figure 9).

CAT is an enzyme that protects body cells from oxidative
damage by reactive oxygen species. The significance of CAT
can be judged by assessing its direct or indirect involvement
in various diseases [43].
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Figure 8. Indices of pro- and antioxidant balance (SOD, CAT, and
GSH) in rat blood plasma 15 d after initiation of open injury of
muscle gastrocnemius: open injury and open injury + Cgp—a group
of injured rats and a group of rats receiving water-soluble Ceg
fullerenes after injury initiation, respectively; 1, 2 and 3—the 1st,
2nd and 3rd degree of severity of open muscle injury,
respectively.”p < 0.05 relative to the control group; *p < 0.05
relative to the open injury group.

CAT activity in blood after initiation of open muscle injury
increased from 0.60 + 0.05 mM min~! in control to 2.2 £ 0.1,
2.5 4+ 0.2, and 3.4 + 0.3 mM min~"' at the Ist, 2nd, and
3rd degree of injury severity, respectively. Application of
water-soluble Cg, fullerenes reduced this index to 1.4 £ 0.1,
1.6 + 0.1 and 1.9 4 0.2 mM min~!, respectively (figure 8).

CAT activity in muscle tissue increased from
2.0 + 0.3 pM/min/mg protein in control to 3.5 + 0.3,
44 + 0.4, and 5.2 + 0.5 uM/min/mg protein at the 1st, 2nd,
and 3rd degree of injury severity, respectively. Application of
water-soluble Cg, fullerenes reduced this index to 2.8 £ 0.2,
32 4+ 0.3 and 3.9 £+ 0.4 pM/min/mg protein, respectively
(figure 9).
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Figure 9. Indices of pro- and antioxidant balance (SOD, CAT, and
GSH) in rat muscle gastrocnemius tissue 15 d after initiation of
open injury: open injury and open injury 4+ Cgo—a group of injured
rats and a group of rats receiving water-soluble Cg fullerenes after
injury initiation, respectively; 1, 2 and 3—the 1st, 2nd and 3rd
degree of severity of open muscle injury, respectively.”p < 0.05
relative to the control group; *p < 0.05 relative to the open injury

group.

When free radicals are excessively produced, GSH reserves
are sharply depleted. The presence of sufficient GSH concen-
tration is a critical factor for cell survival under oxidative stress
[44].

After initiation of open muscle injury, GSH concentration
in blood was 4.9 £ 0.4, 6.1 £ 0.4, and 7.9 £ 0.5 uM at the

1st, 2nd, and 3rd degree of injury severity, respectively, and
1.9 + 0.1 uM in the control. Application of water-soluble
Cgo fullerenes reduced this index to 3.1 + 0.2, 3.9 + 0.3 and
4.2 + 0.3 uM, respectively (figure 8).

GSH concentration in muscle tissue was 5.1 4 0.5,
6.2 £ 0.6, and 8.9 + 0.8 mM mg~' protein at the 1st,
2nd, and 3rd degree of injury severity, respectively, and
2.2 + 0.4 uM mg~! protein in the control. Application of
water-soluble Cgg fullerenes reduced this index to 3.2 + 0.3,
47 4+ 0.4 and 5.8 + 0.6 mM mg~! protein, respectively
(figure 9).

Thus, the application of water-soluble Cgy fullerenes in
a daily dose of 1 mg kg~' during the whole experiment
reduces biochemical indices in the blood and muscle tissue
of experimental animals at the level of 35-50 & 3% and 20—
37 £ 3%, correspondingly, relative to the open injury group,
thus contributing to the reduction of oxidative processes in the
damaged muscles by maintaining the balance between pro-
oxidants and antioxidant defense system, preventing the negat-
ive effect of free radicals on cellular and subcellular structures
during reparative post-traumatic processes in rats.

4. Conclusions

Based on the obtained data, we can conclude that application
of water-soluble Cg fullerenes (daily oral dose 1 mg kg~')
within 15 d after initiation of open injury of muscle gast-
rocnemius of rats of different severity degree improves its con-
tractile activity, which is confirmed by the increase of values
of the studied biomechanical parameters of muscle contrac-
tions at the level of 3045 £ 3% and decrease of biochem-
ical indices in the blood and muscle tissue at the level of 35—
50 £ 3% and 20-37 £ 3%, correspondingly, relative to the
open injury group. In our opinion, Cgy fullerenes can influ-
ence the activity of endogenous antioxidants, preventing the
occurrence of dysfunction in the active muscle and, thus, main-
taining it within the physiological norm during the whole pro-
cess of its contraction. This opens up the possibility of using
Cgo fullerenes as promising nanoparticles—oxidants capable
of correcting pathological conditions of the muscular system
arising during the repair of open injuries.

Data availability statement

The datasets used and analyzed during the current study
are available from the corresponding author upon reasonable
request.

Acknowledgment

This research was supported by the National Research
Foundation of Ukraine (2022.01/0004).



Nanotechnology 36 (2025) 125101

Y Prylutskyy et al

Author contributions

Conceptualization, Y Prylutskyy; Formal analysis, O
Motuziuk, and D Nozdrenko; Investigation, D Nozdrenko,
O Motuziuk, S Prylutska, N Nurishchenko, D Franskevych, V
Soroca, V Cherepanov, I Kalinin, O Korzhyk; Coordination of
the research work, Y Prylutskyy and D Nozdrenko; Writing—
original draft preparation, D Nozdrenko; Writing—review and
editing, Y Prylutskyy and U Ritter; Supervision, U Ritter.

Conflict of interest

The authors have no competing interests or relevant affili-
ations with any organization or entity with the subject matter
or materials discussed in the manuscript.

Writing disclosure

No writing assistance was utilized in the production of this
manuscript.

Ethical conduct of research

All of the in vivo experiments were approved by the Bioethics
Committee of the ESC ‘Institute of Biology and Medicine’ of
Taras Shevchenko National University of Kyiv (protocol No. 9
dated 4 September 2023) and performed under the ‘European
Convention for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes’ (Strasbourg,
1986) and Article 26 of the Law of Ukraine ‘On the Protection
of Animals from Cruelty’ (No. 3447-1V, 21.02.2006), as
well as European Union Directive of 22 September 2010
(2010/63/EU) for the protection of animals used for scientific
purposes.

ORCID iDs

Yuriy Prylutskyy (2 https://orcid.org/0000-0002-9847-4137
Dmytro Nozdrenko (2 https://orcid.org/0000-0001-7254-
1533

Olexandr Motuziuk @ https://orcid.org/0000-0002-1520-
0721

Svitlana Prylutska @ https://orcid.org/0000-0001-5280-8341
Natalia Nurishchenko (2 https://orcid.org/0000-0001-8160-
8832

Daria Franskevych @ https://orcid.org/0000-0002-1719-
0512

Vasil Soroca
Vsevolod Cherepanov

https://orcid.org/0000-0002-8340-7636
https://orcid.org/0000-0003-4649-

1936

Thor Kalinin @ https://orcid.org/0000-0002-3740-7600
Olha Korzhyk @ https://orcid.org/0000-0002-2526-8877
Uwe Ritter @2 https://orcid.org/0000-0002-9315-4863

References

[1] Jarvinen T A H, Jarvinen T L N, Kédridinen M, Adrimaa V,
Vaittinen S, Kalimo H and Jarvinen M 2007 Best Pract.
Res.: Clin. Rheumatol. 21 317
[2] Gottipati S, Gowtham B, Chalimeda S, Ravipat S, Vishaal P
and Khullar K 2024 Cureus 16 ¢54468
[3] Bartlett C S, Helfet D L, Hausman M R and Strauss E 2000 J.
Am. Acad. Orthop. Surg. 8 21
[4] Dougherty P J, Najibi S, Silverton C and Vaidya R 2009 Instr.
Course Lect. 58 131
[5] Bulla A, Delgove A, De Luca L, Pelissier P and Casoli V 2020
Ann. Chir. Plast. Esthet. 65 655
[6] Myburgh K H, Kruger M J and Smith C 2012 J. Nutr.
Biochem. 23 1072
[7] Hurtgen B J, Ward C L, Garg K, Pollot B E, Goldman S M,
McKinley T O, Wenke J C and Corona B T 2016 J.
Musculoskelet. Neuronal Interact. 16 122
[8] Smith C, Kruger M J, Smith R M and Myburgh K H 2008
Sports Med. 38 947
[9] Webster J, Scuffham P, Sherriff K L, Stankiewicz M and
Chaboyer W P 2012 Cochrane Database Syst. Rev.
4 CD009261
[10] Kozakowska M, Pietraszek-Gremplewicz K, Jozkowicz A and
Dulak J 2015 J. Muscle Res. Cell Motil. 36 377
[11] Madrigal P, Moshal T, Bernabe R, Yenikomshian H and
Gillenwater J 2022 J. Tissue Viability 31 630
[12] Ohmae S, Akazawa S, Takahashi T, Izumo T, Rogi T and
Nakai M 2022 Biochem. Biophys. Res. Commun. 615 24
[13] Hsu Y-J, Ho C-S, Lee M-C, Ho C-S, Huang C-C and
Kan N-W 2020 J. Med. Sci. 17 53
[14] Lee J E, Shah V K, Lee E-J, Oh M-S and Choi J J 2019 J.
Pharmacol. Sci. 140 26
[15] Gharbi M, Pressac M, Hadchouel M, Szwarc H, Wilson S R
and Moussa F 2005 Nano Lett. 5 2578
[16] Prylutska S V, Grynyuk I I, Matyshevska O P, Prylutskyy Y I,
Ritter U and Scharff P 2008 Fullerenes Nanotubes Carbon
Nanostruct. 16 698
[17] Kuznietsova H, Dziubenko N, Hurmach V, Chereschuk I,
Motuziuk O, Ogloblya O and Prylutskyy Y 2020 Oxid.
Med. Cell. Long 2020 8061246
[18] Eswaran S V 2018 Curr. Sci. 114 1846
[19] Vereshchaka I V et al 2018 Front. Physiol. 9 517
[20] Nozdrenko D, Matvienko T, Vygovska O, Bogutska K,
Motuziuk O, Nurishchenko N, Prylutskyy Y, Scharff P and
Ritter U 2021 Int. J. Mol. Sci. 22 6812
[21] Nozdrenko D, Abramchuk O, Prylutska S, Vygovska O,
Soroca V, Bogutska K, Khrapatyi S, Prylutskyy Y, Schartf P
and Ritter U 2021 Int. J. Mol. Sci. 22 4977
[22] Nozdrenko D, Prylutska S, Bogutska K, Nurishchenko N,
Abramchuk O, Motuziuk O, Prylutskyy Y, Scharff P and
Ritter U 2022 Life 12 332
[23] Nozdrenko D, Motuziuk O, Prylutska S, Matvienko T,
Bogutska K, Franskevych D, Nurishchenko N,
Abramchuk O and Prylutskyy Y 2024 Heliyon
10 e32677
[24] Prylutska S V, Matyshevska O P, Grynyuk I I, Prylutskyy Y,
Ritter U and Scharff P 2007 Mol. Cryst. Liq. Cryst.
468 265
[25] JiZ Q, Sun H, Wang H, Xie Q, Liu Y and Wang Z 2006 J.
Nanopart. Res. 8 53
[26] Nikolic N, Vranjes-Ethuric S, Jankovic D, Ethokic D,
Mirkovic M, Bibic N and Trajkovic V 2009
Nanotechnology 20 385102
[27] Best T M and Hunter K D 2000 Phys. Med. Rehabil. Clin.
11 251
[28] Sicherer S T, Venkatarama R S and Grasman J M 2020
Bioengineering 776


https://orcid.org/0000-0002-9847-4137
https://orcid.org/0000-0002-9847-4137
https://orcid.org/0000-0001-7254-1533
https://orcid.org/0000-0001-7254-1533
https://orcid.org/0000-0001-7254-1533
https://orcid.org/0000-0002-1520-0721
https://orcid.org/0000-0002-1520-0721
https://orcid.org/0000-0002-1520-0721
https://orcid.org/0000-0001-5280-8341
https://orcid.org/0000-0001-5280-8341
https://orcid.org/0000-0001-8160-8832
https://orcid.org/0000-0001-8160-8832
https://orcid.org/0000-0001-8160-8832
https://orcid.org/0000-0002-1719-0512
https://orcid.org/0000-0002-1719-0512
https://orcid.org/0000-0002-1719-0512
https://orcid.org/0000-0002-8340-7636
https://orcid.org/0000-0002-8340-7636
https://orcid.org/0000-0003-4649-1936
https://orcid.org/0000-0003-4649-1936
https://orcid.org/0000-0003-4649-1936
https://orcid.org/0000-0002-3740-7600
https://orcid.org/0000-0002-3740-7600
https://orcid.org/0000-0002-2526-8877
https://orcid.org/0000-0002-2526-8877
https://orcid.org/0000-0002-9315-4863
https://orcid.org/0000-0002-9315-4863
https://doi.org/10.1016/j.berh.2006.12.004
https://doi.org/10.1016/j.berh.2006.12.004
https://doi.org/10.7759/cureus.54468
https://doi.org/10.7759/cureus.54468
https://doi.org/10.5435/00124635-200001000-00003
https://doi.org/10.5435/00124635-200001000-00003
https://doi.org/10.1016/j.anplas.2020.07.007
https://doi.org/10.1016/j.anplas.2020.07.007
https://doi.org/10.1016/j.jnutbio.2011.05.014
https://doi.org/10.1016/j.jnutbio.2011.05.014
https://doi.org/10.2165/00007256-200838110-00005
https://doi.org/10.2165/00007256-200838110-00005
https://doi.org/10.1002/14651858.CD009261.pub2
https://doi.org/10.1002/14651858.CD009261.pub2
https://doi.org/10.1007/s10974-015-9438-9
https://doi.org/10.1007/s10974-015-9438-9
https://doi.org/10.1016/j.jtv.2022.10.002
https://doi.org/10.1016/j.jtv.2022.10.002
https://doi.org/10.1016/j.bbrc.2022.05.033
https://doi.org/10.1016/j.bbrc.2022.05.033
https://doi.org/10.7150/ijms.35977
https://doi.org/10.7150/ijms.35977
https://doi.org/10.1016/j.jphs.2019.03.009
https://doi.org/10.1016/j.jphs.2019.03.009
https://doi.org/10.1021/nl051866b
https://doi.org/10.1021/nl051866b
https://doi.org/10.1080/15363830802317148
https://doi.org/10.1080/15363830802317148
https://doi.org/10.1155/2020/8061246
https://doi.org/10.1155/2020/8061246
https://doi.org/10.18520/cs/v114/i09/1846-1850
https://doi.org/10.18520/cs/v114/i09/1846-1850
https://doi.org/10.3389/fphys.2018.00517
https://doi.org/10.3389/fphys.2018.00517
https://doi.org/10.3390/ijms22136812
https://doi.org/10.3390/ijms22136812
https://doi.org/10.3390/ijms22094977
https://doi.org/10.3390/ijms22094977
https://doi.org/10.3390/life12030332
https://doi.org/10.3390/life12030332
https://doi.org/10.1016/j.heliyon.2024.e32677
https://doi.org/10.1016/j.heliyon.2024.e32677
https://doi.org/10.1080/15421400701230105
https://doi.org/10.1080/15421400701230105
https://doi.org/10.1007/s11051-005-9001-5
https://doi.org/10.1007/s11051-005-9001-5
https://doi.org/10.1088/0957-4484/20/38/385102
https://doi.org/10.1088/0957-4484/20/38/385102
https://doi.org/10.1016/S1047-9651(18)30128-1
https://doi.org/10.1016/S1047-9651(18)30128-1
https://doi.org/10.3390/bioengineering7030076
https://doi.org/10.3390/bioengineering7030076

Nanotechnology 36 (2025) 125101

Y Prylutskyy et al

[29] Abbasi R, Shineh G, Mobaraki M, Doughty S and Tayebi L
2023 J. Nanopart. Res. 25 43

[30] Prilutski Y I, Durov S S, Yashchuk V N, Ogul’chansky T'Y,
Pogorelov V E, Astashkin Y A, Buzaneva E V, Kirghizov Y,
Andrievsky G V and Scharff P 1999 Eur. J. Phys. 9 341

[31] Fitts R H, McDonald K S and Schluter J M 1991 J. Biomech.
24111

[32] Faulkner J A, Brooks S V and Opiteck J A 1993 Phys. Ther.
Rehabil. J. 73911

[33] Mahdy M A A 2019 Cell Tissue Res. 375 575

[34] Moyer A L and Wagner K R 2011 Curr. Opin. Rheumatol.
23 568

[35] Mintz E L, Passipieri J A, Franklin I R, Toscano V M,
Afferton E C, Sharma P R and Christ G J 2020 Tissue Eng.
A 26 140

[36] Johansson H, Windhorst U, Djupsjobacka M and Passatore M
2023 (Gavle University Press) 291

[37] Prylutskyy Y, Nozdrenko D, Gonchar O, Prylutska S,
Bogutska K, T4duscher E, Scharft P and Ritter U 2023 J.
Nanomater. 2237574

[38] Macphail K 2015 Int. Musculoskelet. Med. 37 29

[39] Baxmann A C, Ahmed M S, Marques N C, Menon V B,
Pereira A B, Kirsztajn G M and Heilberg I P 2008 Clin. J.
Am. Soc. Nephrol. 3 348

[40] Juel C and Halestrap A P 1999 J. Physiol. 517 633

[41] Cuzzocrea S, Riley D P, Caputi A P and Salvemini D 2001
Pharmacol. Rev. 53 135

[42] Islam M N, Rauf A, Fahad F I, Emran T B, Mitra S,
Olatunde A, Shariati M A, Rebezov M, Rengasamy K R R
and Mubarak M S 2022 Crit. Rev. Food Sci. Nutr. 62 7282

[43] Lismont C, Revenco I and Fransen M 2019 Int. J. Mol. Sci.
20 3673

[44] Weschawalit S, Thongthip S, Phutrakool P and Asawanonda P
2017 Clin. Cosmet. Invest. Dermatol. 10 147


https://doi.org/10.1007/s11051-023-05690-w
https://doi.org/10.1007/s11051-023-05690-w
https://doi.org/10.1016/0021-9290(91)90382-W
https://doi.org/10.1016/0021-9290(91)90382-W
https://doi.org/10.1093/ptj/73.12.911
https://doi.org/10.1093/ptj/73.12.911
https://doi.org/10.1007/s00441-018-2955-2
https://doi.org/10.1007/s00441-018-2955-2
https://doi.org/10.1097/BOR.0b013e32834bac92
https://doi.org/10.1097/BOR.0b013e32834bac92
https://doi.org/10.1089/ten.tea.2019.0126
https://doi.org/10.1089/ten.tea.2019.0126
https://doi.org/10.1155/2023/2237574
https://doi.org/10.1179/1753615415Y.0000000001
https://doi.org/10.1179/1753615415Y.0000000001
https://doi.org/10.2215/CJN.02870707
https://doi.org/10.2215/CJN.02870707
https://doi.org/10.1111/j.1469-7793.1999.0633s.x
https://doi.org/10.1111/j.1469-7793.1999.0633s.x
https://doi.org/10.1080/10408398.2021.1913400
https://doi.org/10.1080/10408398.2021.1913400
https://doi.org/10.3390/ijms20153673
https://doi.org/10.3390/ijms20153673
https://doi.org/10.2147/CCID.S128339
https://doi.org/10.2147/CCID.S128339

. e Taylor & Francis
1 Nanomedicine By el Gk

Nanomedicine

ISSN: 1743-5889 (Print) 1748-6963 (Online) Journal homepage: www.tandfonline.com/journals/innm20

Ceo fullerene promotes post-traumatic recovery of
the rat muscle gastrocnemius

Yuriy Prylutskyy, Dmytro Nozdrenko, Olexandr Motuziuk, Svitlana Prylutska,
Igor Vareniuk, Natalia Nurishchenko, Daria Franskevych, Vasil Soroca,
Kateryna Bogutska & Uwe Ritter

To cite this article: Yuriy Prylutskyy, Dmytro Nozdrenko, Olexandr Motuziuk, Svitlana
Prylutska, Igor Vareniuk, Natalia Nurishchenko, Daria Franskevych, Vasil Soroca, Kateryna
Bogutska & Uwe Ritter (2025) Cgq fullerene promotes post-traumatic recovery of the rat muscle
gastrocnemius, Nanomedicine, 20:6, 571-584, DOI: 10.1080/17435889.2025.2461988

To link to this article: https://doi.org/10.1080/17435889.2025.2461988

M
© 2025 The AUthOF(S). Published by Informa h View supp|ementary material =
UK Limited, trading as Taylor & Francis

Group.
@ Published online: 11 Feb 2025. Submit your article to this journal (&'
. . A
lIII Article views: 742 & View related articles =
@ View Crossmark data (&' @ Citing articles: 1 View citing articles (Z'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=innm20


https://www.tandfonline.com/journals/innm20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17435889.2025.2461988
https://doi.org/10.1080/17435889.2025.2461988
https://www.tandfonline.com/doi/suppl/10.1080/17435889.2025.2461988
https://www.tandfonline.com/doi/suppl/10.1080/17435889.2025.2461988
https://www.tandfonline.com/action/authorSubmission?journalCode=innm20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=innm20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17435889.2025.2461988?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17435889.2025.2461988?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/17435889.2025.2461988&domain=pdf&date_stamp=11%20Feb%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/17435889.2025.2461988&domain=pdf&date_stamp=11%20Feb%202025
https://www.tandfonline.com/doi/citedby/10.1080/17435889.2025.2461988?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/17435889.2025.2461988?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=innm20

NANOMEDICINE
2025, VOL. 20, NO. 6, 571-584
https://doi.org/10.1080/17435889.2025.2461988

e Taylor & Francis
Taylor &Francis Group
a OPEN ACCESS | ™ Check for updates

Ceo fullerene promotes post-traumatic recovery of the rat muscle gastrocnemius

Yuriy Prylutskyy @2, Dmytro Nozdrenko ©?, Olexandr Motuziuk
Natalia Nurishchenko ®?, Daria Franskevych ©?, Vasil Soroca

ab Svitlana Prylutska
2, Kateryna Bogutska

¢, Igor Vareniuk ©?,
2 and Uwe Ritter ®¢

3ESC “Institute of Biology and Medicine”, Taras Shevchenko National University of Kyiv, Kyiv, Ukraine; "Faculty of Biology and Forestry, Lesya
Ukrainka Volyn National University, Lutsk, Ukraine; Faculty of Plant Protection, Biotechnology and Ecology, National University of Life and
Environmental Science of Ukraine, Kyiv, Ukraine; “Institute of Chemistry and Biotechnology, Technical University of limenau, lImenau, Germany

ABSTRACT

Aim: The remarkable antioxidant capabilities of biocompatible and safe Cg, fullerenes have extensive
applications in biomedicine. This study is the first to present an investigation into the effect of water-
soluble Cg fullerenes on post-traumatic recovery of the muscle gastrocnemius in rats.

Methods: Tensometry was used to investigate the biomechanical parameters of muscle contraction,
specifically the times of reaching and holding the maximum force response of the muscle, and the
return of muscle contraction force to the initial value after cessation of stimulation. Blood biochemical
indicators were assessed, including concentrations of c-reactive protein, lactate, creatinine, and reduced
glutathione, as well as superoxide dismutase and catalase activities 5, 10, and 15 days after initiating
open muscle injury. Histopathological analysis was also performed to examine the rat muscle gastro-
cnemius damage on day 15 after the onset of injury.

Results: It was found that Cg fullerenes reduced the stiffness of injured skeletal muscle, thereby
slowing the development of fibrosis, and inhibiting the inflammatory process due to their antioxidant
properties. There was also a reduction in histopathological features of muscle damage.

Conclusion: These findings suggest using of carbon nanoparticles to correct pathological conditions
that may occur during the physiological repair of damaged muscle tissues.
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1. Background systemic signals. This process requires the participation of several
populations of resident muscle cells, including satellite stem cells,
fibroblasts, macrophages, and vascular cells. Infiltrating inflamma-
tory cells, together with resident stem cells, play a critical role in
restoring homeostasis to the injured muscle. Abnormal repair
mechanisms in dystrophic muscle and the final stage of this
process, fibrosis, is a common endpoint for almost all open muscle

injuries [11]. At the same time, high-severity injuries cause the

Open injuries are the most frequent and severe type of skeletal
muscle damage [1,2]. Inadequate treatment of such injuries, espe-
cially at an early stage, contributes to the development of subse-
quent pathologies of the injured muscle and even loss of its
performance [3,4]. Today, there is no unvarying approach to
classifying muscle injuries [5], and there is limited evidence to

correlate any of their clinical features with the extent of pathology
found [6]. This problem is further complicated by the fact that
patients with open muscle injuries sustained in extreme condi-
tions often present with a combination of classic major trauma,
including both blunt and penetrating wounds, resulting in an
increased level of inflammation [7]. Therefore, a comprehensive
management strategy for open muscle injuries should include
“mitigation” of their consequences at a systemic level as well as
direct restoration of the resulting musculoskeletal dysfunction
[8,9]. Moreover, novel methods such as dermal substitutes, exter-
nal tissue expansion, and regenerative matrices used in the treat-
ment of injured muscles can lead to increased fibrotic formation
and consequently increased muscle stiffness [10].

The process of repairing damaged muscle tissue involves the
coordinated activity of different cell types in response to local and

simultaneous destruction of many tissue components, surpassing
the intrinsic capacity for wound healing without scarring and
leading to permanent functional deficits. In this case, the nonpro-
ductive inflammatory response and associated fibrosis dominate
[12]. This problem is further complicated by the fact that, as part of
the inflammatory process, stem cell capacity is significantly inhib-
ited and fibrogenic cells are continuously activated. This ultimately
leads to the conversion of muscle tissue into nonfunctional fibrotic
tissue. Increased fibrosis of skeletal muscle impairs its function and
negatively affects regeneration after injury. Consequently, the
formation of fibrosis is considered to be a major contributor to
muscle weakness [13]. If muscle injury is not adequately treated,
fibrosis can become a self-sustaining process that prevents com-
plete muscle regeneration [14]. In addition, if tissue damage per-
sists over a prolonged period - characteristic of the inflammatory
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Article highlights

o A Cg fullerene aqueous solution (CgoFAS) contains mainly individual
Cgo molecules and their nanoaggregates

o CyoFAS improves biomechanical parameters of rat muscle gastrocne-
mius contraction after open injury

o CgoFAS attenuates fibrosis in rat muscle gastrocnemius after open
injury

o CyoFAS improves rat blood biochemical indicators after open muscle
injury

o CgoFAS reduces in histopathological features of rat muscle gastrocne-
mius damages

process associated with severe open muscle injury — the muscle
regeneration process becomes dysregulated. This leads to the
replacement of myofibrils with a nonfunctional mass of fibrous
tissue [15].

Antioxidant therapy is used quite effectively to reduce the
inflammatory processes in muscle injury [16]. So, resveratrol
exhibits a protective effect on contusion induced muscle
injury and improves its regeneration compared to conven-
tional treatment with non-steroidal anti-inflammatory drugs
[17]. Melittin enhances muscle regeneration factors expres-
sion in a mouse model of skeletal muscle contusion [18]. The
authors [19] found that a hydroxyl radical scavenger, EPC-K1,
reduces reperfusion injury in rat skeletal muscle. Finally, quer-
cetin attenuates adipogenesis and fibrosis in human skeletal
muscle [20].

It has been shown that water-soluble and nontoxic (at least
at low doses) Cqq fullerenes effectively protect cell membranes
from oxidation by capturing free radicals before their interac-
tion with lipids [21,22]. On in vivo models, it was found that
Cgo fullerene has more potent antioxidant properties com-
pared to such well-known natural antioxidants as vitamins C,
E, and carotenoids [23], as well as the exogenous antioxidant
N-acetylcysteine [24], which often uses in sports medicine. As
a result, its use in modeling ischemia-reperfusion, closed
injury, and atrophy of the rat muscle soleus leads to significant
positive therapeutic effects [25-27].

Thus, the present work aimed to evaluate the water-soluble
Cgo fullerenes impact on the post-traumatic recovery of rat
muscle gastrocnemius by analyzing the selective biomechani-
cal parameters of its contraction and pathohistological fea-
tures of damages, as well as the biochemical indicators of
animal blood after open muscle injury initiation.

2. Materials & methods
2.1. Preparation of nanofluid & its characterization

Ceo fullerene (Sigma-Aldrich, purity >99.95%) aqueous solu-
tion (CgoFAS) has been prepared according to the ultrasonic
method described in detail in [28,29]. The resulting CgoFAS
(maximum concentration was 0.15 mg/ml) is stable for 12-18
months at a temperature of + 4-25°C [30].

Structural study of water-soluble Cq4 fullerene particles was
performed by atomic force microscopy (AFM; NT-MDT,
Apeldoorn, Netherlands) [30]. A drop of sample was

transferred on the atomically smooth substrate for layer
deposition. Measurements were carried out after the complete
evaporation of the solvent. A freshly cleaved surface of mica
(SPI supplies, V-1 grade) was used as a substrate. The AFM
measurements were carried out in the amplitude modulation
tapping mode using ‘RTESPA-150" type probes (Bruker,
Billerica, Massachusetts, USA).

2.2. Experiments in vivo

The experimental animals (3-month-old male Wistar rats
weighing 170 £ 5 g) were kept in an air-filtered and tempera-
ture-controlled (21 +1°C) room under 12-h light/12-h dark
conditions [30]. They received water and a normal diet ad
libitum. All procedures complied with the ARRIVE guidelines.
The usage of the experimental animals was approved by the
Biomedical Ethics Committee of the ESC “Institute of Biology
and Medicine” of Taras Shevchenko National University of Kyiv
(protocol No. 9 dated 4 September 2023) and performed
following the “European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other
Scientific Purposes” (Strasbourg, 1986) and Article 26 of the
Law of Ukraine “On the Protection of Animals from Cruelty”
(No. 3447-Iv, 21 February 2006), as well as European Union
Directive of 22 September 2010 (2010/63/EU) for the protec-
tion of animals used for scientific purposes.

The following groups of animals were used in the research
(n=10 in each): control, open injury, and open injury+Cg, (oral
daily usage of CgFAS in a dose of 1mg/kg animal body
weight after open muscle injury initiation).

The choice of the above dose of C4FAS is based on its high
effectiveness in the treatment of various muscle pathologies in vivo
[25-27,30].

Anesthesia of experimental rats was performed by intraper-
itoneal injection of Nembutal (40 mg/kg). Animals were left
under deep surgical anesthesia for at least 2 h [30].

Muscle gastrocnemius was isolated from surrounding tissues in
the area of the hamstring fossa. This surgical procedure is
described in detail in [30]. Then the muscle gastrocnemius was
subjected to transverse dissection with a depth of 1 mm in three
equidistant places (Figure 1) [31]. Such an open muscle injury
model causes inflammation and necrosis of damaged tissues, as
well as leads to significant muscle loss and its prolonged regenera-
tion [32].

Electrical stimulation of the muscle gastrocnemius was per-
formed by separate series of rectangular 2ms pulses with
a frequency of 50 hz and a duration of 6 s using a strain gauge
generator [30].

2.3. Biomechanical & biochemical analyses

Research of muscle contraction dynamics and blood biochem-
ical indicators of rats was performed 5, 10, and 15 days after
open muscle injury initiation.

The following biomechanical parameters [27], which are indi-
cators of the overall performance of a muscle and have a clear
tendency to change with an increase in its stiffness, were used:



Figure 1. Open muscle injury model: 1 - stimulating electrodes; 2 - three
transverse dissections with a depth of 1 mm in three equidistant places.

- time to reach the maximum force response of the muscle
(tstard. The maximum force generation that an active
muscle is capable of is an important indicator for fast
non-targeted movements. The magnitude of its change
indicates the level of physiological dysfunction of the
neuromuscular preparation during the realization of
maximal force tasks;

- time of retention of the maximum force response of the
muscle (tmnay). Its value is an indicator of the adaptability
of the muscular system to new states resulting from the
development of pathological processes. Changes in this
parameter are associated with a decrease in the effi-
ciency of individual muscle fibers, a decrease in their
number, and, accordingly, an increase in the ratio of
“muscle-fibrous tissue;”

- time of muscle contraction force return to the initial value
after stimulation cessation (to). Its value is directly related
to the amount of fibrous tissue formed in the injured
muscle.

The following biochemical parameters, which are indicators of
muscle injury [30], namely the concentrations of c-reactive
protein (CRP), creatinine, lactate, and reduced glutathione
(GSH) as well as the activity of catalase (CAT) and superoxide
dismutase (SOD) in the blood plasma of rats were used. These
parameters were measured using the biochemical analyzers
RNL-200 and JN-1101-TR2 (Netherlands).

2.4. Histopathological analysis

For general histopathological analysis [33], the muscle gastro-
cnemius samples were separated and fixed in 10% formalin,
embedded in paraffin, cut into 5 um sections, and stained with
hematoxylin and eosin (H&E) [34]. In addition, to detect con-
nective tissue and muscle fibers, sections of the muscle gastro-
cnemius were stained with hematoxylin and picrofuchsin by
van Gieson. Digital microphotographs of stained sections
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(x100 and x400 magnification) were taken using an
Olympus Bx41microscope and an Olympus C-5050 Zoom digi-
tal camera.

2.5. Statistical analysis

Statistical evaluation of the results was conducted using the
software package Statistica 8.0 (Dell, USA) through the proce-
dure of analysis of variances (ANOVA) with mixed design
[30,34]. Two between-group factors were supposed: 1) open
muscle injury (10 levels — 10 consecutive non-relaxation con-
tractions of the muscle gastrocnemius when electrical stimula-
tion is applied); 2) C¢oFAS treatment (two levels — no and use
of CgoFAS). Time was considered as a within-group factor with
three levels (5, 10, and 15 days after initiation of open muscle
injury). The Shapiro-Wilk W-test and Levene’s test were used
to assess for normality and the equality of variances across
groups, respectively. The Bonferroni post-hoc test was used for
multiple pairwise comparisons between different groups. The
differences between the experimental groups were considered
significant at p < 0.05. Each of the experimental force curves is
the result of averaging 10 similar tests. Each biochemical
measurement was carried out at least three times. Data are
expressed as the means +SEM for each group.

3. Results
3.1. C4oFAS characterization by AFM

When observing the process of deposition of Cgo fullerene
particles from CgoFAS on the mica surface, it was noted that
the complete evaporation of water varied significantly in dura-
tion, ranging from 1 to 60 s within the area covered by the
aqueous solution. This variation was accompanied by
a significantly non-uniform distribution of the deposited sub-
stance over the surface. We carried out AFM measurements at
locations with different surface concentrations of Cg fullerene.

The AFM image of the high-concentration area shows many
clusters with heights ranging from 20 to 120 nm (Figure 2(a)),
characteristic of colloidal CgoFAS. Such aggregates were
observed rarely or completely absent in low-concentration
areas. The AFM image of the low-concentration area reveals
surface-spaced objects up to 3nm in height (Figure 2(b)),
which correspond to individual Cgq fullerenes (diameter ~0.7
nm) or their nanoaggregates, which typically do not exceed
four times the molecular diameter in size.

3.2. Biomechanics of injured muscle contraction

Figure 3 illustrates the results of 10 consecutive non-relaxation
contractions of the muscle gastrocnemius of rats. As observed,
during prolonged activation and the development of smooth
tetanic muscle contraction, a decrease in the value of its force
is evident. This is associated with alterations in the level of
phosphorylation of myosin light chains, development of fati-
gue processes, a reduction in the number of active muscle
fibers, inflammatory processes, and fibrosis of muscle tissue
[13,24-27]. Based on the obtained mechanograms, the selec-
tive biomechanical parameters as indicators of muscle
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Figure 2. AFM images of Cg fullerene layer deposited from CgoFAS (0.15 mg/ml). The images were measured within one sample over different surface areas. The

arrows indicate the height of the particles.
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Figure 3. The force of 10 consecutive non-relaxation contractions of muscle gastrocnemius of rats (1-10) during application of 50 hz stimulation of 6 s duration:
control, open injury and open injury+Cgo - mechanograms of a control group, groups of injured rats and rats who daily consumed orally CgoFAS at a dose of 1 mg/kg
after the open muscle injury initiation; ts - time to reach the maximum force response of the muscle; t,.x - time of retention of the maximum force response of
the muscle; t, - time of muscle contraction force return to the initial value after stimulation cessation; 5, 10 and 15 days — 5, 10 and 15 days after the open muscle

injury initiation, respectively.

dysfunction (see below) were calculated at 5, 10, and 15 days
following the open muscle injury initiation.

Figure 4 shows changes in the time to reach the maximum
force response of the muscle gastrocnemius (ts..) during 10
consecutive non-relaxation contractions. Five days following
the initiation of an open muscle injury, this index was 387 + 8
ms at the 1% contraction (control — 97 +4ms). At the 10
contraction, its value increased to 563 + 11 ms. The application
of CeoFAS significantly reduced this index, which was 143 +7
and 319+9ms at the 1°* and 10" contraction, respectively.
Consequently, the positive effect of C¢oFAS was about 270%
and 176% at the 1°t and 10" contractions, respectively, com-
pared to the open injury group.

On the 10" day after the open muscle injury initiation, the
time to achieve the maximum force response of muscle gas-
trocnemius significantly increased and was 440+ 12 and 680
+21ms on the 1°* and 10" contraction, respectively, which
indicates an increase in connective tissue components in the
studied muscle compared to the control group. In contrast,
when CgoFAS was applied, this index remained practically at
the same level as on the 5" day of the experiment, viz: 146 +

-ISt

5 and 331+9ms for the and 10"
respectively.

Mechanograms obtained on day 15 following the initiation
of an open muscle injury demonstrate a decrease in the time
to reach the maximal force response of the muscle gastrocne-
mius to 202 + 7 and 401 +9 ms at the 1°* and 10" contraction,
respectively. However, these values exceeded the control ones
by ~200% and ~ 400%, respectively. The application of CgoFAS
reduced this value, which was 109 + 3 (~12% relative to con-
trol) and 205 + 5 (~112% relative to control) ms at the 1°* and
10th contraction, respectively.

Figure 5 shows the results of changes in the retention time
of the maximum force response of the muscle gastrocnemius
(tmax) during 10 consecutive non-relaxation contractions. In
the control group, the value of this parameter was maintained
in all time frames of the experiment, with a value of 6 s. Five
days after the open muscle injury initiation, this parameter
was 2843 + 12 ms at the 1°' contraction and fell to almost zero
at the 10" contraction. The application of C¢oFAS increased it
to 4720 23 and 1090 + 15 ms at the 1% and 10" contraction,

respectively.

contractions,
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Figure 4. Time to reach the maximum force response of muscle gastrocnemius of rats (tya,) during 10 consecutive non-relaxation contractions (1-10) in the case of
50 hz stimulation of 6 s duration: control, open injury, and open injury+Ceq - control group, group of injured rats and group of rats that daily consumed orally Cgo
FAS at a dose of 1 mg/kg after the open muscle injury initiation; 5, 10 and 15 days — 5, 10 and 15 days after the open muscle injury initiation, respectively; *p < 0.05
relative to the control group; *p < 0.05 relative to the open injury group.
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Figure 5. Time of retention of the maximum force response of the muscle gastrocnemius (t,a,x) during 10 consecutive non-relaxation contractions (1-10) in the case
of 50 hz stimulation of 6 s duration: control, open injury, and open injury+Cg, - control group, group of injured rats and group of rats that daily consumed orally Cg,
FAS at a dose of 1 mg/kg after the open muscle injury initiation; 5, 10 and 15 days — 5, 10 and 15 days after the open muscle injury initiation, respectively; *p < 0.05
relative to the control group; *p < 0.05 relative to the open injury group.



On day 10 of the experiment, the value of this index
decreased significantly to 3281+ 14 ms at the 1°' contrac-
tion and nearly reached zero at the 10" contraction.
Application of CgoFAS increased in the retention time of
the maximum force response of the muscle gastrocnemius
to 5002 +3 and 1605 +5 ms at the 1°* and 10" contraction,
respectively.

On day 15 of the experiment, this indicator was 3943 + 26
and 240 + 12 ms at the 1°t and 10™ contractions, respectively.
The application of C¢oFAS in this case did not show significant
changes compared with day 10 of the experiment, which was
4961+ 24 and 1893 + 17 ms at the 1°' and 10" contractions,
respectively.

Figure 6 shows the results of changes in the time of
muscle contraction force return to its initial value after sti-
mulation cessation (tp) during 10 consecutive non-relaxation
contractions of the muscle gastrocnemius of rats. 5 days after
the open muscle injury initiation, this parameter was 1.32 £
0.10 and 1.83+£0.10 s at the 1°* and 10" contraction, respec-
tively, with unchanged control values of 0.6 £ 0.1 s. The appli-
cation of CgoFAS significantly reduced this parameter: 0.91 +
0.10 and 1.09+0.10 s at the 1°* and 10" contraction,
respectively.

On day 10 of the experiment, this parameter was 2.07 +
0.20 and 2.81+0.20 s at the 1°t and 10" contractions, respec-
tively, which was several hundred percent higher than the
control value. Application of C4FAS decreased this parameter,
which was 1.24+0.10 and 1.59+0.10 s at the 1°' and 10"
contractions, respectively.

On the 15" day of the experiment, the time for the return
of muscle contraction force to the initial value after stimula-
tion cessation was 1.27 +0.10 and 1.69+0.10 s at the 1** and
10" contraction, respectively, which was much higher than
the control value. Application of CgFAS reduced this para-
meter, which was 0.72 + 0.10 (~43% relative to the open injury
group) and 1.08+0.10 s (~36% relative to the open injury
group) at the 1°* and 10" contraction, respectively.

3.3. Blood biochemical indicators of rats with injured
muscle

CRP is produced by the liver and is a marker of inflammatory
reactions in the body. The blood test for CRP shows the level
of over-inflammatory processes in damaged muscle tissue, the
concentration of which can increase 1000-fold in this case [35].
The increase of CRP concentration from 0.50 £ 0.04 mg/l in the
control to 5.78 £0.20 mg/| after 5days of the experiment is
evidence of acute inflammatory processes in the damaged
muscle (Figure 7). The slight decrease in its concentration to
5.23+0.40 and 4.0 5+0.30 mg/l on the 10" and 15™ day of
the experiment, respectively, indicates the presence of intense
inflammatory processes occurring after the open muscle injury
initiation throughout the experiment. The application of Cgq
FAS significantly reduced the value of this index, which was
3.95+0.20, 2.07 £0.20, and 1.22+0.10mg/l on the 57, 10
and 15™ day of the experiment, respectively.

The change in the concentration of creatinine, which is
formed during the destruction of intramuscular structures,
makes it possible to assess the degree of myocyte damage.
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This index increased from 50 £ 2 uM in the control to 225+
6, 197 4, and 185+ 5 uM on the 5%, 10", and 15" day of
the experiment, respectively. Application of CgoFAS
decreased its value to 188+3, 1495, and 79+2uM on
the 5™, 10" and 15" days of the experiment, respectively
(Figure 7).

In control, the lactate level was 9.3 +0.3 mm. After the
initiation of open muscle injury, its value increased to 17.4 +
0.7, 15.8+0.8, and 14.7 + 0.6 mm on the 5", 10" and 15" day
of the experiment, respectively. The application of CgoFAS
decreased the lactate level to 12.1+£0.4, 11.3+£0.5, and 9.7 +
03mm on the 5", 10™ and 15" day of the experiment,
respectively (Figure 7).

SOD catalyzes the transformation reaction of free super-
oxide radicals into oxygen and hydrogen peroxide and is a key
enzyme of the antioxidant system. The activity of SOD on days
5,10, and 15 of the experiment was 8.7 +0.3, 7.8 £ 0.4, and 5.9
+ 0.3 Units/ml, respectively, with a control value of 1.9+0.1
Units/ml. When CgoFAS was applied, these values decreased
significantly and were 7.1+0.3, 44 +0.2, and 2.9+0.2 Units/
ml on the 5™, 10" and 15" day of the experiment, respec-
tively (Figure 8).

CAT is a ferment that catalyzes the decomposition of
hydrogen peroxide formed in the process of biological oxida-
tion into water and molecular oxygen. CAT activity after the
open muscle injury initiation increased from 0.8 + 0.1 mm/min
in the control to 54+0.4, 49+0.4, and 3.4+ 0.2 mm/min on
days 5, 10 and 15 of the experiment, respectively. Application
of CgoFAS reduced this index to 4.5+0.4, 25+0.2, and 1.5+
0.1 mm/min on the 5™, 10" and 15™ day of the experiment,
respectively (Figure 8).

Cellular mechanisms of antioxidant defense are also asso-
ciated with the functioning of a powerful glutathione link [36].
The protective functions of GSH under oxidative stress are
determined by its ability to catalyze the cleavage of hydrogen
peroxide and fatty acid hydroperoxides. After the initiation of
open muscle injury, the GSH concentration was 10.7 £ 1.0, 9.2
+0.7, and 7.9+ 0.5uM on the 5™, 10™ and 15" day of the
experiment, respectively, while the control was 1.9+0.2 uM.
After the application of CgoFAS, these values were 8.9+ 0.5,
6.8+0.6, and 3.7 +0.4 uM on the 5™, 10" and 15™ day of the
experiment, respectively (Figure 8).

3.4. Histopathological analysis of the injured muscles

The muscle gastrocnemius of the control group has a normal
histological structure. Muscle fibers are grouped in bundles,
which are separated by thin layers of connective tissue. The
connective tissue contains ground substance and collagen
fibers (Figure 9(a)).

In animals with muscle injury, partially destroyed fibers are
observed on the 15™ day after initiation of the open muscle
injury. Some of them are slightly altered, hypochromatic, with
signs of edema, and hyperchromatic, with signs of destruction.
Muscle fibers decrease in diameter, and their transverse stria-
tion is disrupted. The volume of connective tissue increases
significantly. Fibrosis is observed. The content of the ground
substance of connective tissue is also increased (Figure 9(b)).
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Figure 6. Time of muscle contraction force return to the initial value after stimulation cessation (to) during 10 consecutive non-relaxation contractions (1-10) in case
of application of 50 hz stimulation of 6 s duration: control, open injury and open injury+Ceo - control group, group of injured rats and group of rats that daily
consumed orally CgoFAS at a dose of 1 mg/kg after the open muscle injury initiation; 5, 10 and 15 days — 5, 10 and 15 days after the open muscle injury initiation,
respectively; *p < 0.05 relative to the control group; *p < 0.05 relative to the open injury group.
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Figure 7. Concentrations of CRP, creatinine and lactate in the blood plasma of rats: control, open injury and open injury+Cg, -
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control group, group of injured rats

and group of rats that daily orally administered C¢oFAS at a dose of 1 mg/kg after the open muscle injury initiation; 5, 10 and 15 days — 5, 10 and 15 days after the

open muscle injury initiation, respectively; *p < 0.05 relative to the control group; *p < 0.05 relative to the open injury group.
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Figure 8. Indices of pro- and antioxidant balance (SOD, CAT and GSH) in the blood plasma of rats: control, open injury and open injury+Cg, - control group, group of
injured rats and group of rats that daily consumed orally CsoFAS at a dose of 1 mg/kg after the open muscle injury initiation; 5, 10 and 15 days — 5, 10 and 15 days
after the open muscle injury initiation, respectively; *p < 0.05 relative to the control group; *p < 0.05 relative to the open injury group.
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Figure 9. Histological images of the muscle gastrocnemius: a — control group; b — open muscle injury; ¢ — open muscle injury+Cgo. Hematoxylin and picrofuchsin

staining by van Gieson. Scale bars —25 pm.

In animals with muscle injury, that received CgoFAS, the
degree of pathohistological changes in the muscle gastrocne-
mius is lower: most of the fibers are slightly altered and some
of them are hypochromatic, with the signs of edema. The
connective tissue is increased, but less than in the previous
experimental group. The increase in connective tissue
occurred mainly due to the ground substance. Fibrosis is
weakly expressed (Figure 9(c)).

4. Discussion

Since the biomedical applications of nanoparticles are highly
dependent on their size [37], we performed a structural study
of C¢oFAS by AFM technique. It turned out that the studied Cgo
FAS is a polydisperse fluid, containing large Cgo fullerene
aggregates with a size of ~20-120 nm, and also individual
Ceo molecules (~0.7 nm) and Cg, fullerene nanoaggregates
with a size of ~ 1.4-2.8 nm, which is in good agreement with
theoretical data [28]. Note that the zeta potential value of the
resulting CeoFAS was —25+2 mV [22]. A high negative charge
of the colloidal particles indicates a low degree of aggregation
over time. In summary, the detected predominantly nanofor-
mation of the Cgq fullerenes detected in an aqueous solution
indicates their suitability for in vivo tests.

The dynamics of the beginning of the muscle contractile
process are determined by subtle mechanisms of interaction
between motoneuron pools with subsequent activation of
the interaction between actin and myosin filaments. It is
the stiffness of the muscle that determines its force of con-
traction. In other words, the dependence on “stimulation-
contraction force” in the regeneration of damaged muscle
is related to the level of fibrosis. Even small changes in the
structure of passive elastic properties of muscle fibers lead to
changes in the time of reaching the maximum muscle force
response [13]. Note that the difference in the levels of the
described positive effects of CgoFAS at the early and late
stages of muscle gastrocnemius regeneration may be
because, at the early stage (5days after the initiation of

muscle injury), the post-traumatic inflammatory reaction
with progressive necrosis of damaged muscle fibers is inten-
sively occurring in muscle tissue [38]. Further use of CgoFAS
promotes the inhibition of muscle fibrosis, which is consis-
tent with the results [20] on the use of antioxidants against
fibrosis formation in active muscle.

The time of retention of the maximum force response of the
muscle or the stationary state of an active muscle is a temporary
section of its force-contractile activity without a significant devia-
tion to one side or the other during its activation. This parameter
indicates the level of force production of the muscle, which corre-
sponds to the physiological state of the neuromuscular prepara-
tion at a given time [39] and is an indicator of the course of repair
processes in it. As can be seen, the effect of water-soluble Cgq
fullerenes on this index has a multifactorial character, in particular,
the reduction of muscle stiffness and, as a consequence, fibrosis
due to their antioxidant properties [16,20] and suppression of the
course of the inflammatory process in closed muscle injuries [40].

The change in the time taken for the muscle contraction
force to return to its initial value after stimulation cessation is
directly influenced by the increase in the stiffness components
of the active muscle [25]. While the results of the first two tests
(on the 5™ and 10™ day of the experiment) can be explained
by the suppression of inflammatory processes by the antiox-
idant properties of Ceo fullerenes, on the 15" day of the
experiment inflammatory processes do not play a key role in
the increase of muscle stiffness [11,41]. The results obtained
suggest a potential relationship between Cgo fullerenes and
the reduction of fibrosis and, as a consequence, muscle stiff-
ness in the process of its post-traumatic repair. The interaction
of different cell types during muscle injury repair is supported
by numerous factors including proteolytic enzymes, growth
factors, angiogenic factors, and fibrogenic cytokines, which
together stimulate connective tissue formation. However,
there are still many unknown initiators and fibrotic pathway
participants, and significant differences between tissue sys-
tems. At the same time, experimental evidence suggests that
post-traumatic fibrosis is associated with redox imbalance [42],
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and NADPH oxidase may be the most important link between
redox imbalance, free radical production, and fibrosis [43]. It
has also been shown that maintaining redox balance may be
an effective therapeutic strategy for fibrotic disorders [20,44],
and that reducing muscle stiffness may influence its post-
traumatic biomechanics.

In summary, many studies have addressed the problem of
finding effective therapeutic methods to reduce fibrosis formation.
For example, analysis of quantitative muscle stiffness using shear
wave elastography shows that fibrosis is reduced in a porcine
model of volumetric muscle loss injury by applying nintedanib as
an antifibrotic agent [45]. Losartan administration reduces fibrosis
but hinders the functional recovery of rat muscle after injury [46].
Finally, quercetin attenuates fibrosis in human skeletal muscle [20].

The analysis of blood biochemical parameters at muscle injury
and its further post-traumatic recovery provides an opportunity to
evaluate the effectiveness of the applied therapeutic drug. In the
present study, we used biochemical indices of inflammation levels
(CRP) and fatigue process development (creatinine and lactate),
which serve as markers of physiological disturbances in active
muscle due to injury. It was found that the application of CgoFAS
significantly decreased the CRP value and the creatinine fraction,
indicating the promise of using antioxidants in the therapy of
muscle inflammation [47].

In active muscle, many metabolic processes take place in
anaerobic conditions, so it uses a large number of mitochon-
drial ferments and, as a result, it accumulates a large amount
of lactate, which does not have time to be oxidized during its
prolonged stimulation. Thus, the proposed antioxidant ther-
apy led to an increase in lactate oxidation, and at the end of
the experiment, its concentration approached the control.

Pathological inflammatory processes that occur immediately
following muscle injury are a source of free oxygen radicals and
contribute to the intensification of lipid peroxidation processes
[48]. Therefore, in the present study, we evaluated changes in the
blood of experimental animals in biochemical parameters — mar-
kers of peroxidation and oxidative stress (SOD, CAT, and GSH)
during exposure to CgFAS. It was shown that the long-term
application of water-soluble Cgy fullerenes, as powerful antioxi-
dants, helps mitigate oxidative processes in damaged muscles.
This was achieved by maintaining the balance between prooxi-
dants and the antioxidant defense system, thereby preventing the
negative effect of free radicals on cellular and subcellular struc-
tures during the post-traumatic recovery of rat skeletal muscles.

Finally, the biomechanical and biochemical results
obtained were confirmed by the histopathological analysis:
in animals, that received CgFAS (open muscle injury+Ceq
group), the degree of pathohistological changes in the muscle
gastrocnemius was less than in the open muscle injury group;
specifically, fibrosis was weakly expressed.

5. Conclusions

Based on the above biomechanical and biochemical data, we
can conclude that the application of nanoantioxidants Cgq
fullerenes within 15 days (daily oral dose 1 mg/kg) after the
onset of open injury of the muscle gastrocnemius reduces its
stiffness and, as a consequence, inhibits the development of
muscle fibrosis, as well as reduces the intensity of

inflammatory processes in the body. Histopathological data
confirm these results. By influencing the activity of endogen-
ous antioxidants, Cg, fullerenes can suppress the formation of
significant destruction in injured muscles. Therefore, they can
be considered potent nanoagents for the correction of muscle
damage that occurs during its physiological repair, which
requires further clinical studies.
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It is known that reactive oxygen species are important in the development of alcoholic myopathy, and their suppression by Cep
fullerene nanoparticles, as potent antioxidants, is opening up a new direction for their use in biomedical nanotechnology. Here,
for the first time, the biomechanical and biochemical parameters of the functioning of rat muscle soleus under alcohol intoxication
at 3, 6, and 9 months were analyzed. Cg, fullerene, as a therapeutic nanoagent, at an oral dose of 1 mgkg™" was used along with
alcohol throughout the experiment. The findings indicate that significant dysfunctions develop in the rat muscle soleus after
chronic alcohol intoxication. However, these dysfunctions are significantly reduced due to exposure to Ce fullerenes, particularly
with prolonged alcoholization of animals (9 months) and the development of high-intensity fatigue processes.

Keywords: alcohol intoxication; biomechanical parameters of muscle contraction; Cgq fullerene; muscle soleus; pro- and anti-
oxidant balance in muscle tissue

1. Introduction

Alcoholic myopathy 1is characterized by biochemical,
physiological, and structural changes in skeletal muscles
leading to a disorder of their functional activity [1]. This
pathology is most pronounced in the fast-contracting
muscles [2] and is characterized by progressive proximal
weakness, pain, atrophy, and impaired mobility. The results
of studies [3-5] show that chronic alcohol consumption
causes a decrease in the mass of fast muscles and their
physiological cross-sectional area. In contrast, the decrease
in the cross-sectional area of slow fibers is insignificant

under similar conditions of alcoholization [6]. Alcohol
consumption for 14-16 weeks correlates with a decrease in
maximal muscle tension and tetanic strength of fast muscles.
In addition, in alcohol-fed mice, fast muscles developed
significantly lower contraction force during high-frequency
stimulation compared to slow muscles [5]. Chronic alcohol
consumption also reduces the time to onset of muscle fatigue
[7, 8].

The development of alcoholic myopathy increases the
level of oxidative stress in the body. In addition to significant
atrophy, the fast muscles of alcohol-fed rats exhibited
a decrease in glutathione (GSH) levels, the activity of GSH
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reductase, superoxide dismutase (SOD), and glutathione
peroxidase (GP, ), as well as an increase in NADPH Oxidase-
1 gene expression, indicating significant oxidative stress [9].
The authors [10] found high levels of cholesterol hydro-
peroxides in the tibialis anterior muscle (a fast muscle)
compared to the vastus lateralis (a slow muscle), suggesting
low antioxidant activity in alcohol-exposed muscles rich in
Type 1I fibers [11]. However, by using the increased con-
centration of carbonyls as indicators of muscle protein
damage caused by reactive oxygen species (ROS), the au-
thors [12] found that Type II muscles exhibit a higher
protective effect than Type I muscles during chronic
alcoholization.

The use of the antioxidant procysteine attenuated the
atrophy of alcoholic fast skeletal muscle, restored GSH levels,
and increased catalase (CAT) mRNA expression but did not
reduce the levels of other markers of oxidative stress and
catabolic disorders. It is hypothesized that it minimizes
muscle atrophy by inducing components of several anabolic
pathways [9]. The use of antioxidants, such as vitamins C and
E, exerted different effects on the two types of alcohol-exposed
muscle tissue [13]. For example, in Type II muscle fibers, the
effectiveness of antioxidant defense mechanisms in balancing
increased ROS production was reduced, making them more
susceptible to oxidative stress. This, in turn, led to impaired
muscle contractile function, rapid fatigue, and injury.

It is known that biocompatible and bioavailable carbon
nanoparticles such as Cg, fullerenes [14] with antioxidant
properties can effectively inactivate ROS in living systems
[15-17]. Recent studies [18, 19] have demonstrated that the
level of chronic alcoholic myopathy development in rat
muscle gastrocnemius (a fast skeletal muscle) decreases when
Cqo fullerene is used as a therapeutic nanoagent. It was found
that Cg fullerene reduces the level of liver damage in chronic
alcohol intoxication of rats [20]. However, there is currently
no data on the effect of this nanoantioxidant on the func-
tional activity of slow skeletal muscle (muscle soleus) in rats
during alcoholic myopathy.

Thus, the novelty of the current research lies in assessing
the biomechanical and biochemical parameters of the
functioning rat muscle soleus under chronic alcohol in-
toxication and exposure to Cg fullerenes over periods of 3, 6,
and 9 months.

2. Materials and Methods

2.1. Sample Preparation and Characterization. A previously
proposed ultrasonic method [21] was used to prepare
a highly stable (for 18months at a temperature of
+4°C-25°C) Cg fullerene aqueous solution (CgoFAS; initial
concentration 0.15 mg mL™Y) [20].

The structural organization of Cg, fullerene particles in
aqueous solution was investigated using atomic force mi-
croscopy (AFM; NT-MDT, Apeldoorn, Netherlands) with
“RTESPA-150" probes (Bruker, Billerica, Massachusetts,
USA) [20].
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2.2. In Vivo Experiments. The research was conducted on
male Wistar rats aged 1 month (at the beginning of the
experiment) with a body weight of 170 + 10 g [20]. The rats
were housed under controlled environmental conditions
(21°C, 12h light-12h dark cycle) with free access to water
and a standard diet ad libitum [22]. All procedures with
laboratory animals complied with the ARRIVE guidelines.
The use of animals was approved by the Biomedical Ethics
Committee of the ESC “Institute of Biology and Medicine” at
Taras Shevchenko National University of Kyiv (protocol no.
2 dated September 2, 2022) and conducted in accordance
with Article 26 of the Law of Ukraine “On the Protection of
Animals from Cruelty” (no. 3447-1V, 21.02.2006), as well as
European Union Directive of 22 September 2010 (2010/63/
EU) for the protection of animals used for scientific
purposes.

The laboratory animals were randomly divided into the
following experimental groups:

- Intact group (n=30): Rats received 100% drinking
water;

- Alcoholization group (control; n=30): Each rat was
placed in a separate cage and provided with alcohol
(40% ethanol in drinking water). This meant that the
animals did not have access to 100% water until they
had consumed the dosed portion of ethanol [23]. The
amount of ethanol administered was calculated as 0.5%
of the animal’s body weight. The ethanol dose was
recalculated every 24h throughout the experiment.
The duration of alcoholization was 3 (n=10), 6
(n=10), and 9 (n=10) months.

The target concentration of 40% ethanol in drinking
water was chosen because it reflects the blood alcohol
concentration (BAC) reported in chronic alcoholics [24].
The BAC of the animals was determined using an alcohol
analyzer (AM1, UK).

It should be noted that the rat model of chronic alco-
holization for more than 9 months demonstrates the de-
velopment of irreversible multiple organ failure [25], which
was the criterion for choosing the upper limit of the duration
of animal alcohol intoxication;

- Alcoholization + Cg, (1 =30; 10 animals in each sub-
group): These rats were administered C¢ FAS at a daily
oral dose of 1 mgkg ™" along with alcohol. The C4FAS
dose was recalculated every 24 h throughout the ex-
periment. Control over the amount of C4oFAS ingested
was ensured by denying the rats’ access to drinking
100% water until they fully consumed the
administered dose.

It should be noted that the dose of CoFAS used in this
study was chosen as the most effective dose based on pre-
viously obtained results [18-20]. Additionally, this value is
significantly lower than the LDsy, which was found to be
600 mgkg™" body weight when administered orally to
rats [26].
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Rats were anesthetized via intraperitoneal injection of
Nembutal (40 mgkg™'), maintaining deep surgical anes-
thesia for at least 2h [27]. The target skeletal muscles were
isolated from surrounding tissues, tendons were transected
distally, and ventral roots were severed at their spinal cord
exit points [22, 27].

2.3. Biomechanical and Biochemical Analyses. The mecha-
nokinetic parameters of muscle contraction were recorded
using a National Instruments (USA) USB-6009, a 12-bit
analog-to-digital converter (ADC) [27].

The following biomechanical parameters of rat skeletal
muscle function, serving as markers of dysfunctions [19],
were analyzed:

- Time to establish smooth tetanic muscle contraction
(tl);

- Time for contraction force to decay to zero after
stimulation cessation (t,);

- Integrated muscle power (area under the force curve;
S) calculated numerically using Origin 9.4 software;

- The minimum force during a single contractile act
(F

- Time to reach peak force response (t,)-

min)’

The pro- and antioxidant balance in muscle tissue,
assessed by measuring reduced GSH level and the activities
of selenium-dependent GP,, CAT, and SOD, was evaluated
as markers of muscle damage [22, 27, 28]. Analyses were
performed using biochemical analyzers: RNL-200 (Neth-
erlands), ABX Micros ESV60, and Pentra C400 (France).

2.4. Statistical Analysis. The statistical analysis of the ex-
perimental results was conducted using the software package
Statistica 8.0 (Dell, USA) through a mixed design analysis of
variance (ANOVA) procedure [27]. Two between-group
factors were considered: (1) alcoholization (with three
levels: 3, 6, and 9months of alcohol exposure) and (2)
CgoFAS treatment (with two levels: no treatment and
CeoFAS treatment). The Shapiro-Wilk W-test and Levene’s
test were used to assess the normality and equality of var-
iances across groups, respectively. Multiple pairwise com-
parisons between different groups and conditions were
performed by the Bonferroni post hoc test. Differences be-
tween groups were considered statistically significant at
P <0.05. Each experimental force curve represents the av-
erage of 10 similar tests, and all biochemical measurements
were repeated at least three times.

3. Results and Discussion

3.1. AFM Study. Since the size of nanoparticles affects their
toxicity for biomedical applications [29, 30], we conducted
AFM research on the resulting CgFAS.

As seen in the 3D AFM image (Figure 1), the C4FAS
consisted of randomly located point-like objects, with
heights reaching up to 3.5nm. The typical width of their
profiles was 10-15 nm. Taking into account that the radius of

FiGURre 1: 3D AFM image of Cq fullerenes deposited from CgoFAS
(0.15mgmL™") on a mica substrate. The arrows indicate the height
of the observed nanoparticles.

curvature of the tip of the used AFM probe was ~12 nm, we
believe that the nanoobjects had a spherical shape, corre-
sponding to either a single Cgo molecule (~0.7 nm) or its
nanoaggregates with diameters ranging from 1.4 to 3.5 nm.
This was consistent with our previous theoretical results [31].

Thus, the detected nanoformation of the Cg, fullerenes in
an aqueous solution indicates their suitability for
in vivo tests.

3.2. Muscle Contraction Analysis. Figures 2(a), 2(b), and 2(c)
show the mechanograms of rat muscle soleus contraction at
the application of an increasing stimulation signal with
a frequency of 0-50 Hz for a duration of 5s for an intact
group of rats in Figure 2(a), groups of alcoholized rats in
Figure 2(b), and rats receiving CFAS (1mgkg™') along
with alcohol in Figure 2(c).

Analysis of smooth contractile reactions (smooth teta-
nus) provides insight into the disruption of force generation
by individual motor units [19]. The use of stimulation pools
increasing in frequency made it possible to determine the
time of establishment of smooth tetanic muscle contraction
(t,) in the experimental groups of animals (Figures 2 and
3(a)). In the intact group, the level of this index was
3.0+ 0.2 s for the muscle soleus (Figure 3(a)). Three-month
alcoholization did not significantly change the time to es-
tablish smooth tetanic contraction of muscle soleus
(Figure 3(a)). At the same time, alcoholization during 6 and
9 months increased its level up to 3.2+0.2 and 3.5+0.2s,
respectively. The application of C4 FAS reduced this time
almost to the value in the intact group.

The time it takes for the muscle contraction force to
decrease to zero after the cessation of stimulation (¢,)
(Figures 2 and 3(b)) is an important indicator of muscle
stiffness increase, which is associated with the formation of
connective tissue components in the muscle [32]. The in-
crease in stiffness opposes the contraction of the muscle fiber
and its physiological transverse thickening during con-
traction, thereby prolonging the time required for the
muscle to return to its initial state. Note, however, that this
index depends not only on the contractile components but
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FIGURE 2: Force of muscle soleus contraction in alcoholized rats during modulated stimulation with increasing frequency (0-50 Hz) lasting
5s: intact, alcoholization and alcoholization + Cgp-an intact group of rats (a), groups of alcoholized rats (b) and rats receiving C4FAS
(1 mgkg™") along with alcohol (c), respectively; 3-, 6-, and 9-month-alcoholization for 3, 6 and 9 months, respectively; ¢, -time to establish
smooth tetanic muscle contraction; t,-time for contraction force to decay to zero after stimulation cessation.
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FIGURE 3: Mechanokinetic parameters of muscle soleus contraction of alcoholized rats during application of modulated stimulation of
increasing frequency (0-50 Hz) with the duration of 5s: t,-time to establish smooth tetanic muscle contraction (a); ¢,-time for muscle
contraction force to decrease to zero after cessation of stimulation (b); intact, alcoholization, and alcoholization + C4p—an intact group of
rats, groups of alcoholized rats, and rats receiving CeoFAS (1 mgkg™") along with alcohol, respectively; 3-, 6-, and 9-month-alcoholization
for 3, 6 and 9 months, respectively; *p < 0.05 relative to the intact group; *p < 0.05 relative to the alcoholization group. Arrows indicate the
most significant differences between the alcoholization and alcoholization + Cg groups.

also on the nature of the interaction between them and is
therefore a marker of the development of myopathic dis-
orders of muscle kinetics [1, 5].

Figure 3(b) shows that in the intact group, the time for
the force to decrease to zero in the muscle soleus was
0.9 £0.1s. Alcoholization led to a significant increase in this
parameter, particularly at 6 and 9 months, reaching 1.8 + 0.1
and 2.5 +0.1s, respectively, indicating notable degenerative
changes in the muscle soleus. The application of CgzFAS
reduced this index nearly to the intact group level after
3 months of alcoholization and to 1.5+ 0.1 and 2.1 +0.1sat 6

and 9months of alcoholization, respectively. The most
positive effect of CgFAS application was observed at
9months, with 17+1% improvement compared to the
alcoholization group.

One of the effective approaches to identify the level of
pathology in the muscle system is analyzing the development of
fatigue processes during nonrelaxation stimulation of the
muscle [18]. These processes play an important role in ensuring
the precise positioning of movements of the musculoskeletal
system. In this context, several biomechanical parameters were
investigated as markers of muscle fatigue development [18, 19].
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FIGURE 4: Mechanograms of 500 consecutive muscle soleus contractions of alcoholized rats during application of nonrelaxation pools of 50 -
Hz frequency lasting 3 s each: intact, alcoholization, and alcoholization + Csp—an intact group of rats (a), groups of alcoholized rats (b), and
rats receiving C¢oFAS (1 mgkg™") along with alcohol (c), respectively; 3-, 6-, and 9-month-alcoholization for 3, 6, and 9 months, respectively;
F in: minimum force during a single contractile act; t,,: time to reach peak force response; S: integrated muscle power.

Figures 4(a), 4(b), and 4(c) show mechanograms of 500
consecutive contractions of muscle soleus in alcoholized rats
when relaxation-free pools of 50-Hz frequency for a dura-
tion of 3s each were applied for an intact group of rats
Figure 4(a), groups of alcoholized rats Figure 4(b), and rats
receiving C4oFAS Figure 4(c).

Analysis of the integrated muscle power (S) (Figures 4
and 5(a)) allows us to evaluate the formation of muscle
activity in the “force-external load” system, which is es-
sentially a physiological analog of the performance of the
muscle system [19]. In the group of intact animals, this index
decreased from 100% at the 1st contraction to 94 + 2% at the
500th contraction of muscle soleus (Figure 5(a)). Testing of
the muscle soleus revealed a significant decrease in the in-
tegrated muscle power at 6 and 9 months of alcoholization:
22+1% and 30+1% (Ist contraction) and 30+ 1% and
44+2% (500th contraction), respectively, relative to the
intact group. Application of C4FAS increased this index,
and at 6 and 9 months of alcoholization, its difference was
22+1% and 37 +£ 1% (500th contraction), respectively, rel-
ative to the alcoholization group (Figure 5(a)).

For comparison: In the case of the muscle gastrocnemius
[19], the most positive effect of CsFAS was 26 +2% fol-
lowing 9 months of alcoholization of animals.

The change in the level of minimal contraction force
(F min) (Figures 4 and 5(b)) is the most sensitive indicator of
muscle dysfunction caused by pathological processes [18].
Thus, this index for muscle soleus decreased by 25 + 1% and
38 +2%, 36 +2% and 50 + 2%, 51 + 2% and 62 + 3% at the 1st

and 500th contractions at 3, 6, and 9 months of alcohol-
ization, respectively, relative to the intact group
(Figure 5(b)). The application of CgFAS increased this
parameter by 11+ 1% (1** contraction) and 23 + 1% (500th
contraction) at 3 and 6months of alcoholization, re-
spectively. At 9 months of alcoholization, the increase was
11+ 1% (Ist contraction) and 37 +2% (500th contraction)
relative to the alcoholization group.

For comparison: In the case of the muscle gastrocnemius
[19], the most positive effect of CgFAS was 33 +3% fol-
lowing 9 months of alcoholization of animals.

The increasing time to reach the maximum force re-
sponse (ty,.) (Figures 4 and 5(c)) is also an important
marker of dysfunctions in the muscle’s excita-
tion-contraction system, as it indicates the possibility of
blocking the accurate positioning of the joint during
movement. Thus, this index increased by 38+2% and
30 £2%, 43+ 2% and 45 + 2%, 52 + 3% and 55 + 3% for the
Ist and 500th muscle soleus contractions at 3, 6, and
9 months of alcoholization, respectively, compared to the
intact group (Figure 5(c)). The positive effect of C4FAS
was 14+ 1% and 22+1%, 12+1% and 20+ 1%, 15+ 1%
and  25+1%, respectively, relative to  the
alcoholization group.

In summary, the most significant biomechanical effects
of C4FAS (over 25%) occur at long-term alcoholization in
animals (9 months) under the development of high-intensity
fatigue in the muscle soleus, which agrees with the results for
the muscle gastrocnemius [19].
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FIGURE 5: Mechanokinetic parameters of muscle soleus contraction in alcoholized rats during application of nonrelaxation pools of 50-Hz
frequency with the duration of 3 s each: S: integrated muscle power calculated as the area under the force curve (taken as 100% at the first
contraction of the muscle in the intact group) (a); F;,: minimum force during a single contractile act (b); t,: time to reach peak force
response (c); 1 and 500: 1st and 500th muscle contraction, respectively; intact, alcoholization and alcoholization + Cgo_an intact group of
rats, groups of alcoholized rats, and rats receiving C4FAS (1 mg/kg™") along with alcohol, respectively; 3-, 6-, and 9-month-alcoholization
for 3, 6, and 9 months, respectively; * p < 0.05 relative to the intact group; *p < 0.05 relative to the alcoholization group. Arrows indicate the
most significant differences between the alcoholization and alcoholization + Cg groups.

3.3. Biochemical Analysis of Muscle Tissues. The BAC in  consumption). These results agree well with previously re-
alcoholized rats ranged from 140 +5mgdL™" (3months of  ported data [23]. The administration of CgFAS alongside
alcohol consumption) to 261 + 6 mg dL™ (9 months of alcohol ethanol did not significantly alter the BAC values [18-20].
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FI1GURE 6: Indicators of pro- and antioxidant balance (SOD (a), CAT (b), GPy, (c), and GSH (d)) in the muscle soleus tissues of alcoholized
rats after application of stimulation: intact, alcoholization, and alcoholization + Cgp—an intact group of rats, groups of alcoholized rats, and
rats receiving C¢oFAS (1 mg kg_l) along with alcohol, respectively; 3-, 6-, and 9-month-alcoholization for 3, 6, and 9 months, respectively;
*p < 0.05 relative to the intact group; *p < 0.05 relative to the alcoholization group. Arrows indicate the most significant differences between

the alcoholization and alcoholization + Cg, groups.

Antioxidant defense enzymes, particularly SOD and
CAT, play a critical role in regulating ROS and peroxide
processes [33]. Research [34] has demonstrated that under
conditions of physical exercise, SOD activity in the skeletal
muscles of animals increases predominantly in oxidative
muscles without significant changes in mRNA expression. In
our experiment, SOD activity in the muscle soleus increased
by 11+ 1%, 18+ 1%, and 36+2% at 3, 6, and 9 months of
alcoholization, respectively, compared to the intact group
(Figure 6(a)). The most pronounced positive effect of
CeoFAS was observed at 9 months of alcoholization, with an
increase of 25+ 1% relative to the alcoholization group.

For comparison: In the case of muscle gastrocnemius
[19], the most positive effect of CgoFAS was 44 +2% fol-
lowing 9 months of alcoholization of animals.

The increase in CAT activity in the muscle soleus was as
follows: 21 + 1%, 27 + 1%, and 32 + 2% at 3, 6, and 9 months
of alcoholization, respectively, relative to the intact group
(Figure 6(b)). The most pronounced positive effect of
CgoFAS was observed at 9 months of alcoholization with
a 20+ 1% increase relative to the alcoholization group.

For comparison: In the case of the muscle gastrocnemius
[19], the most positive effect of CsoFAS was 48 +2% fol-
lowing 9 months of alcoholization of animals.
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Despite a significant body of research, data on CAT
activity under conditions of intensive physical exercise and
the development of pathologies in skeletal muscle remain
contradictory. Thus, it was found [34] that chronic exercise
does not alter CAT activity in slow muscle but reduces it in
fast muscle. Research [35] reported a decrease in CAT ac-
tivity in both oxidative and glycolytic types of muscle fibers.
Finally, the authors [36] recorded an increase in CAT activity
during exercise in both muscle types.

Along with antiradical enzymes, the GSH link is an
active component of the antioxidant defense of the organism
[33, 37-39]. The increase in GPy activity in the muscle soleus
was 11+1%, 18 +1%, and 27 £ 1% at 3, 6, and 9 months of
alcoholization, respectively, relative to the intact group
(Figure 6(c)). The most positive effect of C4oFAS was 21 + 1%
relative to the alcoholization group for 9months of
alcoholization.

For comparison: In the case of the muscle gastrocnemius
[19], the most positive effect of CsFAS was 39 +2% fol-
lowing 9 months of alcoholization of animals.

GSH content in the muscle soleus increased by 25 + 1%,
33+ 2%, and 99 + 4% at 3, 6, and 9 months of alcoholization,
respectively, relative to the intact group (Figure 6(d)). The
most positive effect of C4FAS was 23+ 1% at 9-month
alcoholization relative to the alcoholization group.

For comparison: In the case of the muscle gastrocnemius
[19], the most positive effect of CqFAS was 42 +2% fol-
lowing 9 months of alcoholization of animals.

Thus, the most significant biochemical effects of C4,FAS
(exceeding 20%) are observed during long-term (9 months)
alcohol administration in animals, which agrees with the
results for the muscle gastrocnemius [19].

In summary, the application of Cg, fullerenes contrib-
utes to the reduction of oxidative processes in both the soleus
and gastrocnemius muscles of rats. This can be attributed to
the maintenance of a balance between the antioxidant de-
fense system and pro-oxidants, which mitigates the negative
effect of ROS on cellular and subcellular structures during
the development of muscle fatigue in alcohol-exposed
rats [27].

Possible molecular mechanisms describing the obtained
data require further detailed study, since, for example, the
use of such known antioxidants as carotenoids, vitamins,
polyphenols, and flavonoids in treating chronic alcoholism
demonstrates contradictory results [13]. For today, the
following mechanism of Cg, fullerene action can be con-
sidered. In alcoholic myopathy, ROS are formed in dys-
functional mitochondria [10], which leads to the destruction
of cell membranes and functional disorders of their enzyme
systems. So, a decrease in the activity of Na*/K*-ATPase
inhibits the specific increase in Na* conductivity that occurs
in response to an adequate stimulus and thus prevents the
development of excitation in myocytes. This can lead to
a temporary imbalance in the time of establishment of
smooth tetanus, which, in turn, increases the time required
for the muscle to perform a force exercise. On the other
hand, it is known that over 90% of alcohol in the body is
metabolized through oxidative and nonoxidative pathways,
resulting in the formation of highly reactive compounds that
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also actively generate ROS [40]. Cq, fullerenes as powerful
exogenous nanoantioxidants [16, 26, 41] with mitochondrial
targeting [15] effectively inactivate ROS and thus reduce
dysfunctions in muscle soleus of rats with chronic alcohol
intoxication.

It has shown [42] that Cg fullerenes are capable of
effectively adsorbing various aromatic molecules on their
surface. It can be assumed that nanoaggregates of Cg ful-
lerenes present in ethanol are capable of binding its mole-
cules and, thus, entering the body, reduce the negative
impact of alcohol on the muscular system functioning,
which requires theoretical verification of this hypothesis.

4. Conclusions

The obtained biomechanical and biochemical data on the
functioning of rat muscle soleus indicate that after 3, 6, and
9months of alcoholization, the experimental animals de-
velop significant dysfunctions in the skeletal musculature. A
significant therapeutic effect of Cg fullerenes (at an oral dose
of 1 mgkg " along with alcohol throughout the experiment)
was observed in correcting the contractile activity of the
alcoholized muscle soleus, as evidenced by the studied
biomechanical and biochemical parameters (on average over
20%). This effect is attributed to the modification of ROS-
dependent mechanisms, which play a critical role in alco-
holic myopathy. These findings highlight the potential of Cg
fullerenes for correcting pathological states of the skeletal
muscles induced by alcohol intoxication.
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The effect of C , fullerene on

the musculus gastrocnemius
contraction in chronically alcohol-
exposed rats and the potential
mechanism of its action

Olexandr Motuziuk?, Dmytro Nozdrenko?, Svitlana Prylutska3, Nina Tverdokhleb®,
Mykola Petrovsky?, Sergiy Vyzhva?, Yuriy Prylutskyy?, Peter Scharff® & Uwe Ritter>™*

Over 90% of consumed alcohol is metabolized through oxidative and non-oxidative pathways,
producing highly reactive compounds capable of generating reactive oxygen species (ROS). ROS
induce increased oxidative stress and lipid peroxidation, thereby disrupting the structural integrity

of myocytes and the functions of skeletal muscles in general. It is hypothesized that biocompatible
and bioavailable C  fullerenes, as potent antioxidants, can effectively absorb ROS, normalizing

the functional state of the muscular system during the chronic alcoholic myopathy (CAM). Here, for
the first time, the effect of C fullerenes (oral daily dose of 1 mg/kg) administered together with
alcohol (40% ethanol in drinking water) on the contractile activity of the musculus gastrocnemius

in male Wistar rats (age 1 month, weight 170 +10 g; n=36) during the development of CAM over 3,

6, and 9 months was analyzed using tensometry. Biochemical analysis was used to evaluate pro-

and antioxidant balance indicators in the blood of alcohol-exposed animals under the influence of

C,, fullerenes. Finally, the potential mechanism of action of C, fullerenes under chronic alcohol
intoxication in rats was analyzed using a computer simulation technique. The data obtained indicate
an improvement in the studied biomechanical markers of contraction in alcohol-exposed musculus
gastrocnemius with a range of 16-50 + 3%. Additionally, significant biochemical changes were observed
in the pro- and antioxidant balance in the blood of experimental rats, showing an improvement of 22—
39 2% due to the action of C, fullerenes, compared to the alcohol-exposed group. It is demonstrated
that C, fullerene nanoparticles can bind ethanol molecules, thereby reducing the negative effects of
alcohol on the functioning of the muscular system.

Keywords Musculus gastrocnemius, Chronic alcohol intoxication, Cq fullerene, Biomechanical parameters
of muscle contraction, Indicators of pro- and antioxidant balance in the blood, Computer simulation

Chronic alcohol use disorder (AUD)! is a disease characterized by a syndrome of addictive alcohol dependence,
which leads to specific somatic, myopathic, and neurological disorders in the body. According to the WHO,
more than 3.3 million people worldwide die annually due to AUD?>. Notably, approximately 25% of all deaths
associated with chronic AUD occur among young people aged 20-39 years*.

Alcoholic myopathy is recognized as a distinct pathological condition that arises from other manifestations
of alcoholic disease, such as liver damage, myocardial injury, or alcoholic polyneuropathy®. Several clinical
forms of alcoholic myopathy are identified as those developing against acute or chronic alcohol intoxication
and are collectively referred to as “alcohol-induced muscle damage“. The most prevalent form is chronic
alcoholic myopathy (CAM), which occurs in 40-60% of individuals who abuse alcohol”®. Alcohol reduces the
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differentiation potential of muscle stem cells and disrupts the regulation of the extracellular matrix, thereby
impairing the muscle’s regenerative capacity’. CAM encompasses a complex array of biochemical, physiological,
and structural changes in skeletal muscle resulting from prolonged alcohol intoxication, leading to loss of muscle
strength and mass!®. Many symptoms, including acute muscle weakness, tonic spasms, high levels of tremor, and
myoglobinuria with a high risk of acute renal failure'! characterize CAM. Importantly, CAM is not accompanied
by a significant increase in the level of the enzyme creatine phosphokinase in the blood, and electromyography
does not reveal changes typical of primary muscle damage, such as reduced amplitude and duration of motor
unit action potentials'>which often complicates its clinical diagnosis. It has been shown that a morphological
indication of CAM development is muscle fiber atrophy, with its severity proportional to the duration of alcohol
consumption and weakly dependent on dosage'>!“. Progressive muscle fiber atrophy can lead to significant loss
of muscle mass'.

The development of CAM is partially attributed to altered redox states and an imbalance of endogenous
antioxidants in the body'®. These impairments lead to a reduction in ATP content in skeletal muscle and a
diminished redox ratio (NAD*/NADH), accompanied by increased electron leakage, primarily from complex
III (ubiquinone), which promotes the generation of mitochondrial reactive oxygen species (ROS) and reverse
electron transport. Collectively, these processes contribute to mitochondrial dysfunction in skeletal muscle,
suppressed protein synthesis, and enhanced autophagy!’. Alcohol enhances the activity of cytochrome P450,
which also facilitates the formation of ROS. Finally, ethanol metabolism in the liver produces highly reactive
compounds, and their further metabolism is also linked to the generation of ROS'®.

The effective inactivation of ROS in both in vitro and in vivo systems by biocompatible and bioavailable C,
fullerene nanoparticles presents promising opportunities for their extensive biomedical applications'*%. It was
shown that Cj fullerenes have more potent antioxidant properties compared to natural antioxidants vitamins
C and E?'as well as the exogenous antioxidants N-acetylcysteine (NAC) and p-alanine*?which are often used in
sports medicine. Notably, mitochondria are the primary organelles responsible for the production of ROS in
damaged skeletal muscles. Because of this, C, fullerenes with mitochondrial targeting® are powerful scavengers
of ROS induced by muscle pathologies of various kinds**%.

Previously, on the models of alcohol-exposed rats?® it was shown that simultaneous administration of alcohol
(40% ethanol in drinking water) and C fullerenes (the optimal daily dose of 1 mg/kg) results in a higher level of
musculus gastrocnemius force response correction compared to other methods of this drug administration (1 h
before and 1 h after alcohol intake). In particular, this therapeutic approach reduces fluctuations in force response
during maximum force effort (the so-called “tremor”). Moreover, Ceo fullerenes, which were administered to rats
together with alcohol, reduced the time occurrence of fatigue processes in musculus gastrocnemius during the
long-term development of alcoholic myopathy and inhibited oxidative processes in muscle, thereby preventing
its degradation?’.

Therefore, this study aimed to analyze in detail the effect of C fullerenes administered along with alcohol
for 3, 6, and 9 months on the contractile activity of the musculus gastrocnemius in rats by evaluating (1) the most
informative biomechanical markers of muscle dysfunction and biochemical indicators of pro- and antioxidant
balance in the blood, as well as (2) the potential mechanism of C, fullerene nanoparticles action using a
computer simulation technique.

Results

Weight of experimental animals

In the control group, the average body weight of the rats increased from 170+ 10 g at the beginning of the
experiment to 210+ 11 g, 240+ 13 g, and 290+ 15 g at the end of months 3, 6, and 9, respectively. In the alcohol-
exposed group, body weight increased from 170+ 10 g to 200+ 10 g, 220+ 12 g, and 250+ 13 g over the same
time points. Finally, in the alcohol + C -treated group, average body weight did not differ reliably from that of
the alcohol-only group.

Biomechanical analysis of musculus gastrocnemius contraction in alcohol-exposed rats

Muscle weakness is the most prevalent clinical manifestation of CAM?3characterized by a reduction in muscle
contractile force and altered timing in achieving force parameters that correspond to the frequency of efferent
stimulation observed in an intact muscle. To assess these myopathic impairments in the musculus gastrocnemius,
we applied a stimulation signal at a frequency of 50 Hz for a duration of 5 s (Fig. 1).

Figure 2 shows that after 3 months of alcohol-exposed animals, the value of integrated muscle power, as
a physiological analog of its performance®significantly decreased during all stimulation pools and at the 5th
contraction amounted to 57 +3% of the control value. The use of C, fullerene revealed an improvement of this
parameter by 16 1% compared to the alcohol-exposed group.

The integrated muscle power of rats after 6 months of AUD decreased to 29+1% of the control at the 5th
contraction. The use of C, fullerene improved this indicator by 21 + 1% compared to the alcohol-exposed group
(Fig. 2).

Finally, AUD for 9 months significantly decreased the integrated muscle power, which amounted to 10+ 1%
of the control at the 5th contraction. The use of C fullerene increased this value by 23 +1% compared to the
alcohol-exposed group (Fig. 2).

As can be seen from Fig. 3, the time of the beginning of the muscle force response increased from 150 + 15 ms
in the control to 300+ 20, 390+ 15, and 480+ 22 ms at 3, 6, and 9 months of alcohol consumption, respectively.
The use of C, fullerenes reduced this parameter to 185+8, 210+ 14, and 240+ 16 ms, respectively, which was
38+2%, 46 £3%, and 50 £4% compared to the alcohol-exposed group.

As can be seen from Fig. 4, the time for the muscle force response to reach its initial level increased from
500+17 ms in control to 690+21, 900+27 and 1200+2 9 ms at 3.6 and 9 months of AUD, respectively. With
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Fig. 1. The strength (N, Newton) of 5 (1, 2, 3, 4, 5) consecutive contractions of the musculus gastrocnemius of
experimental rats induced by non-relaxation stimulation pools of 50 Hz for 5 s: control - rats of the control
group; alcoholization - alcohol-exposed rats; alcoholization + C, — administration of C, fullerene mixed with
alcohol; 3, 6, 9 months - duration of the experiment 3, 6 and 9 months, respectively; S - integrated muscle
power (an area under the force curve); tar — time of the beginning of the muscle force response; t, — time for
the muscle force response to reach its initial level.

the use of C fullerenes, this parameter decreased to 570+9, 680+ 11, and 710 + 10 ms, respectively, which was
17+ 1%, 24+ 1%, and 41 + 3% compared to the alcohol-exposed group.

To analyze the time for the muscle contraction force to reach the maximum level, we used a complex
modulated stimulation signal with an extended time of the pre-tetanic phase of contraction lasting 3 s (Fig. 5a).

As illustrated in Fig. 5b, in the control group, the time for the muscle contraction force to reach its maximum
level (312028 ms) was consistent with the duration of pre-tetanic stimulation. After AUD for 3, 6, and 9
months, this parameter was 4530 +46, 5515+ 52, and 6150+ 55 ms, respectively. With the use of C fullerenes,
it decreased to 3300+29, 3820+ 32 and 4200+41 ms, respectively, which was 27+1%, 31+2%, and 32+2%
compared to the alcohol-exposed group.

Biochemical analysis of blood in alcohol-exposed rats

To verify the antioxidant effect of C fullerenes through modification of ROS-dependent mechanisms and
their effect on the activity of endogenous antioxidants, we analyzed the values of pro- and antioxidant balance
(superoxide dismutase (SOD) and catalase (CAT) activities, reduced glutathione (GSH) concentration) in the
blood plasma of alcohol-exposed rats (Fig. 6).

SOD is the most powerful natural antioxidant and the first-line enzyme of the body’s antioxidant defense.
As can be seen from Fig. 6, the activity of SOD increased to 3.8 £0.3, 4.8 +£0.4 and 5.9+ 0.5 Units/ml in the case
of 3, 6, and 9 months of AUD, respectively, and in the control it was 1.7 0.1 Units/ml. The use of Cqo fullerenes
reduced these indicators to 2.4+0.2, 3.0+£0.3 and 3.6 £0.3 Units/ml, respectively, which amounted to 37+ 3%,
38+3%, and 39+ 3% compared to the alcohol-exposed group.

CAT works in conjunction with SOD by decomposing hydrogen peroxide into water and molecular oxygen,
thereby preventing the formation of highly reactive hydroxyl radicals. The CAT activity increased to 2.2+0.1,
2.5+0.1 and 3.5+ 0.2 mM/min in the case of 3, 6, and 9 months of AUD, respectively, and in the control group it
was 1.3+0.1 mM/min. The use ofC60 fullerenes reduced these values to 1.7+0.1,1.9+ 0.1 and 2.2 +0.1 mM/min,
respectively, which amounted to 33 3%, 34+ 3%, and 37 + 3% compared to the alcohol-exposed group (Fig. 6).

Scientific Reports |

(2025) 15:32651 | https://doi.org/10.1038/541598-025-16765-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

o
"y alcoholization +C,,
100 alcoholization £ wk ey |
80 *E kk
60
40
20
0 )
control !
S,% 3months
100 alcoholization +C,,
|
80 alcoholization *E wx
60 I
3 *
40 =8
0
control ' 2 3 4
S.% 6 months
]
100 o
alcohollzatlon +Clm
80
* %
60 | alcoholization T
40 | ! . % u
*
I“D*
0o B
control ' 2 % 4
9months

Fig. 2. Integrated power of the musculus gastrocnemius (S): control - rats in the control group (S taken as
100%); alcoholization — alcohol-exposed rats; alcoholization + Cqo administration of Cq fullerene mixed
with alcohol; 3, 6, 9 months - duration of experiment 3, 6 and 9 months, respectively; 1, 2, 3, 4, 5 - numbering
of 5 consecutive contractions of the muscle gastrocnemius. *p <0.05 vs. control group ((n=36)); **p <0.05 vs.

alcohol-exposed group (n=36; n=12 animals in each subgroup: 3, 6, and 9 months).

The cellular mechanisms of antioxidant defense are linked to the functioning of a powerful GSH link.
Figure 6 shows that there is a significant increase in the concentration of GSH in the development of CAM,
namely, it was 3.2+0.2,3.9+0.2 and 5.5+ 0.3 uM in the case of 3, 6, and 9 months of AUD, respectively, and in
the control —2.0£0.1 uM. The use of C60 fullerenes reduced these indicators to 2.8 +0.1, 3.0+0.2 and 3.8+0.2
uM, respectively, which amounted to 22+ 1%, 23 + 1%, and 31 +3% compared to the alcohol-exposed group.

Analysis of molecular dynamics (MD) simulation

Initially, MD simulations were performed on systems containing 1 to 4 Cj fullerenes in ethanol solutions. In
these cases, complexes from 2 to 4 C,; molecules were destroyed with the appearance of single C, fullerenes
during simulation. Single C; fullerenes don’t adsorb molecules of ethanol. The other data can be seen for the
cases with 5, 10, 13, and 20 C,, fullerene units. These numbers of C fullerene created the stable, predominantly
ellipsoidal nanoaggregates that don't break down in MD running in the ethanol solution. Similar results are
observed for C fullerenes in polar solvents**—2 5 C, fullerenes are placed at the tops of a triangular bipyramid,
the maximal diagonal of which is 2.2 nm. Nanoaggregates consisting of 10 and 13 Cj fullerenes are almost
spherical with diameters of 2.5 and 2.9 nm, respectively. The Cq fullerene cluster, constructed from 20 units,
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Fig. 3. Time of the beginning of musculus gastrocnemius force response (t
group; alcoholization - alcohol-exposed rats; alcoholization + Ceo — administration of Cq fullerene mixed with
alcohol; 3, 6, 9 months - duration of the experiment 3, 6 and 9 months, respectively. *p <0.05 vs. control group
(n=36); **p <0.05 vs. alcohol-exposed group (n=36; n=12 animals in each subgroup: 3, 6 and 9 months).
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Fig. 4. Time for the musculus gastrocnemius force response to reach its initial level (t ): control - rats of the
control group; alcoholization — alcohol-exposed rats; alcoholization + C, — administration of C, fullerene
mixed with alcohol; 3, 6, 9 months - duration of the experiment 3, 6 and 9 months, respectively. *p <0.05 vs.
control group (n=36); **p <0.05 vs. alcohol-exposed group (1 =36; n=12 animals in each subgroup: 3, 6, and
9 months).

has an ellipsoidal shape with the longest principal axis of 3.4 nm and two others approximately equal to 2.5 nm.
Distances represented here were measured between the farthest points of opposite C fullerene surfaces.

The minimal distance of the neighboring C fullerenes in clusters, directly interact with each other is
0.27 nm, and the maximum is 0.32 nm. The number of contacts between the C, fullerene cluster and ethanol/
water molecules at a distance of 0.32 nm (Fig. 7) was calculated. The averaged values of these contacts are
represented in Table 1. On average, the number of contacts between clusters and water is only 23% larger than
with ethanol, which means that during simulations, nanoaggregates adsorbed on their surface both ethanol and
water molecules. Figure 8a—d shows the first solvation shell of C fullerene nanoaggregates consisting of 5, 10,
13, and 20 units. The shortest distance between the surface of Ceo fullerene clusters and ethanol molecules is
0.24 nm, a few water molecules can touch some C, fullerenes at a distance of 0.22 nm. Hence, ethanol molecules
occupy clusters inhomogeneously: they tend to be located in the cavities between C, fullerenes, whereas water
mostly interacts with the convex surfaces of C fullerenes. Also, it is determined that some “dry” regions (Fig. 8),
which is confirmed by conclusions in the study®.

Moreover, the majority of ethanol OH-groups orient to water molecules, tending to create hydrogen bonds
with them (Fig. 8e). The net of these hydrogen bonds becomes thicker with the increase of the cluster size. In
general, the amount of adsorbed ethanol molecules depends on the measure of C fullerene nanoaggregates
(Fig. 7; Table 1).

Discussion

The results obtained from measuring the weight of the experimental animals showed that alcohol consumption
reduced their weight gain to 15+ 1% compared to the control group, which agrees well with previous data!’. The
use of water-soluble C, fullerenes did not affect this process.

The biomechanical studies conducted revealed that the value of integrated muscle power (Fig. 2) decreases,
and the values of the time characteristics of musculus gastrocnemius contraction (Figs. 3, 4 and 5) increase, in the
context of chronic alcohol intoxication in animals. These effects may be caused by impaired interaction of muscle
myofilaments, an increase in their stiffness, dysfunction of the calcium pump, and the sarcoplasmic reticulum
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Fig. 5. Mechanograms depicting the force response (N, Newton) of the musculus gastrocnemius of
experimental rats elicited by 5 s of non-relaxation stimulation pools with an extended pre-tetanic contraction
phase (a);t_ - time for the muscle contraction force to reach the maximum level (b): control - rats in the
control group; alcoholization — alcohol-exposed rats; alcoholization + C,, — administration of C, fullerene in
conjunction with alcohol; 3, 6, 9 months - duration of experiment 3, 6 and 9 months, respectively; 1, 2, 3, 4,

5 - numbering of 5 consecutive contractions of the musculus gastrocnemius. *p <0.05 vs. control group (n=36);
**p <0.05 vs. alcohol-exposed group (1 =36; n=12 animals in each subgroup: 3, 6, and 9 months).

system>>%%. One of the reasons for the above-described mechanokinetic effects may also be a decrease in the
synthesis of myotic proteins. It has been shown?®® that in the case of CAM, there is a decrease in the synthesis
of not only the main contractile protein, myosin, but also cytoskeletal proteins (actin, troponin, titin, nebulin),
which provide conditions for the interaction of actin and myosin. This not only changes the stiffness of myocytes
but also extends the time for establishing a smooth tetanic muscle contraction. Furthermore, the use of water-
soluble C, fullerenes improved the studied biomechanical parameters by 16-50 +3% compared to the alcohol-
exposed group. Thus, C fullerenes can mitigate damage to the main links of the “muscle excitation-response’,
inhibiting the development of pathological processes in alcohol-dependent muscle cell damage.

The conducted biochemical studies showed (Fig. 6) that the blood plasma biomarkers associated with
oxidative stress in experimental animals exhibited a significant increase against the background of CAM
development. This indicates that the muscular system performs work that is too intense for its physiological
level. The use of C, fullerenes, possessing a strong antioxidant capability, improved the biochemical parameters
by 22-39+2% compared to the alcohol-exposed group. Therefore, the restoration of biochemical indicators
achieved through C fullerene intervention demonstrates its capacity to disrupt the cycle of oxidative stress and
mitochondrial dysfunction.
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Fig. 6. Parameters of pro- and antioxidant balance (SOD, CAT, and GSH) in the blood plasma of experimental
rats: control — rats of the control group; alcoholization - alcohol-exposed rats; alcoholization + Ceo —
administration of Cq fullerene in a mixture with alcohol; 3, 6, 9 months — duration of the experiment 3, 6 and
9 months, respectively. *p <0.05 vs. control group (n=236); **p <0.05 vs. alcohol-exposed group (n=36; n=12
animals in each subgroup: 3, 6, and 9 months).

Finally, in addition to the antioxidant effect of Cq fullerenes, one of the explanations for their effective use
in combination with alcohol may be the binding of ethanol molecules to C; fullerene nanoparticles, excluding
them from the metabolic cycle and thus reducing the development of CAM and improving the skeletal muscle
contraction, which was confirmed by the model calculations (Fig. 8).

The mechanisms underlying the toxic effects of alcohol mediated by oxidative stress are complex and not
yet fully elucidated. Ethanol has been shown to induce oxidative damage, including lipid peroxidation (LPO) of
cellular membranes and mitochondrial dysfunction®’. Ethanol metabolism involves several enzymatic pathways,
including alcohol dehydrogenase, the microsomal ethanol oxidizing system (MEOS), and catalase. Each of these
pathways generates free radicals that can compromise the body’s antioxidant defense system. Additionally,
ethanol itself, hyperlactacidemia, and elevated NADH levels enhance xanthine oxidase activity, leading to
increased superoxide production. Both LPO and superoxide generation are correlated with cytochrome P450
2E1 expression. MEOS contributes to oxidative stress both directly and indirectly by disrupting endogenous
protective mechanisms*. These multifaceted systemic processes hinder the identification of the most influential
factors in the development of CAM.

It has been demonstrated that incorporating the antioxidant NAC into the diet of alcohol-exposed rats
enhances the activity of glutathione peroxidase and citrate synthase, thereby improving energy metabolism™.
The addition of the antioxidant procysteine mitigated alcohol-induced oxidative stress compared to untreated
rats?. In contrast, the addition of alpha-tocopherol did not prevent the decline in muscle protein synthesis in
animals administered alcohol**. The use of well-known antioxidants such as carotenoids, vitamins C and E,
selenium, polyphenols, and flavonoids to normalize oxidative stress in skeletal muscles affected by alcohol also
yielded conflicting results*..

In summary, the following potential mechanisms of C fullerene action can be considered. Ethanol disperses
from the bloodstream to all tissues and body fluids*?. The ethanol concentration in a tissue is influenced by
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Fig. 7. Contact numbers of the first solvation shell with Cj fullerene nanoaggregates during the last 5 ns of
simulation.

Number of C, fullerenes in nanoaggregates | Average number of ethanol - C, fullerene contacts | Average number of water - C, fullerene contacts

25+4 29+6

44+5 67+9

55+6 74+11

75%£6 93+11

Table 1. Average numbers of ethanol - C fullerene and water - C, fullerene contacts (M + SE).

its relative water content. Similar to water, ethanol can permeate cell membranes®. Additionally, there are
no proteins in blood plasma that bind to ethanol*. It is known that more than 90% of consumed alcohol is
metabolized by oxidative and non-oxidative pathways, producing such reactive compounds as acetaldehyde,
acetate, fatty acid ethyl ester, etc!8%5, Within the framework of such processes, ROS is generated, which causes
an increase in oxidative stress and LPO, thus disrupting the structural integrity of cells and the functions of
tissues and organs. Increased ROS production reduces the level of endogenous antioxidants®®. Therefore, it is
assumed that, on the one hand, Cq fullerenes, as powerful exogenous antioxidants!®?!can effectively absorb
ROS and remove them from the body*’normalizing the functional state of the muscular system against the
background of alcoholic myopathy. On the other hand, stable-sized nanoparticles of C, fullerenes present in
ethanol can effectively bind its molecules and, thus, entering the body, reduce the negative effects of alcohol on
the functioning of the muscular system.

Materials and methods

Preparation of water-soluble C. fullerene

A water-soluble C | fullerene with purity of more than 99.95% has been prepared according to the reproducible
method*®**which is based on transferring C,, molecules from toluene solution into the aqueous phase by
ultrasonic treatment. The used concentration of C, fullerenes in water was 0.15 mg/ml. According to the data
of high-resolution microscopy and light scattering spectroscopy*’the resulting sample is a typical colloidal
nanofluid, which mainly contains both individual C,; fullerenes and their nanoaggregates up to 100 nm.
Moreover, it remains highly stable for up to 18 months at a temperature range of +4-25 °C.

In vivo study

The rats come from the university’s breeding program (Institute of Biology and Medicine). All experiments
were conducted on male Wistar rats aged 1 month with a body weight of 170 + 10 g?%270. The rats were housed
under controlled environmental conditions (21 °C, 12 h light - 12 h dark cycle) with free access to water and a
standard diet ad libitum. It is important to note that the selection of these animals was based on the following
considerations: (1) to eliminate the influence of cyclical physiological processes occurring in female rats, which
could potentially affect the results of a long-term study (lasting up to 9 months), we utilized male rats as the
experimental subjects; (2) the experimental studies on male Wistar rats commenced immediately after their
sexual maturation, which occurs between 4 and 6 weeks of age; (3) previously published experimental data'
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Fig. 8. The first solvation shell of the 5, 10, 13, and 20 C, fullerene nanoaggregates (a-d). Water molecules

are red, ethanol is yellow. Circles show: white — “dry” regions, green — cavities between Cj fullerenes, and red
- convex surfaces. Fragment of 5 C fullerene complex with first ethanol solvation shell, where the molecules
are occupied by water within 0.24 nm (e). The black dotted lines demonstrate hydrogen bonds between ethanol
OH-groups and water. Oxygen atoms are red, hydrogens — white, and carbons - cyan.

indicate that alcohol consumption in animals younger than 1 month does not lead to a statistically significant
development of CAM. Each animal was housed individually and provided with a standard diet ad libitum in
both quantity and composition. Body weight was measured daily for all animals across experimental groups
throughout the study using Lab scales (“Dneproves FEH”, Ukraine). All procedures with laboratory animals
complied with the ARRIVE guidelines. The use of animals was approved by the Biomedical Ethics Committee
of the ESC “Institute of Biology and Medicine” of Taras Shevchenko National University of Kyiv (protocol no. 1
dated January 8, 2024) and performed following Article 26 of the Law of Ukraine “On the Protection of Animals
from Cruelty” (no. 3447-1V, 21.02.2006), as well as European Union Directive of 22 September 2010 (2010/63/
EU) for the protection of animals used for scientific purposes.
All tested rats were randomly divided into the following experimental groups:

« control (n=36; 12 animals in each subgroup); animals received 100% drinking water;

« alcoholization (n=36). Each rat was placed in a separate cage to receive 40% ethanol in drinking water, which
meant that the animals did not have access to 100% water until they had consumed the dosed portion of etha-
nol®. The amount of ethanol consumed was calculated for 0.5% of the animal’s body weight. Recalculation of
the ethanol dose was performed every 24 h throughout the experiment. The duration of AUD was 3 (n=12),
6 (n=12), and 9 (n=12) months;

« alcoholization +C, (n=36; 12 animals in each subgroup). All tested rats, together with ethanol, were orally
administered C, fullerene at daily doses of 1 mg/kg. Recalculation of the C; fullerene dose was performed
every 24 h throughout the experiment. Control of the amount of C, fullerene ingested was performed by
denying the rats access to drinking 100% water until they fully consumed the applied drug?®27=C,

The dose of C,, fullerene was chosen as the most effective based on previous results?¢27°0, Moreover, the total
dose of 270 mg/kg in the experiment lasting 9 months is lower than the LD value, which was 600 mg/kg of body
weight when administered orally to rats® and 721 mg/kg when administered intraperitoneally to mice>. Also, it
is important to note that after intravenous administration to mice, the radiolabeled C fullerenes predominantly
accumulate in the blood, spleen, stomach, and liver and are excreted within 72 h, mainly with urine*’. Finally, the
histopathological and biochemical data show that C, fullerene (at a daily dose of 1 mg/kg for 3, 6, and 9 months)
reduces the level of liver damage in chronic alcohol intoxication of rats®. Therefore, a daily dose of 1 mg/kg is
considered safe for biotesting.

Anesthesia of experimental rats was carried out by intraperitoneal injection of Zoletil (25 mg/kg, Virbac,
France).
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Experiments were conducted during the light phase, 4 to 5 h after alcohol administration. The interval
between the induction of anesthesia and the start of the experiment did not exceed 15 min, and the total duration
of each experiment was limited to 1 h.

Euthanasia of animals is conducted by administering an overdose of the anesthetic agent.

Biomechanical and biochemical analyses
The contraction force of the musculus gastrocnemius was recorded with the Aurora Scientific (ASI) 305 C-LR
Dual-Mode Lever System (USA) tensometric equipment.

In the distal part of the experimental musculus gastrocnemius, the tendon portion was cut and attached to
the fixation sensors. In the L4-L5 segments, the ventral roots of the efferents were cut directly at their exit points
from the spinal cord. The filaments of the severed ventral roots were fixed onto stimulating electrodes, and cyclic
distribution of non-relaxation pulses was performed at a frequency of 50 Hz for 5 s. Control of the external load
on the muscle was carried out using a system of mechanostimulators®®?’.

In the framework of studying the biomechanics of muscle contraction, we analyzed the following indicators
as markers of muscle dysfunction®:

1. integrated muscle power (S) is an area under the force curve, which is an indicator of the overall performance
of the muscle under the applied stimulation pools. This value was calculated numerically using Origin 9.4
software and taken as 100% for the control group;

2. time of the beginning of the muscle force response (latent period; t,, ). This parameter indicates the level
of pathological changes at the stages of the interaction of muscle myofilaments, dysfunction of the calcium
pump, and the sarcoplasmic reticulum system, which are the result of myocyte membrane disruption;

3. time for the muscle force response to reach its initial level, taken as zero (t;). The increase in intramuscu-
lar collagen structures, the presence of nonfunctional muscle fibers, and the development of inflammation
reduce the level of dynamic parameters of muscle contraction. Therefore, this parameter indicates a change
in muscle stiffness associated with both an increase in connective tissue components (long-term pathology)
and changes in intramuscular pressure (an inflammatory process);

4. time for the muscle contraction force to reach the maximum level (t . ). Increasing this parameter triggers
the CNS to recruit additional muscle fibers to ensure adequate muscle function. However, this can adversely
impact the precise positioning of the joints>.

The concentration of GSH, CAT and SOD activities in the blood plasma of experimental rats, as the important
markers of oxidative stress in the development of CAM>>*%were determined using biochemical analyzers RNL-
200 and JN-1101-TR2 (Netherlands).

Blood was collected from the experimental animals via femoral arterial catheterization®” and after that
analyzed immediately using biochemical analyzers.

Our previous studies®® have shown significant pathological changes in the functioning of the organs of
alcohol-exposed rats. Therefore, in the case of long-term CAM, the analysis of pro-antioxidant balance in muscle
tissue may not be adequate, since during such a long period (up to 9 months), significant multi-organ disorders
occur. Thus, we measured the values of biochemical indicators in the blood plasma of experimental rats.

MD simulation

We simulated 1-5, 10, 13, and 20 C; fullerene clusters in ethanol solution. The initial structure of a single C;
fullerene was built by Avogadro software®®. Nanoaggregates with 2-5, 10, 13, and 20 C, fullerene units were
constructed using package PackMol®. The same recourse was applied to put these clusters into the box with the
solution of 1000 ethanol and 23,832 water molecules which corresponds to 11% of alcohol (a calculation model
approximation). MD simulations are implemented in NAMD® using force field CHARMM 36 with the type
TYP3P of water atoms and Girifalco VDW parameters for C,; molecules®'. Periodic boundary conditions are
set in all directions. Firstly, C, fullerene - ethanol/water systems were minimized during up to 10 ns in the NVT
ensemble. Further systems were run for approximately 30 ns in the NPT ensemble. The size of the simulated box
varied depending on the atom number in the systems to control the density of the ethanol solution, which was
achieved at 0.98 g/cm? corresponding to the reference value of 11% alcohol. Analysis of trajectories represented
here is for the last 5 ns of running by VMD software (http://www.ks.uiuc.edu/Research/vmd/)%2.

Statistical analysis

The statistical evaluation of the experimental results was performed by the software package Statistica 8.0 (Dell,
USA) using the procedure of analysis of variances (ANOVA) with mixed design®. Two between-group factors
were supposed: (1) alcoholization (three levels - AUD lasting 3, 6, and 9 months); (2) C,, fullerene treatment
(two levels - no and use of C, fullerene). The Shapiro-Wilk W-test was used to test for normality. Levene’s test
was used to assess the equality of variances across groups. Multiple pairwise comparisons between different
groups and conditions were performed by Bonferroni post-hoc test. The differences between the groups were
considered significant at p <0.05. Each of the experimental force curves is the result of averaging 10 similar tests
for each animal in the group. Each biochemical measurement was assayed in triplicate.

Conclusion

The obtained results demonstrate a pronounced therapeutic effect of C fullerenes at the level of 16-50 +3% and
22-39+2% for the studied biomechanical parameters of musculus gastrocnemius contraction and biochemical
indicators of pro- and antioxidant balance in the blood of experimental rats, respectively, compared to the
alcohol-exposed group against the background of CAM development. This indicates that the nanoantioxidants
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CGO

fullerenes, effectively absorbing ROS, can improve the functional state of the muscular system during chronic

alcohol intoxication. Finally, model calculations have shown that C, fullerene nanoparticles present in ethanol,
effectively binding its molecules, are also able to reduce the negative effect of alcohol on the functioning of the
rat musculus gastrocnemius. Thus, C fullerenes can be considered promising drugs to reduce the extent of CAM
symptoms developed, which requires further clinical trials.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 24 February 2025; Accepted: 19 August 2025
Published online: 23 September 2023

References

1.

27.
28.
29.

30.
. McHedlov-Petrossyan, N. O. Fullerenes in liquid media: an unsettling intrusion into the solution chemistry. Chem. Rev. 113,

32.
33.
34.
35.
36.
37.

38.

Volkow, N. D., Gordon, J. A. & Koob, G. E. Choosing appropriate Llanguage to reduce the stigma around mental illness and
substance use disorders. Neuropsychopharmacol 46, 2230-2232 (2021).

. Rehm, J. et al. Global burden of disease and injury and economic cost attributable to alcohol use and alcohol-use disorders. Lancet

373, 2223-2233 (2009).

. Global status report on alcohol and health. (World Health Organization’s, 2024).
. Anderson, P. & Baumberg, B. Alcohol in Europe: A Public Health Perspective. A Report for the European Comission. 446. ( Institute

of Alcohol Studies, 2006).

. Preedy, V. R. etal. Alcoholic skeletal muscle myopathy: definitions, features, contribution of neuropathy, impact and diagnosis. Eur.

J. Neurol. 8, 677-687 (2001).

. Fernandez-Sola, J., Junyent, J. M. & Urbano-Marquez, A. Alcoholic myopathies. Curr. Opin. Neurol. 9, 400-405 (1996).
. Vary, T. C, Frost, R. A. & Lang, C. H. Acute alcohol intoxication increases atrogin-1 and MuRF1 mRNA without increasing

proteolysis in skeletal muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 294, R1777-1789 (2008).

. Bourgeois, B. L. et al. Chronic alcohol and skeletal muscle. In Handbook of Substance Misuse and Addictions: from Biology To Public

Health 943-967 (Springer, 2022).

. Adler, K., Molina, P. E. & Simon, L. Epigenomic mechanisms of alcohol-induced impaired differentiation of skeletal muscle stem

cells; role of class IIA histone deacetylases. Physiol. Genomics. 51, 471-479 (2019).

. Simon, L., Bourgeois, B. L. & Molina, P. E. Alcohol and skeletal muscle in health and disease. Alcohol Res. 43, 04 (2023).
. Singh, S. et al. Acute alcoholic myopathy, rhabdomyolysis and acute renal failure. Neurol. India. 48, 84-85 (2000).
. Sacanella, E. et al. Chronic alcoholic myopathy: diagnostic clues and relationship with other ethanol-related diseases. Q/M 88,

811-817 (1995).

. Koll, M. et al. Effect of acute and chronic alcohol treatment and their superimposition on lysosomal, cytoplasmic, and proteosomal

protease activities in rat skeletal muscle in vivo. Metabolism 51, 97-104 (2002).

. Moser, S. E. et al. Neuromuscular mechanisms of weakness in a mouse model of chronic alcoholic myopathy. Alcohol Clin. Exp.

Res. 46, 1636-1647 (2022).

. Preedy, V. R. et al. The importance of alcohol-induced muscle disease. J. Muscle Res. Cell. Motil. 24, 55-63 (2003).
. Otis, J. S. & Guidot, D. M. Procysteine stimulates expression of key anabolic factors and reduces plantaris atrophy in alcohol-fed

rats. Alcohol Clin. Exp. Res. 33, 1450-1459 (2009).

. Kumar, A. et al. Oxidative stress mediates ethanol-induced skeletal muscle mitochondrial dysfunction and dysregulated protein

synthesis and autophagy. Free Radic Biol. Med. 145, 284-299 (2019).

. Wu, D. & Cederbaum, A. I. Alcohol, oxidative stress, and free radical damage. Alcohol Res. Health. 27, 277-284 (2003).
. Goodarzi, S. et al. Fullerene: biomedical engineers get to revisit an old friend. Mater. Today. 20, 460-480 (2017).
. Gaur, M. et al. Biomedical applications of carbon nanomaterials: fullerenes, quantum dots, nanotubes, nanofibers, and graphene.

Materials 14, 5978 (2021).

. Eswaran, S. V. Water soluble nanocarbon materials: a panacea for all? Curr. Sci. 114, 1846-1850 (2018).
. Vereshchaka, 1. V. et al. C, fullerenes diminish the muscle fatigue in rats comparable to N-acetylcysteine or B-alanine. Front.

Physiol. 9, 517 (2018).

. Foley, S. et al. Cellular localisation of a water-soluble fullerene derivative. Biochem. Biophys. Res. Commun. 294, 116-119 (2002).
. Nozdrenko, D. M. et al. Protective effect of water-soluble C fullerene nanoparticles on the ischemia-reperfusion injury in the

muscle soleus of rat. Int J. Mol Sci. 22, 6812 (2021).

. Nozdrenko, D. et al. C fullerene protective effect against the rat muscle soleus trauma. Heliyon 10, €32677 (2024).
. Motuziuk, O. et al. C fullerene reduces the level of fluctuations in the force response of muscle gastrocnemius in chronically

alcoholized rats. Appl. Nanosci. 13, 7057-7067 (2023).

Motuziuk, O. et al. The effect of C; fullerene on the mechanokinetics of muscle gastrocnemius contraction in chronically
alcoholized rats. Heliyon 9, 18745 (2023).

Crowell, K. T., Laufenberg, L. J. & Lang, C. H. Chronic alcohol consumption, but not acute intoxication, decreases in vitro skeletal
muscle contractile function. Alcohol Clin. Exp. Res. 43, 2090-2099 (2019).

Nozdrenko, D. M. et al. C¢; fullerene as promising therapeutic agent for the prevention and correction of functioning skeletal
muscle at ischemic injury. Nanoscale Res. Lett. 12, 115 (2017).

Fortner, J. D. et al. Cqo in water: nanocrystal formation and microbial response. Environ. Sci. Technol. 39, 4307-4316 (2005).

5149-5193 (2013).

Guskova, O. A., Varanasi, $. R. & Sommer, J. U. C -dyad aggregates: Self-organized structures in aqueous solutions. J. Chem. Phys.
141, 144303 (2014).

Varanasi, S. R., Guskova, O. A., John, A. & Sommer, J. U. Water around fullerene shape amphiphiles: A molecular dynamics
simulation study of hydrophobic hydration. J. Chem. Phys. 142, 224308 (2015).

Preedy, V. R. et al. Free radicals in alcoholic myopathy: indices of damage and preventive studies. Free Radic Biol. Med. 32, 683-687
(2002).

Souza-Smith, E. M. et al. Physiological processes underlying organ injury in alcohol abuse. Am. J. Physiol. Endocrinol. Metab. 311,
E605-619 (2016).

Hunter, R. J. et al. Alcohol affects the skeletal muscle proteins, Titin and Nebulin in male and female rats. J. Nutr. 133, 1154-1157
(2003).

Oliveira de Aradjo Melo, C. et al. Evaluation of polymorphisms in repair and detoxification genes in alcohol drinkers and non-
drinkers using capillary electrophoresis. Electrophoresis 41, 254-258 (2020).

Zima, T. et al. Oxidative stress, metabolism of ethanol and alcohol-related diseases. J. Biomed. Sci. 8, 59-70 (2001).

Scientific Reports |

(2025) 15:32651 | https://doi.org/10.1038/541598-025-16765-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

39.
40.
41.
42.
43.
44.
45.

46.

55.
56.

57.

58.

Seiva, E R. et al. Alcoholism and alcohol abstinence: N-acetylcysteine to improve energy expenditure, myocardial oxidative stress,
and energy metabolism in alcoholic heart disease. Alcohol 43, 649-656 (2009).

Otis, J. S. & Guidot, D. M. Procysteine increases alcohol-depleted glutathione stores in rat plantaris following a period of abstinence.
Alcohol Alcohol. 45, 495-500 (2010).

Silva, C. S., Portari, G. V. & Vannucchi, H. Antioxidant treatment and alcoholism. In Molecular Aspects of Alcohol and Nutrition
119-131 (Elsevier, 2016).

Mukherjee, S., Das, S. K. & Vasudevan, D. M. Effects of ethanol consumption on different organs — A brief overview. Asian J.
Biochem. 2, 386-394 (2007).

Murray, R. K. & Kennelly, P. J. Ethanol intoxication. In Harper’s Illustrated Biochemistry 629-647 (McGraw-Hill, (2009).

Masters, S. B. The alcohol. In Basic and Clinical Pharmacology 387-398 (McGraw-Hill, (2010).

Schukit, M. A. Ethanol and methanol. Chapter 23. In Goodman and Gillman’s Manual Pharmacology and Therapeutics 629-647
(McGraw-Hill, (2014).

Ha, H. L., Shin, H. J,, Feitelson, M. A. & Yu, D. Y. Oxidative stress and antioxidants in pathogenesis. World J. Gastroenterol. 16,
6035-6043 (2010).

. Nikolic, N. et al. Preparation and biodistribution of radiolabeled fullerene C, nanocrystals. Nanotechnol 20, 385102 (2009).
. Burlaka, A. P. et al. Catalytic system of the reactive oxygen species on the C | fullerene basis. Exp. Oncol. 26, 326-327 (2004).
. Ritter, U. etal. Structural features of highly stable reproducible C/ fullerene aqueous colloid solution probed by various techniques.

Fullerenes Nanotubes Carbon Nanostruct. 23, 530-534 (2015).

. Motuziuk, O. et al. C fullerene reduces the level of liver damage in chronic alcohol intoxication of rats. Molecules 29, 2951 (2024).
. Song, K. et al. Chronic ethanol consumption by mice results in activated splenic T cells. J. Leukoc. Biol. 72, 1109-1116 (2002).

. Gharbi, N. et al. [60]fullerene is a powerful antioxidant in vivo with no acute or subacute toxicity. Nano Lett. 5, 2578-2585 (2005).
. Prylutska, S. V. et al. In vitro and in vivo toxicity of pristine C, fullerene aqueous colloid solution. Fullerenes Nanotubes Carbon

Nanostruct. 27, 715-728 (2019).

. Kostyukov, A. I. et al. Effects in feline gastrocnemius-soleus motoneurones induced by muscle fatigue. Exp. Brain Res. 163, 284—

294 (2005).

Brancaccio, P, Lippi, G. & Maffulli, N. Biochemical markers of muscular damage. Clin. Chem. Lab. Med. 48, 757-767 (2010).
Tsermpini, E. E., Iljes, A. P. & Dolzan, V. Alcohol-induced oxidative stress and the role of antioxidants in alcohol use disorder: A
systematic review. Antioxidants 11, 1374 (2022).

Jespersen, B., Knupp, L. & Northcott, C. A. Femoral arterial and venous catheterization for blood sampling, drug administration
and conscious blood pressure and heart rate measurements. J. Vis. Exp. 59, 3496 (2012).

Hanwell, M. D. et al. Avogadro: an advanced semantic chemical editor, visualization, and analysis platform. J. Cheminform. 4, 17
(2012).

. Martinez, J. M. & Martinez, L. Packing optimization for automated generation of complex system’s initial configurations for

molecular dynamics and Docking. J. Comp. Chem. 24, 819-825 (2003).

. Phillips, J. C. et al. Scalable molecular dynamics on CPU and GPU architectures with NAMD. J. Chem. Phys. 153, 044130 (2020).
. Girifalco, L. A. Interaction potential for carbon (C,)) molecules. J. Phys. Chem. 95, 5370-5371 (1991).

. Humphrey, W,, Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph. 14, 33-38 (1996).

. Prylutskyy, Y. et al. C fullerene improves the contractile activity of the injured rat muscle gastrocnemius. Nanotechnol 36, 125101

(2025).

Acknowledgements

We acknowledge support for the publication costs by the Open Access Publication Fund of the Technical Uni-
versity of Ilmenau, Germany. The authors are sincerely grateful to Dr. Olga Guskova for the tentative discussion
as well as to TU Dresden for the computing resources.

Author contributions

Conceptualization, O.M., D.N. and Y.P; Methodology, O.M., D.N,, S.P, N.T. and S.V.; Formal analysis, S.V. and
PS.; Investigation, O.M., D.N,, S.P. and N.T.; Resources, N.T and P.SS.; Data curation, N.T. and S.P; Writing -
original draft, O.M., D.N., M.P. and Y.P,; Writing - review & editing, M.P, Y.P. and U.R.; Project administration,
P.S. and U.R; Supervision, Y.P. ; All authors reviewed and approved the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Declarations

Ethics declarations

All procedures with laboratory animals complied with the ARRIVE guidelines. The study protocol was
approved by the Biomedical Ethics Committee of the ESC “Institute of Biology and Medicine” of Taras
Shevchenko National University of Kyiv (protocol no. 1 dated January 8, 2024) and performed following
Article 26 of the Law of Ukraine “On the Protection of Animals from Cruelty” (no. 3447-1V, 21.02.2006), as
well as European Union Directive of 22 September 2010 (2010/63/EU) for the protection of animals used for
scientific purposes.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to U.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2025) 15:32651 | https://doi.org/10.1038/s41598-025-16765-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:32651 | https://doi.org/10.1038/s41598-025-16765-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	The effect of C60 fullerene on the mechanokinetics of muscle gastrocnemius contraction in chronically alcoholized rats
	1 Introduction
	2 Materials and methods
	2.1 Preparation of C60FAS
	2.2 In vivo experiment
	2.3 Biomechanical analysis of muscle contraction
	2.4 Biochemical analysis
	2.5 Histological analysis
	2.6 Statistical analysis

	3 Results and discussion
	3.1 BAC value
	3.2 Muscle contraction force analysis
	3.3 The analysis of biochemical parameters in blood plasma and muscle tissue
	3.4 Histological analysis of muscle tissue

	4 Conclusions
	Author contribution statement
	Data availability statement
	Additional information
	Declaration of competing interest
	Acknowledgements
	References

	C60 fullerene reduces the level of fluctuations in the force response of muscle gastrocnemius in chronically alcoholized rats
	Abstract
	Introduction
	Materials and methods
	Preparation of C60FAS
	The ethic statement
	Animal groups and model of animal alcoholization
	Equipment for tensometry and surgical preparation of animals
	Biochemical analysis
	Statistical analysis

	Results and discussion
	BAC value
	Muscle contraction force analysis
	The analysis of biochemical parameters in blood plasma and muscle tissue

	Conclusion
	References

	С60 fullerene protective effect against the rat muscle soleus trauma
	1 Introduction
	2 Materials and methods
	2.1 Preparation and characterization of C60FAS
	2.2 Animals
	2.3 Biomechanical and biochemical analyzes
	2.4 Statistics

	3 Results and discussion
	3.1 Structural organization of C60FAS
	3.2 Biomechanics of muscle soleus contraction
	3.3 Blood plasma biochemical indicators of rats

	4 Conclusion
	Funding statement
	Data availability statement
	Additional information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References
	Further reading

	Introduction 
	Results and Discussion 
	AFM Study 
	BAC Value 
	Biochemical Analysis 
	Histological Analysis 

	Materials and Methods 
	Preparation and Characterization of C60FAS 
	In Vivo Experiments 
	Biochemical Analysis 
	Histological Analysis 
	Statistics 

	Conclusions 
	References
	Introduction
	Materials and Methods
	Material Preparation
	Animal Model
	Biomechanical and Biochemical Analysis
	Histopathological Analysis
	Statistical Analysis

	Results and Discussion
	Biomechanics of Muscle Contraction
	Biochemical Analysis
	Histopathological Analysis
	Muscles
	Kidney


	Conclusion
	Acknowledgments
	Disclosure
	Introduction 
	Results and Discussion 
	Biomechanical Analysis 
	Biochemical Analysis 

	Materials and Methods 
	Preparation of C60FAS 
	In Vivo Experiments 
	Materials for Biomechanical Analysis 
	Materials for Biochemical Analysis 
	Statistical Analysis 

	Conclusions 
	References
	C60 fullerene improves the contractile activity of the injured rat muscle gastrocnemius
	1. Introduction
	2. Materials and methods
	2.1. Preparation of water-soluble C60 fullerenes and characterization
	2.2. In vivo study
	2.3. Biomechanical and biochemical studies
	2.4. Statistics

	3. Results and discussion
	3.1. AFM analysis
	3.2. Biomechanics of injured muscle gastrocnemius contractions
	3.3. Blood and muscle tissue biochemical indicators of rats

	4. Conclusions
	References

	Abstract
	1.  Background
	2.  Materials & methods
	2.1.  Preparation of nanofluid & its characterization
	2.2.  Experiments invivo
	2.3.  Biomechanical & biochemical analyses
	2.4.  Histopathological analysis
	2.5.  Statistical analysis

	3.  Results
	3.1.  C60FAS characterization by AFM
	3.2.  Biomechanics of injured muscle contraction
	3.3.  Blood biochemical indicators of rats with injured muscle
	3.4.  Histopathological analysis of the injured muscles

	4.  Discussion
	5.  Conclusions
	CRediT authorship contribution statement
	Disclosure statement
	Funding
	Ethics Disclosure
	References
	С60 Fullerenes Diminish Dysfunctions in Rat Muscle Soleus With Chronic Alcohol Intoxication
	1. Introduction
	2. Materials and Methods
	2.1. Sample Preparation and Characterization
	2.2. In Vivo Experiments
	2.3. Biomechanical and Biochemical Analyses
	2.4. Statistical Analysis

	3. Results and Discussion
	3.1. AFM Study
	3.2. Muscle Contraction Analysis
	3.3. Biochemical Analysis of Muscle Tissues

	4. Conclusions
	Data Availability Statement
	Ethics Statement
	Conflicts of Interest
	Author Contributions
	Funding
	Acknowledgments
	References

	﻿The effect of C﻿60﻿ fullerene on the ﻿musculus gastrocnemius﻿ contraction in chronically alcohol-exposed rats and the potential mechanism of its action
	﻿Results
	﻿Weight of experimental animals
	﻿Biomechanical analysis of ﻿musculus gastrocnemius﻿ contraction in alcohol-exposed rats
	﻿Biochemical analysis of blood in alcohol-exposed rats
	﻿Analysis of molecular dynamics (MD) simulation

	﻿Discussion
	﻿Мaterials and methods
	﻿Preparation of water-soluble C﻿60﻿ fullerene
	﻿In vivo study
	﻿Biomechanical and biochemical analyses
	﻿MD simulation
	﻿Statistical analysis

	﻿Conclusion
	﻿References


