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AHOTANIA

Ho3apenko JI.M. MexaHOKiHETHKAa CKOpPOYEHHS CKEJICTHUX M s31B  3a
CKCIIEpUMEHTAJbHUX  TATOJOTid  Ta  1ii  BYIVIEUEBUX  HAHOYACTUHOK  —
aucepTalisi Ha 3700yTTS HAyKOBOTO CTYyNEHsS JOKTOpa OIOJOTIYHMX HayK 3a
cnemianbHicTiIO 03.00.02 - 6io¢dizuka — KuiBchkuil HalllOHAJIBHUN YHIBEPCHUTET 1MEHI

Tapaca llleBuenka, Kuis, 2023.

[IpencraBinena poOOTa MPUCBAYEHA KOMIUIEKCHOMY JOCIHIDKEHHIO MpoOieMu
BU3HAYCHHS PIBHS MIOMATUYHUX TMOIIKO/DKEHbh B paMKaxX aHajizy MEXaHOKIHETHYHHMX
mapaMeTpiB CKOPOUYEHHS CKEJIETHOro M’si3a (30Kkpema, 3HadeHHS MiHIMaabHOI (Fmin) 1
MakCUMaIbHOT (Fmax) CHIM CKOpOuUeHHS M’si3a Ta IMIYJIbCY M s30BO1 cuiM (S), yac
JIOCSITHEHHSI MAKCUMAJIbHOT CHIIOBOT BIAMOBIAL (tmax), SMEHIIICHHS! CHJIM CKOPOUYEHHS M's3a
Ha 50% B1A OYAaTKOBOIO PiBHA (ts50), BUXOY CHJIOBHX ITAPAMETPIB HA MOYATKOBHUI PiBEHb
(tp) 1 mouatky cuaoBOi BiAmoOBimlI M's3a (tsart)). 32 BHKOPHCTAHHS CYYaCHHX METOIIB
TEH30MEeTpii, O010XIMIYHOTO Ta TICTOJIOTIYHOTO aHajli3iB JETaJbHO JOCTIKECHO 3MIHU
O0lOMEXaHIYHUX MapKepiB CKOPOYEHHS MOIIKOJKEHUX M A31B ULIypiB, O10XIMIYHHX
MOKAa3HMUKIB 1X KpoBl Ta Mopdosorii TKaHWH CKEJIETHOro M's3a 3a pI3HHUX
EKCIIEpUMEHTAIILHO-THAYKOBAaHMX M S30BUX TMATOJOTIH (30Kpema, Immemisi, MexaHI4Ha
TpaBMa, BTOMa 1 aTpodisi) pI3HOTO CTYNEHS TSHKKOCTI Ta J1i BOJIOPO3YMHHUX BYIJICIIEBUX
HaHO4YaCTUHOK - Cgo dynepeHiB y pizHux yacoBux (1-45 nid) 1 mozoBux (0,5, 1 1 2 Mr/kr)
Jiara3oHax 3ajieKHO BiJg crocoOy (BHYTPIIIHBOM'S30BE, MEpOpalibHE) Ta CXEMH iX
3acTOCyBaHH4 (JO 1 MICHs 1HILIALISA M’ SI30BO1 ATOJIOT).

Po3pobineno opurinaabHU# alTOPUTM BUKOPUCTAHHS YHIBEPCATHHUX O10MEeXaHIYHUX
MapKepiB aMIUTITYIHO-IIBUAKICHUX 3MIH CHJIOBOI BIJIOBIAI M’s3a JJis aHANI3y mepediry
MaTOJIOTIYHUX TIPOLIECIB Yy HbOMY. JloBeaeHO, IO 3MEHIICHHS CTYINEHS TSKKOCTI
NaToJIOTIYHOTO CcTaHy M’siza 3a nii Bojgopo3unHHUX Cgp dynepeHiB BigoOpaxae
MOCJIIJIOBHICTh «CIPAllbOBYBAaHHS» 3alPOIIOHOBAHUX O10MEXaHIUHUX MApKEPIB y TaKOMY
XPOHOJIOTTYHOMY TOPSIAKY: Frin - tmax = Fmax = S - 50 - Lstart - to. Lle BimkprBae MOXKIUBICTD

BUKOPHUCTAHHsA LbOI'0 aJIroputMy AJIsd BU3HAYCHHSA piBH}I M’S130BOTO IMOIIKO/PKCHHA IIPpH
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KOHTPOJTI e(peKTUBHOCTI TEpaNeBTUYHMX 1 peabimitauiinux npouenyp. [IporemMoncTpoBani
Ha eKCIIEpUMEHTAIbHUX TBapuHax eektu Aii Bonopo3unHHUX Ceo PyrepeHiB CIpUSITUMYTh
CTBOPEHHIO €(PEKTUBHUX JIIKAPCHKUX 3aCO0IB HA X OCHOBI, 3/TaTHUX 3MEHIITYBATH CTYIIHb
TSOHKKOCTI MATOJIOT1H M'sI30BO1 CUCTEMH SIK B CTaHI X TOCTPOro mepediry, Tak 1 XpOHIYHHUX

HACJI1IKIB.

KiarouoBi cioBa: ckeneTHuil M’s3, matoJiorii M si30Boi cuctemu, Cgo (ynepeH,

MEXaHOKIHETHYHI ITapaMeTpU CKOPOYEHHS M s13a, 010XIMIYHUN Ta TCTOJIOTIYHUNA aHAITI3H.

SUMMARY

Nozdrenko D.M. Mechanokinetics of skeletal muscle contraction under
experimental pathologies and the action of carbon nanoparticles — dissertation for the
scientific degree of Doctor of Biological Sciences in speciality 03.00.02 - biophysics — Taras

Shevchenko National University of Kyiv, Kyiv, 2023.

The present work is devoted to a comprehensive study of the problem of determining
the level of myopathic damage in the framework of the analysis of the mechanokinetic
parameters of skeletal muscle contraction (in particular, the values of the minimum (Fmin)
and maximum (Fmax) muscle contraction force and muscle force impulse (S), time to reach
the maximum force response (tmax), decrease in muscle contraction force by 50% of the
initial level (tso), return of force parameters to the initial level (to) and the beginning of the
muscle force response (tswar)). Using modern methods of strain gauging, biochemical and
histological analyses, we studied in detail the changes in biomechanical markers of
contraction of damaged rat muscles, biochemical parameters of their blood and skeletal
muscle tissue morphology under various experimentally induced muscle pathologies (in
particular, ischemia, mechanical trauma, fatigue and atrophy) of varying severity and the
effect of water-soluble carbon nanoparticles - Cgo fullerenes in different time (1-45 days)
and dose (0.5, 1 and 2 mg/kg) ranges depending on the method (intramuscular, oral) and

scheme of their application (before and after initiation of muscle pathology).
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An original algorithm for the use of universal biomechanical markers of amplitude-
velocity changes in the force response of the muscle to analyze the course of pathological
processes in it has been developed. It is proved that the decrease in the severity of the
pathological condition of the muscle under the influence of water-soluble Ceo fullerenes
reflects the sequence of "triggering" of the proposed biomechanical markers in the following
chronological order: Fmin - tmax - Fmax - S - tso - tstart - to. This opens up the possibility of using
this algorithm to determine the level of muscle damage when monitoring the effectiveness
of therapeutic and rehabilitation procedures. The effects of water-soluble Cgo fullerenes
demonstrated in experimental animals will contribute to the creation of effective drugs based
on them, capable of reducing the severity of pathologies of the muscular system both in the

state of their acute course and chronic consequences.

Keywords: skeletal muscle, pathologies of the muscular system, Cgo fullerene,

mechanokinetic parameters of muscle contraction, biochemical and histological analyses.
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INEPEJIIK OCHOBHHUX YMOBHHUX CKOPOYEHbD

AO3 AHTUOKCUJAHTHA CUCTEMA 3aXUCTY
AJll® angeHo3uHaudpochaT

ACM aTOMHO-CHJIOBA MIKPOCKOTIis

ADK aKTUBHI ()OPMH KUCHIO

ATIIT aHanoro-uu(poBHil NepeTBOprOBaY
JPC JTMHAMIYHE PO3CIIOBaHHS CBITJIA
K®K kpeatuH(ochokiHaza

JIAT JaKTaTJEeriIporenasa

I10JI NepeKUCHE OKUCHEHHS JIITIIIB
CeoFAS BoAHMI po3uuH Ceo QysiepeHy
TBK T100apOITypOBa KUCJIOTA

LAIT 1 po-aHaATIOTOBUI MTEPETBOPIOBAY




BCTYII

AKTYaJbHICTh J0CTiIKeHHs1. M'S30B1 MaTOJIOTI € OJHUMHU 3 HaWMOIIMPEHIIINX
MaToJIOTiH Jroackkoro opradiamy [Bruce Hamilton, et al., 2017]. Ha croroani BimcyTHs
€MHA TyMKa I10JI0 CIoco01B Kiacudikalii Ta onmucy ix TsokkocTi. [Ipobiema BU3HaueHHS
PIBHSI MIOITATUYHUX TOITKOPKCHh BUKIIMKAE CEPHO3HE 3aHETIOKOEHHS Yepe3 CKIIATHOIII 3
MPUAHATTSAM PIIICHH MIOJ0 3aCTOCOBAHOI Teparii, a TaKOXK BHCOKOI YaCTOTH PEIUIAMBIB
[Hans-Wilhelm, et al., 2013]. EdexTuBHICTP TOTO YW IHIIOTO JIIKyBaHHS MOTPeOye
PO3yMIHHS MOJIEKYJSIPHMX MEXaHi3MiB, BIIACTUBUX KOHKPETHOMY THITYy ITOIIKOKCHHS
CKEJIETHUX M's31B, Ta O10XIMIYHHX MPOIIECIB, IO OEPYTh Y4acTh y 3arO€HHI M'S31B MICIS
tpaBM [Smith, et al., 2019]. BusHaueHHs CTymeHs TSHKKOCTI MATOJIOTii O10XIMIYHUMU 1
TICTOJIOTIYHUMH METOJIaMHU, KpIM TPHBAJIOIO 4acy, Maike 3aBXKAH HEXTY€E PO3BUHEHI
no01YHI YCKJIQJHEHHS, 10 BEJE /10 HESKICHOTO aJIrOpUTMYy TEpaneBTUYHUX MPOLEAYp Ta
peabumitamiiiaux 3axoaiB [Hurme, et al., 2021]. Takum 4rHOM, KPUTUYHO BAXKJIMBOIO €
aZieKBaTHA 17IeHTU(IKAIlIS M'S30BUX MATOJIOT1M, HEOOX1HA /Il TOBHOTO PO3YMIHHS PIBHS
MOIIIKOJKEHHS Ta ONTHUMI3allii MpoIiecy WOTO JTIKyBaHHS.

MexaHOKIHETUKY LIJIOrO M’si3a HE MOXKHA PO3TJISAaTH JUIIE K CyMy NapameTpiB
CKJIaJIOBUX BOJIOKOH, OCKIJIBKH HOTO CKOPOTJIMBI BJIACTHBOCTI 3aJIe)KaTh 3HAYHOIO MipOIO
B1Jl PO3MILLEHHS BOJIOKOH, iX TUITY, HEOJJHOP1THOCTI 32 pO3MIpaMH Ta BIACTUBOCTSIMU TOLIO.
VY ¢dopMyBaHHI MaKpOIMOKa3HHUKIB HEPBOBO-M'S30BOI aKTUBHOCTI O€pe yd4acTh BeJIMKa
KUIBKICTh HaJI3BUYaWHO CKJIATHUX, HEJHIMHUX 1 9aCTO HECTaIllOHApHMX IporieciB. Brus
Ha Il MPOLIECH NMATOJIOTIYHUX (PaKkTOpiB Besre abo /10 MOBHOI NUCPYHKIT LIMX MapaMeTpiB,
a0o0 ix po3cuuxponi3zaiii [Proske, et al., 2018]. BHacmigok 11boro miimii M'si3, IK JTHHAMIYHA
CUCTEMA, HE B 3M031 aJICKBATHO PEATI30BYBATH ITyJIM HEHPOHHOI AKTUBHOCTI, 110 HAJXOSITh
13 HHC. Xapakrep 1 piBeHb LUX IUCQYHKIIH HampsMy MOB'SI3aHi 3 PIBHEM PO3BUTKY
MaTOJIOTTYHHX TPOIIECIB B OpraHi3Mi, aHaji3 0araTboX 3 SKUX MOKHA IMTPOBECTH BUKIFOYHO
Ha (eHOMEHOJIOTIYHOMY piBHI. He3Baxkaroun Ha TOSBY HOBUX EKCIIEPUMEHTAIBHUX
OiIXO/IB 10 aHaji3y MpOIECiB HEPBOBO-M'S30BOi PEryJidllii HA MIKPOPIBHI, TPaauIiiHI
enekTpo(i3ioNoriyHi Mojeai 3 BHKOPHUCTAHHSIM HEPBOBO-M'SI30BOr0 mpemapaty in Vivo

MarTh mnepuiodyeproBe 3HadeHHst [Nijhof, et al., 2013]. Tomy mis aHamizy 3MiH TIpH



HEPBOBO-M'SI30BUX TMATOJIOTISX BAXJIMBUM KOMIUICKCHUNA EKCIEPUMEHTAIBHUA MiAXIT 3
MOKJIMBICTIO OJJHOYACHOTO KOHTPOJIIO PI3HUX OloMeXaHIYHUX MapaMeTpiB. Jluiie y oMy
BUIAJIKY 3'SIBISETHCS MOXJIMBICTH MPOCTEKUTH 3MIHHM Yy PpEaKiii HEPBOBO-M'S30BUX
mpenapaTiB Ha CTUMYJISII, IO BiAMOBIAAIOTH 332 PO3BUTOK TOYHHMX MO3MUIINHHUX PYXIB,
aHaI3 SIKUX € BAKJIMBUM MPU BUCHOBKY PO €(hEeKTUBHICTH 3aCTOCOBAHOIO TEPANIEBTHUHOTO
npernapary.

ExcriepuMeHTanbHe BUBYEHHS M'S30BOi JAWMHAMIKH TPAJAMIIIHHO 3BOIUTHCS O
BU3HAYEHHS TPhOX B3a€MO3AJICKHUX 3MIHHUX BEJIMYMH:

1) yactoTu epepeHTHOT IMITyJIbCallli, IKa HAJXOIUTh J10 M'A3a;

2) cwid, sika PO3BHBAETHCS M'SI30M, PIBHOI 32 BEIMYMHOIO, aje MPOTHUIICKHOI 3a
HAMPSIMKOM JI0 CUJTU 30BHIIIHBOTO BIUIMBY Ha M'si3;

3) TOBXKWHU M'sI3a.

KoxHa 3 1iux 3MIHHHUX € (YHKIII€I0 TBOX IHIIUX 1 Taki (PyHKIIOHAJIbHI 3aJIEKHOCTI
HECYTh MEBHUI (P1310JIOTTUHHI 3MICT. AHANI3yI0UM 3MIHU BX1IHUX HapaMeTpiB (JOBXKHHA,
HAaBaHTaXEHHS 1 T.I.), MO’KHA BHU3HAYWUTU JIHINHOIO YM HEIIHIHHOIO € JOCIIKyBaHa
CHUCTEMA, a TaKOX, 1[0 HAWOUIbII BaXKIMBO, KUIBKICHO NMpOaHaNi3yBaTH il BJIACTUBOCTI
(Jacques, et al., 2006).

Ha crorogni 6ioMexaHIYHUIN BIUIMB 30BHIMIHIX (PAKTOPIB HA M'SI30B€ CKOPOUYCHHSI
yepe3 CKIAIHICTh METOJIB aHajli3y OTPUMAaHMX MEXAHOIpaM Yy OUIBIIOCTI BUMAJKIB
3MIMCHIOETHCS (PiKCalll€l0 MaKCHUMAaJIbHOI CUJI0BOi BianmoBiAl. OpHak, PO3BUTOK PI3HHMX
M’SI30BHX TIATOJIOT1H HA PI3HUX CTAJIAX MOKE MMPU3BOUTH J0 3HIKCHHSI PIBHS YTPUMAHHS
MaKCUMaJbHOI JOCSATHYTOI CHMJIOBOI MO3MUIIi Yy MPOLIECI CKOPOUYEHHS (3a CTaoi MUTTEBOI
MaKCUMalIbHOI CWJIM), 30UIbIIEHHS 4Yacy JOCSTHEHHS MAaKCHUMAaJIbHOI CHJIM, TIOSIBU
bayKTyamifHUX CKJIaMOBUX Ha (a3ax yTpUMaHHS JOCSITHYTO1 IIJTLOBOI TO3MIIIT,
HECTIPOMOIKHOCTI yTPUMYBATH JOCSITHYTHI PIBEHb CKOPOUCHHS YIPOIOBXK YCHOTO MEPioTy
CTUMYJISILT, 30UIBIIEHHS Yacy BIJHOBJICHHS MOYaTKOBOIO PiBHS, 4aCOBOi PO3OIKHOCTI 3a
PO3BUTKY BTOMH 1 3MIHM 4acy JOCSTHEHHs Tiagkoro TetaHycy [Yamasaki, et al., 2008;
Kambara, et al., 2018]. Yce e Mmoxe BigOyBaTUCS 32 OJHAKOBUX 3HAYEHb MaKCHUMAaIbHOT

CWIM CKOpOUYCHHs. Binrak, TOmIyK aJeKBaTHUX OIOMEXaHIYHUX MapamMeTpiB



XapaKTepU3yBaHHS PO3BUTKY M S30BOi IMATOJOTIi XO04a € CKIagHUM, aje HeOoOXiTHUM
3aBJaHHSM.

JlitepaTypHi JaHi CBIIYaTh, 110 BUTHHI paJUKaId € OJHUMHU 3 OCHOBHUX YMHHUKIB Y
MIPOIIEC MONTKOKCHHS M'sI30BOT TKAHWHU. BOHM 1HIIIIOIOTH MEPEKNUCHE OKUCIICHHS JITTIB
(ITOJI), BuknMKaOTh MpsiMe 1HTIOyBaHHA MITOXOHAPIANBHUX (DEPMEHTIB AUXaTbHOTO
nanirora Ta AT®-a3H01 akTUBHOCTI, IHAKTHBAIIII0 MeMOpaHHUX KaHamiB. [lepenOavaernces,
mo OiocyMicHi, 6iogocTynHi Ta Ol0aKTMBHI ByIJeneBl HaHo4acTUHKH, Cgo ynepeHu,
MOXKHA PO3MVSIAATH K TOTYXKHI TOIJIMHAYl BUIBHUX  pajJUKaliB, 1HIYKOBaHUX
MOIIKOIKEHHAMH M’ 5130B01 cuctemu. Came miaBiiiH1 XiMiuHi 3B's13kHM (C=C) y ctpykTypi Ceo
dynepeny € eneKTpoH-AePIUTHUMH, 10 W 3YMOBIIOE HOTO 3aTHICTh MPUETHYBATH 110 6
eneKkTpoHiB omgHouacHo [Goodarzi, et al., 2017; Ferreira, et al., 2018]. Vci mi nani
CTUMYJIIOBAJIM HAC MPOBECTU TECTYBaHHA BOJOPO3UMHHHUX Cego QPyJiepeHiB SIK MOTEHLIMHUX
(dbapMakoIOTiYHUX areHTiB, 110 3MEHIIYIOTh PIBEHb MATOJIOTTYHUX €(EKTIB y M'SA30BiH
cucteMi IypiB. TakuM 4YMHOM, BUKOPUCTAHHS JJI1 aHANI3y MATOJOTIYHUX IPOLECIB Y
CKEJIETHUX M’si3aX 3alpONOHOBAHUX OIOMEXaHIYHUX MapKepiB aMILTITyIHO-IIBUIKICHUX
3MIH CHJIOBOI BIJIOBIJI Ta BHUSBICHHSA KUIBKICHUX BIAMIHHOCTEH MK HHUMH SIK TIpH
30UIBIIIEHH] CTYINEHS TSHKKOCTI MaToJIOrii, Tak 1 3actocyBaHHI BOJOpO3YMHHUX Cego
dynepeHiB, MpeACTaBIATUME 3HAYHUN (PYHIaMEHTANbHUN 1 MpakTUYHUM iHTepecu. Tak,
BUSBJICHUI YaCOBHMI aJITOPUTM CIPALIOBAHHS LIMX 010MEXaHIYHMX MapKepiB (y MEBHOMY
XPOHOJIOTIYHOMY TOPSAIKY) HaJa€ MOKIIHMBICTh BUKOPHUCTOBYBATH HOTO JJii BU3HAYCHHS
pPIBHS M’S30BOIO TOMIKO/DKEHHS TIPU KOHTPOJi €(PEKTUBHOCTI TEPANEBTUYHHUX 1
peabimiTaniitHuX npoueayp. BogHouac, BUSBICHHS MO3UTUBHUX €()EKTIB BOAOPO3ZUUMHHUX
Ceo (ynepeHiB Ha PO3BUTOK MATOJOTIYHUX TMPOIECIB y M A30BIH CHCTEMI BIJKpUBAE
MEPCIEKTUBY iX KIIHIYHUX BUMPOOYBaHb.

3B’A30K po00TH 3 HAYKOBHUMM NMPOrpaMaMu, IJIaHAMU, TeMamMu. Juceprauiiiny
poOOTYy BUKOHAHO B MEKaX HAYKOBO-JIOCJITHOT TeMATHKH Kadeapu 010h13MKH Ta METAIHOT
iHpopmaTuku “/{ocniIKeHHs BIUIMBY O10J10TYHO-aKTUBHUX PEUYOBUH PI3HOI KOHILIEHTpAIli
Ta X KOMIUICKCIB 3 METaJlaMH Ha JWHAMIKY M S30BOTO CKOPOYEHHS Iy4YKiB BOJIOKOH
CKEJIETHOTO M’si3a ITiJ BIUIMBOM CTUMYJIAIT enekTpuaauMu immyascamu’ (0106U005751),

MIPOEKTIB HAYKOBO-TEXHIYHOT (eKcrepuMeHTaabHo1) po3pooku MOH Vkpainu «Po3poOka
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TEXHOJIOT1l 3acTocyBaHHS Bomopo3umHHUX Cgo (ysepeHiB uisi 3MEHIICHHS BTOMU
ckenetnux M’s3iB» (0121U109986), dynaamentansHoro nociimkenas MOH Ykpainu
«TpaHcnopT 10HIB Ta OKcajiaTiB SK KIOYOBUM (PAKTOpP XPOHIUYHOI XBOPOOM HHPOK Ta
acorifioBanux 3 Heto marosoriiy (0122U001535) ta HayKoBOTO JOCIIHKEHHS 1 pO3pOOKH
3a paXyHOK I'paHTOBOI MIATPUMKHU KOHKYpCY «Hayka /uist BinOynoBu YKpaiHu y BOEHHUH Ta
noBoeHHUN  mepiogw», mpoekt HOIAY  «Po3pobka TexHomorii  3acTocyBaHHS
Bosopo3unHHUX Cgp (hyJIepeHiB I BiTHOBICHHS (YHKIIIOHATHFHOT aKTUBHOCTI CKEJIETHUX
M’sI31B Ha TJ1i MexaHiuHoi TpaBmm» (0123U103585).

Mera Ta 3aBAaHHS JOCHIIKEHHSI: METOI0 poOOTH Oyno MpoaHaII3yBaTH
MEXAHOKIHETUKY CKOPOUEHHS CKEJIETHUX M’SI31B 3a €KCIIEPUMEHTAIBHUX MATOJIOTIN Ta il
BYTJIEIIEBUX HAHOYACTHHOK - Cgo pysiepeHis.

JInst nocsArHeHHS i€l MeTH Oynu cOpMyIbOBaH1 HACTYIIHI 3aBJAHHS:

1. JTOCITITATH 3MIHA MEXaHOKIHETUYHHUX MTapaMeTPiB CKOPOUCHHS M’ 5131B Ta 010XIMIYHHUX
MOKA3HUKIB KPOBI IIYPiB 3a PO3BUTKY HANOUIBII MOMIMPEHUX MATOJIOT1 CKEJIETHO-M SI30BOi
CHUCTEMH PI3HOTO CTYMEHS TSOKKOCTI, 30KpeMa Imemii, MeXaHIYHOi TpaBMH, BTOMH Ta
aTpodii;

2. JOCIIIIATH 3MIHM MEXaHOKIHETUYHHUX NTapaMETPIB CKOPOUEHHS M’ sI31B Ta O10XIMIUHUX
MOKA3HMKIB KPOBI IIyPiB 3a Pi3HUX MATOJIOT1H 1 A1l Bogopo3unHHUX Ceo QyrIepeHiB y pi3HUX
YacoBHX 1 JI030BHX [l1alla30HAX 3aJIEKHO BI1J CIIOCOOY BBEIEHHS (BHYTPILIHBOM SI30BE Ta
nepopaibHe) 1 CXEMH 3aCTOCYBaHHS (10 Ta IS iHimiamii M’ 130B01 MaToJIori1);

3. MIPOAHANI3YBAaTH KOPEJAIiI0 MK O10MEXaHIYHUMHU BiJIMTOBIISIMUA CKOPOUYEHHS M’SI31B
Ta 010XIMIYHUMHU MOKa3HUKaMH KPOBI LIYpIB 3 METOK BUKOPUCTAHHS MEXAHOKIHETUYHHMX
napameTpiB SK MOTEHIIHHUX MapKePiB PO3BUTKY MATOJIOTIUHUX MPOIECIB PI3HOTO CTYIEHS
TSHKKOCTI,

4, MPOAHAJI3YBaTH KOPEJALI0 MK O10MEXaHIYHUMHU BIJIMOBIASIMUA CKOPOUYEHHS M’SI31B
Ta 610XIMIYHUMHU TTOKa3HUKAMH KPOBI ITyPiB 3a Pi3HUX MATONOTIH 1 1ii Bogopo3unHHNX Cgo
dbynepeHiB 3 METOIO OI[IHKHM PIBHS M’SI30BOTO IMOIIKOKEHHS MTPU KOHTPOJI1 €(heKTUBHOCTI
TepaneBTUYHUX 1 peaOUTITAllIiHUX TPOLIEAYD.

O06’eKT n0C/IIZKEHHSI — MEXaHOKIHETHKA CKOPOYCHHSI CKEJICTHUX M SI31B.
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IIpenmer pocaigKeHHs1 - OCOOJMBOCTI 3MIHM MEXaHOKIHETUYHHX MapaMeTpiB
CKOpPOYEHHSI M’s31B 3a PO3BUTKY HAWOUIbII MONIMPEHUX MATOJIOTIM CKEJIETHO-M S30BOi
CUCTEMHU PI3HOTO CTYIICHS TSDKKOCTI Ta Ai1 BoJopo3unHHUX Ceo yIIepeHiB y pi3HUX YaCOBHUX
1 JO30BUX Jiaria30Hax 3ajeXKHO BiJl CTOCOOY BBEJEHHS 1 CXEMH 3aCTOCYBAHHS.

Metoam nociigKeHHs - MOJCIIOBAHHS M S30BHX MATOJOT1H; TEH30METPUYHHIMA
aHalli3 MEXaHOKIHETHKH CKOpPOYEHHS CKEJIETHHX M’s31B; CBITJIOBa Ta aTOMHO-CHJIOBA
MIKPOCKOITI{; JMHAMIYHE PO3CIIOBaHHS CBITJIa; TICTOJIOTITYHUM aHaITi3; O10XIMIYHHMI aHaTi3;
CTATUCTUYHHM aHAII3.

HaykoBa HOBHM3HA ojJep:kaHHUX Ppe3yJbTaTiB. Pe3ynpTaTé  IOCHITKCHHS
NOTIMOIIIOI0Th (GyHAAMEHTAIbHI 3HAHHS 100 PO3YMIHHS IIBUJKOILTMHHOTO 1 CKJIAIHOTO
IPOLECY CKOPOUEHHS CKEJIETHOIO M’sI3a Ha TJII PO3BUTKY HaOUIBII MOMKUPEHUX MaTONOT1H
CKEJIETHO-Ms130BO1 cucTemHu (imremii, MeXxaHi4HO1 TpaBMH, BTOMHU Ta arpodii). 3okpema,
BIIEpIIIE BCTAHOBJICHO YHIBEpCAIbHI O10MeXaHIYH1 MapKepH aMILTITYJHO-IIBUIKICHUX 3MIH
CUJIOBOT BIJIMOBIAI M’513a, «CTIPALIIOBAHHS» SIKUX Y IEBHOMY XPOHOJIOTIYHOMY MOPSJIKY A€
MOJKJIMBICTh BU3HAQUUTH CTYIIHb TSDKKOCTI M’s130BOi maTojorii. Ha TBapuHHHUX MoOAensx
MiATBEp/DKEHA IIOTY)KHA, TOPIBHSHO 3 BIJOMHUMH aHTHOKCHUJAHTAMH, Jisl BYTJICLHIEBUX
HaHOYacTHHOK - Cgo (QyniepeHiB, Sk e(EKTUBHUX IMOIVIMHAYIB BUIBHUX paJUKAaIIIB,
1HAYKOBaHUX MOIIKOPKEHHSIMHU M’SI30BOi CUCTEMH, 3JaTHUX 3MEHIIUTH CTYHIHb TSXKKOCTI
M'S30BUX MMATOJIOTIH SIK B CTaH1 X TOCTPOro nepediry, Tak 1 XpOHIYHUX HACIIIKIB.

IIpakTuyHe 3HAYeHHS oOJep:kaHMX pe3yabrTaTiB. IIpogeMoHCTpoBaHI Ha
EKCIIEpUMEHTAJILHUX TBapuHaX e(eKTH A1l BoJopo3unHHUX Ceo PyJIepeHiB y pi3HUX CXeMax
3aCTOCYBaHHS, BIJIKPUBAIOTh HOBI MOXKJIMBOCTI ISl CTBOPEHHS €(PEKTUBHHMX JIKAPCHKHUX
3ac00iB Ha iX OCHOBI. JlOBEEHO, 10 3MEHILIEHHS CTYMEHsI TSHKKOCTI MaTOJIOTITYHOTO CTaHy
M’s13a 3a 1ii Bomopo3unHHUX Cgo (hyepeHiB BioOpa)xkae MOCIHIIOBHICTh «CITPAI[IOBAaHHS
BCTAHOBJICHUX OlOMEXaHIYHMX MAapKepiB y 3BOPOTHOMY TMOPSAKY, IO BIJKpUBAE
MOJKJIUBICTh BHKOPUCTOBYBAaTH 1€ YHIBEPCAJIbHUNA aJIFOPUTM MJii BU3HAYCHHS DPIBHS
M’SI30BOTO MOIIKOXKEHHS MTPU KOHTPOJI1 €(EeKTUBHOCTI TepaneBTUYHUX 1 peaduliTaliftHuX
npoLesyp.

Ocobucruii BHecok 3100yBaya. J(ucepraiiis € CaMOCTIITHOIO HayKOBOIO TPAIICIo, B

SKIA BUCBITJICHI BJIacHI 171l 1 po3pOOKH aBTOpa, IO JO3BOJIMIM BUPIIIUTH MOCTaBJICHI
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3aBnaHHsA. Po0oTa MICTUTH TEOPETHYHI Ta METOAWYHI TOJOXKEHHS 1 BHUCHOBKH,
chopMmysiboBaH1 3100yBaueM ocobucto. Bukopucrtani B auceprtariii i/1ei, MOJ0OKEHHS YH
TIOTE3M 1HIIMX aBTOPIB MAKOTh BIJIMOBIAHI TOCUIaHHS.

Anpodanis pe3yabTaTtiB gucepranii. OCHOBHI pe3yJbTaTl pOOOTH JOMOBIIANINUCA
Ha 4-my 3’1311 Ykpaincbkoro 6iodizuunoro ToBapuctsa (2006, JloHenbk), Mi>KHApOTHOMY
cummosiymi “Biological Motility: Achievements and Perspectives” (2012, ITymmnuo), XI
MIXperioHanpHI HaykoBiil koHpepentii (2013, Jlyrancek), MDKHapOAHMX HAYKOBHX
koHpepeniiax “Ilcuxodizionoriundi Ta BicuepanbHi QyHKIIi B HOpMI 1 maTosorii” (2014,
KuiB), MixkHapoaHuX HaykoBux KoH(pepeniisx "Nanotechnologies and Nanomaterials”
(NANO 2017, Yepnismi Ta 2020, 2021, JIseiB), VIII 3’1311 Ykpaincekoro 6iodizuuHOro
toBapuctBa (2019, KwuiB-Jlympk), MiDKHApOJHI HAYKOBO-IPAKTUYHIA KOH(EpEeHIIii
«Challenges in science of Nowadays» (2020, BamuHrTon), a TakoX HayKOBUX CEMIHApax
HHII "InctutyT Giosorii Ta meauimHu" KuiBChbKOTO HAIllOHAIBHOTO YHIBEPCUTETY IMEHI
Tapaca LlleBueHka.

Hucepraiiss Ha 3700yTTS HAYKOBOTO CTYNEHS KaHAUAAaTa OI1OJIOTIYHUX HAyK
«Jlunamika ¢hopMyBaHHS MOTOPHHUX KOMaHJ y CEHCOMOTOPHINA KOpP1 KOTIB MPU BUKOHAHHI
[iJecnpsMOBaHUX pyxiB» Oyina 3axuimiena 27 >xoBTHs 2003p. 3a cnenianpHicTio 03.00.02 -
6iodizuka. MaTepiany 1 BUCHOBKM KaHIUAATCHKO1 JUCEPTallli HE BUKOPUCTAHI B JKOJTHIN
YaCTHHI JJOKTOPCHKOI UcepTallii aBTopa.

Amnpo0aniss MmaTepiajgiB quceprauii. 3a MaTtepiagamu aucepraiii omyOIiKoBaHO 3
CTaTTl y HayKoBUX (haxOBUX BUAAHHSIX YKpaiHu, 27 cTaTel y MepioJuvYHHX HAYKOBHX
BUJIAHHAX, NPOIHJAEKCOBAaHMX y 0a3l gaHux Scopus, 3 Hux 10 crateil y BHUIAHHSX,
BiTHECEHUX 70 mepioro 1 apyroro kBaptwiiB (Q1 i Q2) BignmoBigHO M0 Kiacudikarii
SCImago Journal and Country Rank, 1 Monorpadis y Mi>kHapogHOMY BUJaHHI, | maTteHT
VYkpainu Ha BUHaXija Ta 4 maTeHTH Y KpaiHU HAa KOPUCHY MOJIENb, a Takoxk 11 Te3 gomnosinen

Ha MIDKHApOJIHUX KOH(PEPEHITISX.
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OCHOBHMUM 3MICT POBOTHU

MATEPIAJIM TA METOJU JOCJIIIKEHHSA

Yci ekcrepuMeHTH MPOBOAMWIM Ha Ja0OpaTOpHUX TBapUHAX 3 JOTPUMAHHIM
MDKHAPOJHUX TMPUHIMIIB «EBPONEHCHKOI KOHBEHIT PO 3aXUCT XPEOSTHUX TBApUH, AKI
BUKOPHUCTOBYIOTHCSI B €KCTIEPUMEHTANIBHUX Ta 1HIIKUX HayKOBUX IUIsIx» (CtpacOypr, 1986),
Ta ctaTTi 26 3akoHy Ykpainu «[Ipo 3axucT TBapuH BiJ] KOPCTOKOTO MOBOKEHHs (Ne3447-
IV,21.02.2006), a TakoX yCiX 3arajJbHONPUUHATHX HOPM O10€TUKH Ta 01010T14HO1T O€3IEeKH.
[Iporokonu nocniaiB Oyno noromxkeHo Kowmiciero 3 6ioerukun HHL "IncTuTyT 6i0J10T1i Ta
meauiHu" KuiBchbkoro HallioHalbHOTO YHIBepcUTeTY iMeHi Tapaca llleBuenka (mpoTokos
Ne 2 Bin 02 Bepecus 2022 poky).

B ekcniepuMeHTax BUKOPUCTOBYBaIM IIypiB JiiHII Wistar BikoMm 1-3 micsii, Baroro
110-190 r (n=7 y KOXHI! eKCepUMEHTAIbHIN TPyIIl), SKUX YTPUMYBAJIU 32 CTaHIAPTHUX
yMoB. [l peectparii  enekTpo(dizioNOTiUHMX CUTHAIB BUKOPUCTOBYBAIM 12-Tu
po3psAHU  aHanoro-uudpoBuii Ta 1Udpo-aHanoroBuii neperBoproBau (ALIII-TIAIT).
Buxinni imnynscu IHAIT (DS2A, Digitimer) 3aiiicHIOBaJIM CTUMYJISIIIO HEpBiB. BXimHi
curHaiu, yepes nigacuitoBau (“Brownlee”), mogaBanu Ha ALIII 1 peecTpyBaiu 3 4aCTOTOIO
10 xI'm. JliHiliHMI JBUTYH y TIOJIOKEHHI CEPBOKEPYBAaHHS BHUKOPHCTOBYBAJIW IS
HATATYBaHHS M'si3a Ta BUMIPIOBAHHS 3yCHIUIS, IO PO3BUBAIIOCS HUM. 3yCHIUISI BUMIPIOBAITU
3a JOMOMOIOK HamiBIPOBIAHUKOBUX TEH30JATUMKIB, HAKJICEHMX HA YKOPCTKI CTajeBl
OaJIki, BCTAHOBJICHI Ha PYXOMI YacTUHU JiHIAHOTO ABUTYyHA. JKOPCTKICTH 3HIMaua
nepesuuryBaia 0,06 H/MM, BonHOYac sIK cTaja 4yacy NEpexXiJHUX MPOLECIB JOBXKUHU HE
nepeBunyBaia 60 Mc. 3a momepenHbOoi MIATOTOBKM JO EKCIIEPUMEHTY aHECTEe31I0
MII0CIITHUM TBApUHAM 31MCHIOBAIM BHYTPIIIHBOYEPEBHUM BBEJCHHSIM HeMOyTamy (40
mr/kr). CTaHIapTHA MiArOTOBKA BKJIIOYAIa KAHIOMIOBAHHS (a. carotis communis sinistra)
JUTS BUMIPIOBAHHS THUCKY Ta JAMIHEKTOMIIO Ha PIBHI MOIMEPEKOBOTO BIJUIIITY CIIMHHOTO
MO3KY. {7151 miIrOTOBKM 1O MOy IbOBaHOI CTUMYJIALIT €(EepeHTIB Y BIAMOBIAHUX CErMEHTaX
nepepizalii BEHTPaAJIbHI KOPIHII O€3MOCEPEIHhO y MICHSX iXHBOI'O BUXOJY 31 CIIMHHOTO
MO3Ky. CTuMyIAiio ehepeHTiB 3AIMCHIOBAIA €IEKTPUIHIUMH IMITYJIbCAMH TPUBATICTIO 2

MC, c(OpMOBaHMMHU 3a JIONOMOIOI0 TeHepaTopa iMIyJibciB. KOHTpOJIb 30BHIIHBOTO
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HaBaHTAXCHHS Ha M’s3 (muscle soleus) 3milicHIOBaIM 3a JIONIOMOTOKO CHCTEMHU
MEXaHOCTUMYJISTOPIB. [ (opmMyBaHHS CTUMYJIOIOYMX CHUTHANIB BUKOPHCTOBYBAJIU
IIporpaMoBaHi T€HEPAaTOPH CUTHAJIB CIeliaabHO1 (hOpMHU.

M’s130By TpaBMy BUKJIMKAJIHN, CTUCKAIOUU M 513 ynpoaoBx 1,213 xB (1, 213 crymisb
TSKKOCTI TPABMHM) 3aKMMOM ITi/1 THCKOM 3,5 KT Ha cM? [Souza, et al., 2013]. 3acTocoBanuii
crush syndrome (CS) npu3BOIMB A0 CHUCTEMHOTO TPOSBY MATOJOTIYHUX 3MiH 3a
pyWHYBaHHS M'S30BHX KJIITHH, 30KpeMa BHUBLJIHHEHHS KOMIIOHEHTIB M'SI30BOI KIIITHHU
(KkpeaTHHKIHA3a, MOJIOYHA KHCJIOTa, MIOIJIOOIH) y TIO3aKJIITHHHE CEpPEeOBUILE, IO
CIYTyBaJI0O MapKepoM pIiBHS M'SI30BOi TpaBMH. BTOMY BUKIWKAIA TOCIITOBHUMHU
CTUMYJIAIIIMHUMEU iMIyJlbcamu dYacTororo 50 I, TpuBamicTio 5-6 ¢ KOXHHM 0e3
penakcaiiiHoro mnepiogy MK HUMH. CyKYNHICTh TaKMX CTHUMYJSALIMHUX TMOJpa3HEHb
ckianana 500 c, micis SIKUX MPOBOAMIIM 5-TU XB peliakcaiito. KubKicTh CTUMYIISIIIIHHUAX
nyJiiB JOpiBHIOBaNa TphoM. JIyist imemizamii M’si3a Jiratrypamu MepeTsATyBaJId TLIKY
CTETHOBO1 apTepii, ska 3abe3medyye HOro KpoBOMOCTadyaHHS. TpuBamicTh imemizarlii
cknagana 1,213 rox (1,213 cryninb TSHKKOCTI imemii). i MoietoBaHHS 3HEPYXOMJICHHS
M’si3a TBapWH iX MiAJaBaid aXUUIOTEHOTOMII — TMepepidy axiUIECOBOTO CYXOXKHIIKY
[Hodgson, et al., 2013]. HocnimxyBanmu rpynu TBapuH Ha 15, 30 1 45 noOy micns
axULIOTEHOTOMII.

[Ipn anamizi MIOTMYHOI BIAMOBIAlI JOCHIPKYBAHOTO M'si3a 3a 3aCTOCYBaHHS
MOJTyJIbOBAaHOTO CTUMYJIFOIOUOTO0 CHUTHATY aHai3yBalM KiIbKa OCHOBHUX 010MEXaHIUHUX
napameTpiB (puc. 1), K MapkepiB HasSBHOCTI NUC(YHKIIIH TMEBHOI JIAHKU y JIAHIIO31
«30yIKEHHS-BIIMOBIIBY, a CaMe:

1. 3MiHY piBHSA MiHIMAJIbHOI CHJTH CKOPOUeHHS (Frin). 32 BUKOHAHHS TOCHUTH TPOCTUX
OJTHOCYTTIO00BUX PYyXiB I MapKep € OCHOBHUM TOKAa3HMKOM M'SI30BOT MUCQYHKIII,
(€HOMEHOJIOTIYHUN aHaJli3 SIKOTO JIa€ MOXKJIMBICTh BCTAHOBUTU HASBHICTH MPUYMHHO-
HACIIIJIKOBUX 3B'S3KIB MK pIBHIMH 3HIJKCHHS OlOMEXaHIYHOI aKTUBHOCTI M's31B Ta
PO3BHUTKOM IAaTOJIOTIYHOTO MPOIIECY;

2. 3MIHY 4Yacy JOCSTHEHHS MAaKCUMaJIbHOI CHUJIOBOI1 BIAMOBIAI (tmax). 3MIHA IILOTO
MOKa3HUKa BKa3ye Ha piBeHb (i310J0T14HOT TUCHYHKINT M'SI30BOTO TMpenapary IMmija 4dac

peanisaui'l' HUM MaKCUMAJIbHUX CHJIOBUX 3daBAAaHb,
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3. 3MiHy piBHS MakCUMaiabHOI cuiu ckopoueHHS (Fmax). Lleit Mapkep € mokasHHKOM
3arajibHOi JUCOYHKINT M'SA30BOT CHCTEMH, IO CBITYUTH MPO 3HIKEHHS (3a PO3BUTKY
MaTOJIOT1H) MaKCHMAaJIbHO MOYKJIMBOI CHJIOBOI BIATIOBIIL;

4. 3MiHy IMITyJIbCa M’s130BO1 Cruth. IMITysibe M’ s130B01 cruth (po3paxoBaHa TUIOIIA i
t2

CHJIOBOIO KPHBOIO: S = _[ F(t)dt) e nokasHmkoM 3arajabpHOi TpalE3IaTHOCTI M’s3a 3a
t

3aCTOCOBAHUX CTUMYJISALIIMHUX MyJIiB;

5. 3MiHY Yacy 3MEHIIICHHS CHUJIM CKOpOYeHHS M'si3a Ha 50% BiJ MOYATKOBOTO PiBHS
(ts0) sk OIIIHKA PO3BUTKY BTOMM M'si3a 32 CTUMYJIAIIIHHUX TOPa3HEHb;

6. 3MiHYy Yacy IMOYaTKy CHJIOBOI BIIIOBIII M'si3a (3MiHA JATEHTHOTO Mepioy) (tstart).
[{eit moka3HUK J1a€ MOKJIIMBICTh OI[IHUTH PiBEHb MATOJIOTIl HA CTA/IIsIX B3a€EMOJIII M'SI30BUX
Mio(p1TaMEHTIB, AUCQPYHKIT KaJbI[IEBOTO HACOCYy 1 CHUCTEMH CAPKOILIA3MATHYHOTO
petukyiyMy. L{i maTosoriyHi 3MiHM € HACHIAKOM MOPYIICHHS MEMOpaH MIOIHUTIB 1, K
PaBUIIO, € MOKa3HUKAMU TSHKKUX (OPM MIOMATii,

7. 3MIHY Yacy BUXOJly CUJIOBHX MapaMeTpPiB HA MOYATKOBHH piBeHb(tg). 301IbILICHHS
BHYTPIIIIHBOM'SI30BUX KOJIATCHOBUX CTPYKTYpP, HAsBHICTh M'SI30BHX BOJIOKOH, IO HE
(GYHKIIOHYIOTh, 3aMajibHI MPOIECH 3HUXKYIOTh PIBEHb JAUHAMIYHUX IapaMeTpiB
ckopoueHHs. JlocnipkyBaHul mapaMeTp OMUCYE 3MIHY dKOPCTKOCTI M'si3a, MOB'3aHOT 5K 31
30UTBIIEHHSIM CITOJTYYHO-TKAHMHHUX KOMIIOHEHTIB (TpWBajia MATOJIOTis), TaK 1 3MIHOIO
BHYTPIIIHBOM'SI30BOT'0 TUCKY (TOCTpUI MEP10]1 MATOJIOrI1);

Jns otpumanHs BogHOTo KousoigHoro po3urHy Ceo ¢ynepeHiB (CeoFAS) OyB
3aCTOCOBAaHUN METO/I, IKUM IPYHTY€EThCA Ha TiepeBefieHH1 MoJiekyn Ceo QyliepeHy 3 TOTyOIy
y BOJIy 3 IOJQJIBIIIMM 00po0sIeHHAM yiibTpa3BykoM [Turov, etal., 2010; Ritter, et al., 2015].
Opepxannii CeoFAS 3a makcumanbHoi KoHueHtpamii 0,15 Mmr/mn OyB cTaGiIbHUM
yrpoaoBx 12-18 micsiiB 3a Temmnepatypu +4°C.

BryTtpimmabsom’s13081 10 ekl (ab6o nepopanbae BBeaeHH: ) CooFAS Oyiu BUKopucTaHi
y no3ax 0,5, 1 1 2 mr/kr Baru TBapuHM 3a pi3HOi TpuBanocTi (1-45 nid 3anexxHo BiA
MaToJIOri]) y pi3HUX CXeMax BBEJACHHS: 3a | roja J0 iHIimiamii maTojorii Ta micis iHimarii
natoJorii. Takoxx Oyna mpoanamizoBaHa 3anuiikoBa Aisi CeoFAS Ha 1 1 2 mo0y micns

MPUINTMHEHHS 1H €KIIIH 32 BIAMOBITHOT MATOOTI.
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Puc. 1. biomexaHniuni napaMeTpu siK
MapKepu HasBHOCTI JAUCOYHKIIIN
MEeBHOI JJAHKU MIOTUYHOI BIATIOBIII Y

JIAHITI031 «30YIKEHHS-BIIITOBI b

50 My cTumynsauis POBMip YaCTUHOK CGO

5¢c

dbynepeHy y BOJHOMY pPO3YHHI
BU3HAYAIM  METOJIaMU  aTOMHO-
cunoBoi  Mikpockomii (ACM) Ta
JUHAMIYHOTO PO3CIIOBaHHS CBITJA

(APC) [Ritter, et al., 2015]. ACM

JaHl JIEMOHCTPYIOTh MPUCYTHICTh Y
BOJII1 SIK MOOAMHOKHUX MoJieKyJ Ceo, Tak 1 iX HaHOArperatiB po3mipom Bix 2 a0 50 um. Merton
JIPC mnoka3zaB, 110 Y BOJAHOMY 3pa3Ky 3HauHy dacTuHy (77%) CkiiagaloTh HAHOYACTUHKHU
niametpoM Big 40 mo 60 uM. 3HaueHHs a3eta-noreHmany s CeoFAS ckimanano -24,5 mMB,
IO CBITYUTH MPO HETaTUBHUH 3apsij] MOBEPXHI HAHOYACTUHOK y PO3YMHI Ta HOTO BUCOKY
CTaOUIbHICTB, TOOTO HU3BKY CTYIIHb MOJANBIIOI arperaiii HAHOYaCTUHOK 3 YaCOM.

PiBenn kpeatuniny, kpeatuHdpocdokinazu (KDK), makrary, makraTaerizporeHasu
(JIA'), TBK-akTMBHUX NPOAYKTIB, MEPOKCUAY BOJHIO, BIJHOBJIEHOrO TJyTAaTIOHY Ta
AKTUBHICTh KaTajla3u y KpPOBI MiJJIOCHITHUX TBAPUH, SIK MAapKepiB MOIIKOJKEHHS M A31B,
BU3HAYAJIM 3a JOMOMOTOI0 KJIHIKO-TIarHOCTUYHOTO OOJiafHaHHA — O10XIMIYHUX
anamizaropiB RNL-200 Ta JN-1101-TR2 (Higepnauman).

CratuctuuHy 00poOKy pe3yJbTaTiB BUMIPIOBaHb MPOBOIWIN METOIaMH BapialliitHOT
CTaTUCTUKUA 3 BUKopucTaHHsM mnporpam Origin 9.4 Ta Statistica 13.3. Ilpu anamisi
€KCIIEpUMEHTAJIbHUX JIaHUX Yy PI3HUX TIpylax BUKOPHUCTOBYBAJMU t-KpuTepid (sl OJHI€q
rpymnu) abo ogHodakTopHuii nucnepciiinuii ananiz ANOVA (s TphoX Tpyir), MCsS 4Oro
BUKOHYBaJIM MHOKWHHHUHA TIOPIBHSUIBHUEN TecT JlaHHETa JUIsl MOPIBHSHHS BCIX JaHHUX 3
KOHTpOJbHUMHU. bararodakropuuii nucnepciiinuii anamz ANOVA BHKOpHCTOBYBaln
3alIe)KHO BiJl TakuxX (akTOpiB Bapiarii, SK J03a, TPUBAIICTh 3aCTOCYBaHHS Ta CXema

npuifomy mnpenapary. [IpunyiieHHs npo Te, 110 €KCHepUMEHTANIbHI J1aHl BIANOBIIAIOTH



17

HOpPMaJIbHOMY PO3MOJILIY Ta MAIOTh 1IEHTUYHI CTAaHAAPTHI BIAXUICHHS OYyJIU MEpeBIpeHi 3a
nonomoroto  tectiB  Illamipo-Yinka Ta  baprtnerra, BiamosigHo. Koxkna 3
eKCIIEPUMEHTAJIbHUX CUJIOBUX KPUBHX, OIEP)KaHUX y poOOTi, € pe3ylIbTaTOM yCepEeTHEHHS
10-Tu aHanoriyHUX ekcrepuMeHTiB. bioxiMidHI TaHi MpeCTaBieHl K CepelHe 3HAUCHHS +
CTaHJapTHA IMOMMJIKA CEPEeIHBOTO JIi KOXKHOI Tpynu (IIOBTOPIOBAHICTh BUMIPIOBAHb

CKJIajana 1m’athb pasiB). 3HaueHHsa p<(0,05 BBakaIuCs 3HAUYIIMMHU.

OCHOBHI PE3YJIbTATH JOCJII)KEHb TA IX OBIOBOPEHHS

PO3ALJI 1. Mexanokinemuuni napamempu CKOpoOUeHHA CKeJ1emHUX M’A3i6 ma

0ioXIMIYHI NOKA3HUKU KPOGL U{Ypi6 3a PO36UMKY M ’A30601 iuiemii

[memiss — oMH 3 HAMMOMIMPEHIMIMX MATOJOTTYHUX CTaHIB, SIKUA PO3BUBAETHCS Y
MMOCMYTOBAaHUX CKEJIETHUX M’ 533X Yepe3 parToBe MPUITHHEHHS IXHHOTO KPOBOIIOCTAYaHHS.
[Tonpu Te, mo okmo3is nepudepudyHux apTepiil - cepio3Ha KIiHIYHA Mpoliema i
HaWUTIOIMMUPEHIIA MPUIHUHA PO3BUTKY 1IEMIT, IHITMMH MOMUPEHUMEU (aKTOpaMHu ii TeHe3y €
apTepiaJbHUN TpOoMOO03, eMOOJTIsI, TPaBMAaTUYH1 PO3PUBHU, 30BHILIHE CTUCHEHHS 1 XIpypriyHi
yYCKJIaJIHeHHS. [ImeMiuHl MOMIKOKEHHsS] TKaHWUH € HACHIIKOM Ol0XIMIYHHX peakIii, sKi
IHIIIOTLECA 3a TIMOKClI BXKE IMCHA AEKUIBKOX XBWJIMH IIICIS 1miemizamii BHACIIIOK
HEJIOCTAaTHHOIO KpoBomnocTadaHHs. [Ipu mpomy 3a imemii TpUBAIICTIO 3 TOAMHHU 1 OlIbIle
BiI0OYBaIOTHCS HEKPOTHYHI M'SI30B1 3MIHH 1 KUIBKICTh HEKPO3Y Y M'SI30Biii TKAHWHI MOXKeE
nocsiratu 60%. KpiMm Toro, 3a imemidyHoi penep@y3ii 301JIbIIYEThCSI €KCIPECIs aAr€3UBHUX
MOJICKYJI Ha €HAoTenli. 3alydeHl y BOTHHINE IOIIKO/KCHHS aKTUBOBaHI HeHTpodiim
JI0JTaTKOBO BUBLIBHSIOTH BUTbHI pagukanu. OcTaHHI MPOBOKYIOTh BA30KOHCTPHKIIIFO, IO €
XapaKTepHUM MPOSBOM 1IIEMIYHUX MOMIKOKeHb. OCHOBHA MeTa MpH JIIKYBaHHI 1mIeMii
M's31B — IIBHUJKE BITHOBJIEHHS KPOBOTOKY. OJHAK, Taka Teparis MpU3BOAUTH A0 HOBOTO
naTo(i310J10TIYHOTO TIpoliecy — penepdy3iiHOi TpaBMH, sKa 37aTHA TaAKOXK CHPUYUMHUTH
CYTTEBE TOIIKO/HKCHHS M's130BOT TKaHWHHM. [IIBHIKE BCTAHOBICHHS CTYNCHS TSKKOCTI
1IIeMiYHOT TpaBMHU Ma€ BUPIIIATIbHE 3HAYEHHS JIJIS TOANIBINO1 Tepartii, mpoTe HUHI BiJICYTHI

TOYHI J1arHOCTUYHI TECTH 3a/I JOCATHEHHS I[1€] METH.
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BpaxoByroun, 10 TIOYAaTOK IMIEMIYHOTO TMONIKO/PKEHHS M'S30BUX TKAHHUH
B1/I0YBa€ThCS BXKE B IEPIIli CEKYHIU Micis penepdysii, a TaK0X BUXOJSYH 3 MOXKIHUBOCTI
PIBHOMIPHOTO PO3MOJILTY BBEJCHOIO MperapaTy Mo TKaHWHAX, JJI aJeKBAaTHOTO aHAII3Y
JAOCTDKyBaHUX OlOMEXaHIYHMX MapKepiB CckopoueHHss M’si3a  BBeneHHS CgoFAS
3M1MCHIOBAJIM BHYTPIIIHBROM S130BO 3a | rTom po #oro imemizarii. Ilicios imimiamii
IIEMIYHOTO TIONIKOJDKCHHSI CWiia ckopodeHHss mMmuscle soleus, Bukimkana 6-tu c
Oe3pemakcaiiHiMy TyJIaMd CTUMYJIAIT, 3HU3mIacsa 10 28% BiJ KOHTPOJBHUX 3HAUYCHD
IpyU NEpIIOMy CKOpOuYeHHI 1 10 9% Ha aecsiTomy. 3MEHIIEHHS IMITyJIbCa M’ SI30BO1 CHUJTU
ctaHoBWIO 39% Ha nepioMy CKOpodeHHi1 1 6% Ha aecsiToMy, BIANOBIAHO. TakuM YuHOM, y
rpymi «maTtojiorisy (1eMi3oBaHUM M'SI3) CIOCTEPITAEThCS PI3KEe 3HUKEHHS CHIIOBOI
aKTUBHOCTI M'si3a BXKE Ha MEePIIOMY CKOpOodeHHI. 3acTocyBaHHs 1H'eKI1H CeoFAS 3011b1IHI0
CHJIOBY BIIOBib M'sI3a, sika ckiana 3a g03u 0,5 mr/kr - 58%, 1 mr/kr - 75% 1 2 mr/kr - 79%
MOPIBHSHO 3 TPYTIOIO «IATOJIOTisH (pHC. 2).

[Ticns  3acrocyBanHs CgFAS cunoBa BiAMoOBimb iMIEMI30BAaHOTO M's3a  HE
3MeHIryBajiacs Outbin HiK Ha 50% BiJ] KOHTPOJIBHUX 3HAYEHb HABITH MPH JIECATOMY aKTi
ckopoueHHs1. Bognouac, migsuienns 1031 CeoFAS 3 1 10 2 MI/KT HE IPU3BEIIO 10 3HAYHHUX
edekTiB (puc. 2). Takum unHOM, TIepenTpaBMoBe BBeAcHHS CgoFAS y 1031 1 MI/KT 3HUKYE
pPIBEHb TSDKKOCTI 1IIEMIYHOTO TOIIKOMKEHHS M's3a Ha 60-75% NOpPIBHSAHO 3 TPYIOIO
«marosoris». 3MeHieHHs 103U CeoFAS npu3BoauTh 10 3HMAKEHHS €()EKTUBHOCTI HOro Jii,
a 1l MiJABUILEHHS HE MPU3BOAUTH O CYTTEBOrO 301IbIICHHS OlOMEXaHIYHMX MOKA3HHKIB
CKOPOYCHHS M sI3a.

PeecTpaiiis cunm  CKOPOYEHHSI  1IIEMI30BAHOIO M’si3a  MPU  3aCTOCYBaHHI
BTOMJTFOBAJTLHOT CTUMYJIALIIT BUSIBUJIA 3MEHIIIEHHS IMITYJIhCa M’ SI30BO1 CHJIU, 10 CTAHOBHJIO
35% Bim koHTposbHOTO 3HaueHHs (puc.3). BryTrpimmbom's3oBi iH'ekiii CgFAS 3a
ONTUMAJIbHOI 103U | MI/KT 3MIHWIM LI TMOKa3HUK 10 67% TNOpIBHIHO 3 TPYIHOIO

«maroJioris». Yac 3meHmends crioBol BianoBial Ha 50% 1 25% Big IMOYaTKOBUX 3HAUYEHD
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Ta MaKCMMaJbHa 1 MiHIMaJIbHA CHJIM CKOPOYEHHS MOoKa3aiu ioro 52-58% edekT Ha eTamax

yTPUMAaHHS MaKCUMAaJIbHUX CHJIOBUX BIJIMOBIJEH 32 PO3BUTKY M’ S130BOi BTOMHU.
1H

0 5c¢ | r
7 B
KOHTpOIb 50y
—
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S,% A t,mc €

1050 4
100 | fddi 1
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40 550 |
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20
350 1

250
12345678910 12345678910

Puc. 2. Cuia ckopodenns muscle soleus miypa, cpuuntera 10-Tv TOCTIIOBHUMHU 6-TH C
myJaMyd CTUMYJISIIIi: 1lIeMI30BaHUNA M'sSi3 (KOHTPOJIb — HATUBHUU M'si3) (a); BBEACHHS
CsoFAS 3a 1 rox no imemizartii m'si3a y go3ax: 0,5 (6), 1 (B) Ta 2 Mr/kr (T); iMITyJIbC M’ SI30BOIT
cunn (S) y BiICOTKax BiJi KOHTPOJILHUX 3HAYEHb ([); 4ac JOCSITHEHHS MaKCHMAaJbHOT
cuJI0BOi BIANOBIAL (€). 1, 2, 3 14 —3HaueHHsa napameTpiB 6e3 BBeneHHs CeoFAS Ta npwu ioro

3actocyBaHH1 y no3ax 0,5, 1 1 2 Mr/kr, BiAMOBITHO

VY mpoueci QyHKIIIOHYBaHHS CKEIETHOI MYCKyJIaTypy HaBaXJIMBIIINM KIJIbKICHUM
MOKa3HUKOM ii pOOOTH € MIBUAKICTh BUHUKHEHHS TJIAJIKOTO TETAHIYHOTO CKOPOYCHHS -
cTtaHy Oe3lepepBHOI HANPyTW M's3a TICIAsS BUHUKHEHHS TOBHOI CyMmallli MOOJMHOKHX
cCkopoueHb. HaBiThb MiHIMaNbHI 3MIHM Yy CTPYKTypl T€HEpOBAaHUX MOTOHEHpOHaMU

IMITYJIbCIB, TIONIKO/PKEHHS MEMOpaH MIOIMTIB, PO3BUTOK 3aMajbHOTO MPOIECY, 3MIHU
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M'S30BOi  JKOPCTKOCTI, €JIEKTPUYHUX BIacTHBOCTEd MeMOpaH Ta  TPUBAIOCTI
rineprnossipu3allii 3HaYHO 3MIHIOIOTh YaC BUHUKHEHHS IIaJIKUX TETaHIYHUX CKOPOYEHbD.
ToMy HAaCTYIMHUM €TamoM JOCHTiKEHHs OYyJI0 BUBUCHHS 010MEXaHIUHMX MapKepiB
BUHUKHEHHS TJAJKUX TETaHIYHUX CKOpOYeHb. lIpu 3acTOCyBaHHI CTUMYJSLIMHUX IYJiB
HApOCTAI0Y0l YaCTOTH 1IEMIYHO-TIOIIKOIKEHUN M'S3 YIPOJOBK YChOTO CTUMYJISILIIHHOTO
nyJly Tak 1 HE BUHIIOB y CTaJiI0 TJIAJKOTO TeTaHiyHOro ckopoueHHs. IH'ekiii CeoFAS
MMO3UTUBHO 3MIHWIM OilOMEXaHIYHI TapaMeTpu TMepPeXOoay YIPOIOBXK CKOPOTIUBOTO
npouecy. Kpim Toro, BaxxiaumBo Takoxxk 3a3HauuTH, 1o iH'ekiiss CgFAS ycyHyna sk
CTpUOKOMOAIOHE 3MEHIICHHS CWIM CKOPOYEHHs, Tak 1 QUIYKTyalliiHy CKJIaJIOBY

CKOpPOYYBaJILHOTO MTPOIIECY.
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Puc. 3. Cuna cxopouennss muscle soleus mypa mpu 3actocyBanui 1 I'iy ctumyssimii
tpuBaiicTio 1800 c: KOHTPOJL - HATUBHUN M'A3 (a); imeMizoBaHUN M's3 (0); BBEICHHS
CeoFAS (1 mr/kr) 3a 1 roxg mo imemisarii m'siza (B); IMIyJbC M'sI30BO1 cuiid (T); 4ac
3MEHIIIeHHS CUiIoBOoi BiamoBiai Ha 50% Ta 25% Big moYaTKOBHUX 3HA4YeHb (tso, t25) ();
MakcuMasibHa (Fmax) Ta MiHiManbHa (Fryin) cuiu ckopodeHHst m'siza (€). 1, 2 — 3HaYeHHs
napameTpiB 0e3 BBeaeHHsI CeoFAS Ta npu #ioro 3acrocyBanHi, BianosiaHo. *p<0,05 momo

Tpymnu KOHTPOJk; **p<0,05 momo rpymnu 1
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Puc. 4. biomexaniuHi mapamerpu mnepexomy muscle soleus i3 3ybdactoro a0 TaaKoro
TETAaHyCy MPU 3aCTOCYBaHHI HApPOCTAOYOi CTUMYJIALIi MakcuMmanbHOi dactotd 30 I
TpUBANICTIO 6 C: MexaHorpamu CKopoueHHA M'si3a (a); fmax — MakcuMalibHa cuja
MMOOJAMHOKOTO CKOPOYEHHS; fimin — MIHIMaJIbHE 3HAYEHHSI CUJIOBOT BIJINOBI/I1 B OJTHOMY 3yOIl1
3yb6uacToro Tetanycy (0); 3MmiHu nmapaMeTpiB fmax (B) 1 fimin () O KOXKHOMY 3 TOOAMHOKHUX
CKOPOYEHB JI0 MePEeX0/ay CHIIOBOI BIJIMOBIA1 y TJIAAKUN TeTaHyc. 1, 2 — 3HaUeHHs mapameTpiB

6e3 BBenenHst CeoFAS Ta mpu ioro 3acrocyBanHi (1 Mr/Kr), BIIOBITHO

[TporekTopuuii epekr CgFAS (1 mr/kr) Ha OloMexaHI4YHI MapaMeTpu IMepexory
1IIIEMI30BaHOT0 M'si3a 13 3y04acToro y riaJkuil TeTaHyC CTaHOBUB 68% BiJl KOHTPOJIBHUX
3HaueHb (puc. 4).

KisbKicHI 3MiHH Y M'S130B1# JUHAMILI IPOCTEKYIOTHCS OUTBII CYyTTEBO IIPH aHAMI31 /il
ekt CeoFAS (1 mr/kr) Ha 6GioMexaHIuH1 MapKepH M'S30BOTO CKOPOUYCHHS 32 PO3BUTKY

imeMii pi3HOro CTymneHs TsKKocTi (puc. 5). Tak, 3MiHa MiHIMaBbHOI CHJIM CKOPOYEHHS
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cknana 60%, 47% 1 4% y Bumagky 1, 2 1 3 cTyneHs TSKKOCTI TATOJIOTii, BIAMOBIIHO,
MOPIBHSHO 3 Tpynoto «maronorisy. [lozutusauii edhext CeoFAS Ha 1elt mapkep cTaHOBUB
65%, 56% 1 28%, B1AIIOBIIHO.

BaxxnuBo 3a3naunti 30imbiieHHs edekty CeoFAS Ha 25-30% nns mepmmx Tphox
qyTIMBUX MAPKEPiB (Frmin, tmax 1 Fmax) 31 30U1bIeHHsIM 103U 710 2 MI/KT (puc. 6). Takum
YUHOM, MTPOCTEKYETHCS iTKA TCHACHIIIS 10 3MCHIIEHHS PIBHSA OMHCAaHUX 0l0MEXaHIYHHX
MapKepiB CKOPOUYEHHS 1IIeMi30BaHOTO M'si3a 31 30UIBIICHHSM CTYTCHS TSYKKOCTI MaTOJIOT1i

Ta 301IbIIeHHS iX piBHA 3a BBeAeHHS CgoFAS y no3ax 112 Mr/kr.

; i
(CHJIa CKOPOYEHHS) 600 C | t ; M g

Puc. 5. Cuna ckopodeHHs imemizoBaHoro muscle soleus mrypa npu 3actocyBanni 1 '
ctumyJsitii TpuBaiicTio 1800 c (a) Ta npu BBeaeHH1 CeoFAS (1 mr/kr) (6). 1,213 -1,213

CTYMIHBb TSHKKOCTI TTAaTOIOTI{

AHami3 OlOXIMIYHUX MapKepiB KpOBi, SKI BIAMNOBIAAIOTH 32 €(PEKTUBHICTh
(GyHKIIOHYBaHHS CKEJIIETHOTO M'si3a 1 BUKOPUCTOBYIOTH JUISI KJIIHIYHOI J[1aTrHOCTUKH
PO3BUTKY 111€MIi, 30KpeMa piBHI kpeatuHiny, KOK, nakrary ta JIJII' y kpoBi 11ypiB, HaJ1aB
MOXJIUBICTh OIHUTH (Di310JIOTIYHI 3MIHM y M'S31 Ta Mif0 Tpenapary Ha MaTOJOTiuHI
nporecu. [IpoBenmeHi MOCTIKEHHS] TMOKa3aJd, IO YCi IIi MapKepyd MaroTh BUPAKCHY
TEHJICHIIII0 JI0 3POCTaHHS 31 30UIBIICHHSM CTYIMEHS TSHKKOCTI MaToJiorii. 3MiHA pIBHS
KpEaTHHIHY — MPOAYKTY, 110 YTBOPIOETHCS Yy M's13aX MIPH PyHHYBaHHI BHYTPIIIIHHOM 'SI30BUX

CTPYKTYP, IO3BOJIUJIO OL[IHUTH PIBEHB MOIIKOMHKEHHS MiolUTiB. 3a iH'ek1iil CeoFAS y 1031
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1 mr/kr piBeHb KpeatuHiHy 3HU3uBCA Ha 31%, 28% 1 21% y Bunaaky 1, 2 1 3 crynens
TSDKKOCTI 1IIeMii, BIJMOBIJHO, MOPIBHSHO 3 TPYMOI «Iatojorisy. IliaBuIeHHS 103U

CeoFAS 10 2 MI/KT 101aTKOBO TOKPAILUJIO 1IeH MOKa3HUK y cepeanbomy Ha 10% (puc. 7).
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Puc. 6. biomexaHiuHI mapaMeTpu M'I30BOIO CKOPOYEHHS y MOPSAKY iX MaKCHUMAaJIbHOI
3MIHHU TIPU aHaJ131 M's130B01 immemii: imemist + 1 Mr/kr Cep Ta imemist + 2 Mr/kr Cegp - M's130Ba
imemist Ha T 1H'exiii CeoFAS y no3ax 1 ta 2 Mr/kr, BianoBiaHo; 1, 2, 3 — CTymiHb PO3BUTKY
M's130B0i 1memii. *p<0,05 1moa0 rpynu KOHTPoJib; **p<0,05 momo rpyn imemis. 1 - Fyin —
MiHIMaJIbHa CUJIa TOOJAMHOKOTO CKOPOUYEHHS M'5134; 2 - tmax - 4aC TOCATHEHHS MaKCUMAJIbHO1
CUJIM CKOPOYEHHA M'si3a; 3 - Fmax — MaKCMMasbHa CUJIa IOOJIMHOKOTO CKOpOYEHH M'si3a; 4
— S — iMIyIbC M’S130BO1 CHIIK; 5 — t50 — Yac 3MEHIIEHHS CHIIM CKOpOUYeHHS M's13a Ha 50% Bij
MOYaTKOBOTO PiBHS; 6 — {p — yac micis MPUIMHEHHS CTUMYJIALIT JO BUXOY M'SI30BOi CHIIN
Ha TMOYaTKOBE 3HAa4YeHHS; 7 - st - 4YaC MDK IOYATKOM CTUMYJISIII Ta MOYAaTKOM

CKOPOYYBaJIBHOTO MPOIECY (3aTPUMKa MOYATKY CKOPOUYEHHS M's3a)
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Puc. 7. BioxiMi4Hi MOKa3HUKH PO3BUTKY MATOJOTIYHUX TpoIieciB y muscle soleus mrypis:
imeMis - imemizoBaHuil M's13; Ceo - matosoris Ha T iH'ekiiid CeoFAS y mo3ax 1 1 2 mr/kr,
BIAMOBIAHO; 1, 2, 3 — CTymiHb PO3BUTKY IMATOJOTIYHOIO mporecy y M's3i; *p<0,05 momo

rpynu KOHTPOJb; **p<0,05 moao rpynu imemis

AHani3 O10XIMIYHUX MOKa3HUKIB MOKa3aB, IO MICHsA IHIIAii 1meMii y M s3i
B1I0yBa€ThCSl 3HAUHE BUCHAKCHHS KJIITUHHUX €HEPreTUYHUX CyOcTaHIii. Sk HaCTiIoK,
MOPYIIYETbCS TOMEOCTa3 Ta Ma€ MiICIleé BTpaTa 10HHOTO TpajieHTa Yepe3 KIITHUHHI
MeMOpanu. Lle Beae 10 HakoMMUCHHS JlakTaTy Ta ioHiB H' 1, BinmoBigHo, migkucienas pH
BHYTPILIHBO- Ta MO3aKJIITUHHUX CEPEIOBUIII.

3a iH'exmiit CeoFAS y 1031 1 Mr/kr xoH1eHTparlis Jakrary 3auzmiacsa Ha 46%, 49%
ta 35% y Bunaaky 1, 2 1 3 cTyneHs TSHKKOCTI iliemii, BIANOBIAHO, MOPIBHSAHO 3 TPYIOIO
«matosioristy. [TigBumenns n1o3u CeoFAS 10 2 MI/Kr 10JaTKOBO IMOKPAIIMIIO IIeH MMOKa3HUK
y cepennbomy Ha 13%.

Pisens 3minum JIJII" — dpepmenty, sikuil kaTanizye OKHUCIEHHS MOJIOYHOI KHCIJIOTH,
JI03BOJISIE OIIHATU 3arajbHUN CTaH MPAaIe3AaTHOCTI MONIIKO/KEHOTO M's3a MICHs HOTo

TpuBaioi aktupailii. 3a iH'exuid CeoFAS y 1031 1 mr/kr piBens JIJI" 3uu3uBcs na 47%, 34%
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1 26% y Bumanky 1, 2 1 3 cTymeHs TSHKKOCTI 1mIeMii, BIAMOBIIHO, IOPIBHSHO 3 TPYIMOIO
«maronorisy. [liagsumenns 1031 CeoFAS 10 2 MI/KT 10AaTKOBO MOKPALTUIIO 1IEH MOKA3HUK
y cepeaabomy Ha 9%.

OaHMM 3 BaXXJIMBUX MapKepiB MaTOJOTIYHUX MPOLIECIB Y M'sI31 € 3MiHA KOHLIEHTpALIii
K®K — depmenTy 13 cucTeMH €HEpreTUYHOro 3a0e3MeUeHHsT CKEJIETHO-M'S30BUX KJIITHH.
[Tpu MexaHIYHOMY MOIIKO/IKEHH1 M'sI31B CIOCTEPITA€ThCS BUX1 HOTO (EPMEHTY 3 KIITHH
Ta, BIMOBIIHO, MIIBUILIEHHS HOTO aKTUBHOCTI y KpoBi. 3a iH'ekiiit CeoFAS y 1031 1 Mr/kr
piBenb KOK 3nu3uscs Ha 29%, 48% 1 23% y Bunaaky 1, 2 1 3 cTyneHs TSKKOCTI 11IeMii,
BIIMOBIJTHO, MOPIBHSIHO 3 rpynoto «mnatosorisy. [linpumenus no3u CeFAS g0 2 mr/kr
JI0JIATKOBO MOKPAIIWIIO IIe¥ MOKa3HUK Y cepeTHboMY Ha 8%.

Takum uwmnoM, mipu BBefeHHI CgoFAS y mo3i 1 MI/Kr 3MEHIIEHHS ONMHMCaHUX
O10XIMIYHUX TMapaMeTpiB 3a IMEMIYHUX MOMIKOKEHb M’sA3a BiOyBaeThCsa Ha piBHI 35%
NOPIBHSHO 3 Tpynow «mnartosoris». [ligsumenns no3u CeFAS 10 2 MI/Kr 101aTKOBO
MTOKPAIIHIIO 11i ToKa3HUKH Ha 7-10%.

OTxe, O10XIMIYHI MOKA3HMKH I1MIEMIYHOTO IIOMIKOKECHHS M SI30BOI TKAaHUHHU
KOPEJIIOIOTh 3 OMUCAaHUMHU BHUIE OIOMEXaHIYHUMHU TapaMeTpaMu SK 31 30UIbIICHHIM
CTYTICHSI TSDKKOCTI TIOITKOKEHHS, TaK 1 3a mpoTekTopHOi 1ii CeoFAS.

[TaTonoriuni mporecu, IO BHUHUKAIOTH BiApasy MiCHA IHIIIAI] 1MIEMIYHOTO
MOIIKO/IPKEHHS, € JKepesnoM akTuBHUX (popM kucHIo (ADK) Ta cripusitorh iHTEHCHDIKaIT
[TOJI. Ins miaTBEpIKEHHST MPUMYIIEHHS MO3UTUBHOTO edekTy 1H ek CgFAS nuisixom
moaudikamii ADPK-3anexkHUX MeXaHI3MIB Ta MOro BIUIMBY Ha aKTHUBHICTH €HJIOTCHHUX
AHTUOKCUIAHTIB MM TpOaHATI3yBajdl TOKA3HWKW TPO- Ta aHTHOKCHIAHTHOTO OanaHCy
(xaranasu, nepekucy BojHIO, ThK-akTHBHHUX MPOMYKTIB Ta BIIHOBICHOTO TIYTaTIOHY) Y
KpOBI ITypiB MicCJIs iHIMiaIii M’ s130B0i imemii (puc. 8§).

3a id'exmiit CeoFAS y 1031 1 MI/Kr akTUBHICTh KaTana3u 3Hu3uiaca Ha 33%, 47% 1
22% y Bunanaky 1, 2 1 3 cTyneHs TSHKKOCTI 1IeMii MOPIBHIHO 3 TPYIOI0 «IATOJIOTIs.

KonnenTpariis nepekucy BoaHto 3a iH'ekiii CeoFAS 3menmmunacsa Ha 29%, 35% 1
22%, BignosinHo. Konuenrpauist TBK-aktuBHuX nmpoykTiB 3a iH'ekid CeoFAS 3HM3MMacs
Ha 33%, 38% 1 27%, BianmoBigHO. KigbKiCTh BITHOBIEHOTO IITyTaTiOHY 3a 1H'eKIiil CeoFAS

3amu3mnacs Ha 29%, 33% 1 25%, BIAMOBIHO, TOPIBHSAHO 3 TPYIIOI0
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Puc. 8. Iloka3Huku mpo- Ta aHTHOKCHUAAHTHOrO OajaHCy B KpOBI ILIypiB: iIeMis -
imemMizoBanuii M's3; Ceo - maTosioris Ha i1 1H'exiin CeoFAS y mo3ax 11 2 Mr/kr, BiIOBITHO;
1, 2, 3— cTyniHb pO3BUTKY MATOJOTIYHOTO TIpotiecy y M'si31; *p<0,05 1100 rpynu KOHTPOJIb;

*%p<(,05 MO0 rpynH imemis

«matoJioristy. 30unbieHHs 103U CgFAS 10 2 MI/Kr J0AaTKOBO MOKPAIIWIO YC1 OMUCaH1
MOKA3HUKH y cepeaHpoMy Ha 8-9%.

Takum 4MHOM, TIPU aHAJI31 PI3HOTO CTYTMEHS TSHKKOCTI 1IIEMIYHOTO TMOIITKOKESHHS
M’5131B IPOCTIAKOBYETHCS UITKA KOPETALIA MI>K 3MIHOKO 010XIMIYHMX MTOKAa3HUKIB PO3BUTKY
MaTOJIOTIYHHUX TPOIECIB y M'si31, MOKAa3HUKAMHU TMPO- Ta aHTHOKCHIAHTHOTO OajlaHCy Ta
JOCIIKYBaHUMHU O10MEXaHIYHUMU MapKepaMy CKOPOUEHHS CKEJIETHOTO M’si3a.

[Ipu ananizi epexry CeFAS Ha (QyHKIIOHYBaHHS CKeleTHOro M’si3a WIypiB 3a
BBEJICHHS TIpemapary Mics 1HiIalii maToaorii BCTAHOBIICHO, 1110 HAWO1IbIIT ONTUMAITEHUM
JUTSL KOPEKIli MIBUAKICHUX MaKponapameTpiB CKOPOYEHHS 1MIEMI30BAHOIO0 M’s3a € MOro
BHYTPIIIHbOBEHHE BBeZIeHHS. BogHouac, BHYTpiiHbOM si30Be BBeAeHHSI CeoFAS mposiiisie
OUIbLI BUPAXEHHUM BIIUB MPU PyXax, MMOB’SI3aHUX 3 F€HEpall€l0 MaKCUMaJIbHUX CHIIOBUX

BIJIMOBIZCH a00 TPUBAIMX CKOPOUYCHb, SIKI 30UIBIIYIOTH pPIBEHb BTOMH M’s3a. AHai3
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O010XIMIYHMX MapKepiB KpOBi, sKi BIAMOBINAlOTH 3a €(EKTUBHICTh (PYHKIIOHYBaHHS
CKEJICTHOTO M'si3a 1 BUKOPUCTOBYIOTH JJIA KIHIYHOI JIIarHOCTUKU PO3BUTKY I1MIEMIl
3aCBIIYUB, IO IX PIBEHb CYTTEBO 3HIKYETHCS 3a ONTHMabHOT 103U BBeaeHHsS CeoFAS (1
MT/KT) IOPIBHSIHO 3 TPYTIOI0 «IATOJOTIs.

Takum ymHOM, OjiepXaHl pe3ysibTaTh BKa3yloTh Ha Te, 1o CgFAS moxe Oytu
MEPCTIIEKTUBHUM 3ac000M TSl TPODITIAKTUKY 1 KOPEKIIiT 1IIeMIYHO-TIOIIKOKEHOT (QyHKITT

CKEJIETHUX M'S131B.

OcHOBHI my0Jrikawii 3a HUM PoO3aiJI0OM:

1. D.M. Nozdrenko, D.O. Zavodovskyi, T.Yu. Matvienko, S.Yu. Zay, K.l. Bogutska,
Yu.l. Prylutskyy, U. Ritter, P. Scharff. Cg, Fullerene as Promising Therapeutic Agent for
the Prevention and Correction of Skeletal Muscle Functioning at Ischemic Injury. Nanoscale
Research Letters, 2017, 12(1): 115. (Q2)

2. D. Nozdrenko, T. Matvienko, O. Vygovska, K. Bogutska, O. Motuziuk, N.
Nurishchenko, Yu. Prylutskyy, P. Scharff, U. Ritter. Protective Effect of Water-Soluble Cg
Fullerene Nanoparticles on the Ischemia-Reperfusion Injury of the Muscle Soleus in Rats.
International Journal of Molecular Sciences, 2021, 22(13): 6812. (Q2)

PO3A1JI 2. Mexanokinemuuni napamempu CKOpO4eHH: CKeJIemMHUX M A3i6 ma

0I0XIMIYHI NOKA3HUKU KPOGL W{ypié HA mJli M’A3080i mpagmu

VYci MexaH14H1 M’SI30B1 TpaBMUA MOKHA YMOBHO NOJUIMTH Ha TPU TPYIHU: KOHTY31s,
KOHTY31sI 3 OIIKO/KEHHSIM CYJIMH Ta PO3PUB M’ S130BO1 TKaHUHU. 3araioM 011t 90% TtpaBm
CKJIaZIal0Th caMme KOHTY311, a Ha po3puB M’ s130B0i TKaHWHU nipuniagac juiie 10%, onHak came
BOHM BMKJIMKAIOTh HaWCKIamHIII Haciaigku. PdiziomaTosioris, IO BUHHKAE BHACIIIO0K
M’S30BOi TpaBMH, XapaKTEPU3YEThCS TAKUMHU SBUIAMU SK PO3PUB CaApPKOJIEMH Ta
CapKOMEPHHX OJIMHHUIIb, TTOIIKOKSHHS MeMOpaHu, a Jajli - MPOHUKHEHHS MO3aKIiITHHHOTO
KaJIBIIF0 Y M S30BY KJITHHY, IO CIPUYUHIOE PYWHYBAHHS ITMX CTPYKTYp, aroITo3,
PO3BUTOK 3alaJIbHOTO TMPOIECY Ta HEKPOo3 M s30BOi TKaHWHHW. Cia 3ayBakKHITH, IO

MOIIKOJKEHHS TPYI M'sI31B MOKE MaTH HEPIBHOMIPHUHN XapakTep, 1110 HEraTUBHO BIUIMBAE
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Ha 1IeHTU(DIKAIIO CTYNEHS TSHKKOCTI MOLIKOIKEHHS. TakiuM YHHOM, KpUTHYHO BasKIIMBOIO
€ ajJeKkBaTHa Kiacudikailis M'SI30BUX TpaBM, HEOOXigHA JUIsI PO3YMIHHS PIBHS
MIOIITKO/KEHHS Ta ONTUMI3allii TPoIiecy HOTo JIIKyBaHHS.

[Ticns imimiamis M'I30BOi TpaBMH CIIOCTEPIra€ThCs 3HAYHE 3MEHIICHHS CHUIIOBOI
peaxirii M'si3a 3 MPOTPECYI0U00 CUMITOMATHKOIO. Tak, BUSBICHO Pi3Ke 3HIKEHHS CHIIOBOT
BIJIMOBI/II M's13a BXKE HA TIEPIINX CEKYHIAX CTUMYJIALIT 3 MOAATBIINAM 3HMKEHHIM 110 43%,
38% 1 19% 110,10 KOHTPOJIBHUX 3HAYEHb y BUMAAKY 1, 2 1 3 CTymeHs TSKKOCTI M'I30BOi

TpaBMH, BIJIITOBIJTHO.

A
©
™
®
=
®
% TpaBMa
o + 1 mr/kr Ceo
5
(o]
o
[°)
X
T)
©
=
(&) :tso
. TpaBma
+ 2 mr/kr Ceo

Puc. 9. Cuna ckopouennst muscle soleus mypiB npu 3actocyBanni 50 I'ii ctumysisiii
3aranpHOI0 TpuBaiicTio 600 ¢ 6e3 penakcailii: TpaBMa — M'si30Ba TpaBma; TpaBMa+1 mr/kr
Ceo Ta TpaBMa+2 mr/kr Cg - matomorisg Ha Tii iH'ekiii CeoFAS y mo3ax 1 ta 2 mr/kr,

BIJIMOBIHO; 1, 2, 3 — cTyniHb PO3BUTKY MATOJIOTTYHOTO MIPOLIECY Y M'si31
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3actocyBaHHsS BHYTpimHbOM si30BUX 1H'eKIid CgoFAS y mo3i 1 mr/kr 3a 1 rog mo
1HIIiaIii TpaBMu 30UIBIINUIIO CUJIOBY BIJMOBiAL M's3a Ha 21%, 19% 1 12% y Bunaaky 1, 2 1
3 cTyneHs TSHKKOCTI M’ sI30BOi TpaBMU, BIJIITOBIIHO, TIOPIBHSIHO 3 TPYIIOIO «IIATOJIOT1s (pHC.
9). IlinBumenus 103u CeoFAS 10 2 MI/KT 10AaTKOBO 301IBIIAIIO CHIIOBY BiANOBiAL Ha 8%,
9% 1 7%, BIAMOBIIHO. 32 BUKOPUCTAHHS BTOMJIIOBAIBHOT CTUMYJIAIIT MaKCUMaJIbHI CHJIOBI
BIJIMIOBI I TpaBMoBaHoro muscle soleus smenmyBanmucs Ha 51%, 73% 1 88% y Bumnaaxy 1, 2
13 CTymeHs TSHKKOCTI M'SI30BO1 TpaBMH, BiIoBiaHO, Ta HA 12%, 23% 131% nHa 1, 2 1 3 100y
miciisg M's30BO1 TpaBMHU, BIATMOBIIHO. 3acTocyBaHHs 1H'ekiiit CgoF AS3a onTuManbHoi 1031
1 mr/kr 3011bIIMIIO0 MaKcUMabH1 cuitoBi BianoBial Ha 11%, 14% 1 17% y Bunaaky 1,213

CTYTNEHsI TSXKKOCTI M'SI30BOi TPaBMHU, BIAMOBIIHO, MOPIBHIHO 3 TPYMOI0 «IATOJIOTisH (pHUC.

10).

a o B

Cuna cxopouenns, H Cuna ckoposennst, H Cua ckopouenns, H
0,7 0,74
0,6 0,6

0,5 0,54

04 4 0,4

0,3 0,31

0.2 - 0,2

0,14

Puc. 10. KpuBi MakcHMManbHHUX CHIIOBHX BIAmOBigell TpaBmoBaHoro muscle soleus,
BUKJIMKaHI CTUMYJISILIMHUM CUTHAJIOM yacToro 1 ' 1 tpuBanictio 1800 ¢, mpu 3acTocyBaHHI
iH'exniit CeoFAS (1 mr/kr): TpaBma, TpaBma+Cep - TpaBMa, TpaBma Ha Tii iH'ekiit CeoFAS;
1, 2, 3 - KpUBI MakCUMaJIbHHMX CHWJIOBHX BIANOBIZEH 3a po3BUTKY 1, 2, 3 cTymeHs
MaTOJIOTIYHOTO MPOIIECy Y M'si31; a, 0, B - KpUB1 MAaKCUMaJIbHUX CHUJIOBUX BIJMOBIICH Ha 1, 2

13 moOy micys M'30BOi TpaBMU

BignocHo Heznaunmii epektT CeoFAS MOKHA MOSICHUTH TUM, 110 M'sSi30Ba TpaBMa 3
PO3PHMBOM M'SI30BUX TKaHHWH € TSKKOKO ITATOJIOTIEIO, IO OXOIUIIOE HE JIMIIE M'S30BI
CTPYKTYpH, ajie MW yCKJIaJHeHa OO0JbOBOI0 CHUMITOMATUKOK BHCOKOTO piBHA. Tomy

3actocyBaHHsa CgoFAS, Ha Hally ayMKy, HE € JOCTAaTHIM JJIsl MOJI0JIAaHHSI Takoi M’ s30BO1
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natoJyiorii. BukopucTaHHa Ui aHami3y JOCHIKYBAaHMX TMATOJOTIYHHUX MPOIIECIB
OloMeXaHIYHUX MapKepiB aMILIITyJHO-IIBUAKICHUX 3MIH CHJIOBOi BIJIIOBi/Il BHUSIBUJIO
CYyTTEBI KIIBKICHI BIMIHHOCTI MDK HHUMHM 3a mpoTekTopHoi nii CgFAS. Tak 3miHa
MIHIMaJIbHOI CUJTU CKOPOYEHHS MPHU M's130Bi1i TpaBMi ckiana 31%, 17% 1 4% urono HopMH
y BUMaJKy 1, 2 Ta 3 cTyneHs TSHKKOCTI MaTojIorii, BiAmoBiaHO (puc. 11).
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Puc. 11. biomexaHiyHi mapamMeTpy B MOPSAKY IX MaKCUMAIBHOI 3MiHHU 32 M'sI30BOT TPaBMHU:

*

1 234567

1, 2, 3 — cTyniHb TSKKOCTI TpaBMU; 1 - Fyin- MiHIMaJIbHA CHUJIa CKOPOUYEHHS M'A3a; 2 - tmax -
Yyac JOCSTHEHHS MAaKCUMAaJbHOI CHUJIM CKOPOUYEHHS M'A3a; 3 - Fmax - MakcHUMallbHa cuia
CKOpOUeHHS M'si3a; 4 — S - IMIYJIbC M'SI30BOT CHJIH; S - 150 - Yac 3MEHIIICHHS CHJIA M'si3a Ha
50% BiJ MOYATKOBOTO PiBHS; 6 - {p - Yac Micysl MPUIIMHEHHS CTUMYJIALIT 0 BUXOIY M'SI30BOT
CHWJIM Ha MOYATKOBE 3HAYEHHS; 7 - lsat - 4aC MK MOYATKOM CTUMYJISILII Ta MOYaTKOM

CKOPOYCHHS
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[TozutuBaMit epext CeFAS (1 mr/kr) Ha meit mapkep cranoBuB 60%, 23% 1 18%,
BIJIMOBIJTHO, MOPIBHSHO 3 TPYIOI0 «IMATOJOTisH». 3MiHA Yacy JOCATHEHHS MaKCHUMAaJIbHOI
CHJIM CKOpOYEHHS M's3a mpH M'si30Bii TpaBmi ckiana 42%, 21% 1 6% uono HopMHU Y
BUTNIAJIKY 1, 2 Ta 3 cTymeHs TSHKKOCTI matoiorii, BiamosiaHo. [To3utuBHuit eext CeoFAS(1
MI/KT) Ha Led mapkep ctaHoBuB 67%, 38% 1 21%, BiANMOBIAHO, MOPIBHSIHO 3 T'PYIOIO
«matonoriss»y. Mapkepu Frax, S 1 tso BUSBWIH TaKy ) TEHJSHIIIIO 0 3MiH 3a MPOTEKTOPHOI
nii CeoFAS (1 mr/kr) y Bunaaky 1, 2 1 3 cTymeHs TSDKKOCTI M'si30Bo1 TpaBMu. BomHodac,
MapKepH to 1 tstart SMIHIOBAJIMCA JIUIIE Y BUMAAKY 2 1 3 CTYNEHsS PO3BUTKY MATOJOTIYHOTO
nporiecy (76% 1 49% mioio HOpMH) Ta BigHOBIIOBaIMCS Ha 92-95% mnpu 3acTocyBaHHI
iH'exmii CeoFAS (1 mr/kr).Ilpu mipBumenHi no3um CeFAS mo 2 Mr/kr yci mociimpKyBaHi
MapKepH J0JaTKOBO 3pocTtanu: BiJl 35% st HaltOLIbll 9yTIuBOTrO Mapkepa Fmin 10 10%
JUTSI HAUMEHTIT 9y TIIMBOTO MapKepa tstart.

[IpoBeneHi MOCHIKEHHS TTOKa3all, 1110 YCi 010XIMI4HI MapKepH, sIKI BiJIMOBIIAIOTh
3a €(QEeKTUBHICTh (YHKI[IOHYBAaHHS CKEJIETHOTO M'A3a Ta BUKOPUCTOBYIOTHCS IS
JIarHOCTUKH PIBHIB YIIKO/HKEHHS M 531B, MAalOTh BUPAKEHY TEHJCHIIIO O 3pOCTAHHS 31
30UIBIICHHSAM CTYMCHS TSHDKKOCTI TpaBMM Ta 4acy Icis ii iHimiari, mo CBITYUTH MPO
BUKOHAHHS M'SI30BOi CUCTEMOIO HaAMIpHOI s 11 (i310J0TIYHOTO PiBHS POOOTH 3
MOJANIBIITUM TIPOTPECYIOUYUM PO3BUTKOM M'S30BOi BTOMHM. Tak, pPIBEHb KpEaTHHIHY
30utbmBes 10 153%, 217% 1283% y Bunaaky 1, 2 13 cryneHs TSXKKOCTI M'sI30BOi TPaBMH,
BigmoBigHo (puc. 12). 3a in'ekmiii CeoFAS y mo31i 1 Mr/kr xoHIEHTpaIlisl KpeaTuHi HY
samu3uiacs Ha 9%, 6% 1 7%, BIAMOBIIHO, TOPIBHSHO 3 TPYNOI0 «maTojorisy. [TinBuineHHs
n03u CeoFAS 10 2 MI/KT 10AaTKOBO MOKPAITUJIO 1IeH MMOKa3HUK He Oubie HiX Ha 3%.

36umemenus ¢pakimii KOK na 142%, 179% 1 243%, BiANOBiIHO, € pe3yabTaTOM
pyWHYBaHb CTIHOK MIOIIUTIB 3 YaCTKOBUM BUXOJIOM BHYTPIIIHbOMIOIIUTHUX (PEPMEHTIB B
excTpauetoasspauil mpocTip. 3a iH'ekuiit CeoFAS y 1031 1 Mr/kr ii piBenb 3HU3HUBCS Ha 9%,
8% 1 10% y Bumnanky 1, 2 1 3 cTymeHs TSHKKOCT1 M'SI30BOT TpaBMHU, BIJIIOBITHO, TOPIBHSHO 3
TPYIIOIO «IIATOJIOTIs» Ta I0JaTKOBO 3HIKYBABCA 1€ Ha 5-6% npu niaBuiiieHHi 103U CeoFAS
710 2 MI/KT.

3a in'exmiit CoFAS y 1031 1 Mr/kr KoHIIeHTpalis JakTaTy 3Hu3miacs Ha 11%, 9% 1

10% y Bunaaky 1, 2 1 3 cTyneHs TSXKKOCTI M'SI30BOi TpaBMH, BIANOBIIHO, MOPIBHSIHO 3
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IPYTOIO «IATOJOT1sH» Ta JOJATKOBO 3HMXKYyBasnacs e Ha 3% npu niaBuiienHi 103u CeoFAS

10 2 MI/KT.
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Puc. 12. bioxiMiuHi MOKa3HUKKA PO3BUTKY MATOJIOTIYHKX TporieciB y muscle soleus ypis:
TpaBma - TpaBMoBaHui M'si3; Ceo - maTosioris Ha Tl 1H'ekiid CeoFAS y no3zax 1 ta 2 Mr/kr,
BIAMOBIAHO; 1, 2, 3 — CTymiHb PO3BUTKY IMATOJOTIYHOIO mporecy y M's3i; *p<0,05 momo

Ipynu KOHTPOJb; **p<0,05 moao rpynu TpaBMa

3wmina piBas JIJII' na 178%, 221% 1 387% y Bunaaky 1, 2 1 3 cTyneHsl TSHKKOCTI
M'S30BOi TpPaBMH, BIJMOBIJHO, CBIAYUTH IMPO PO3BUTOK CYTTEBUX IUCHYHKIIN M's3a,
MOB'I3aHUX 3 HAJUIMIIKOM BTOMHHUX crionyK. 3a iH'ekmiit CeoFAS y no3i 1 Mr/kr ii piBeHb
3HU3UBCs Ha 7%, 9% 1 6%, BIAMOBIAHO, TTOPIBHSHO 3 TPYIIOI0 «IIATOJIOTISH Ta TOAATKOBO
3HMKYBaBC 111e Ha 4% npu nigBuieHHi 1031 CgoFAS 10 2 Mr/kr.

Taxkum urHOM, 010XIMIYHI MapKepy PO3BUTKY JOCIIHKYBAHOI TATOJIOTI] MTOKA3YIOTh
no3utuBHUM edekT 11’ ekl CeoFAS Ha piBHI 12-15%. Boanouac, 6iomexaHiuH1 MapKepu
onucytoTh no3uTuBHU edekt CegFAS nHa piBHI 35-60%. lle, Ha Hamy nOymKy, €
pe3yJIbTaTOM HEraTWBHOTIO BIUIMBY Ha O10XIMIYHI MapKepHu CYMyTHIX HaTOJOTTYHUX

IPOIIECIB, MOB’SI3aHUX 3 PO3BUTKOM 3amajieHHs, Ta OLIbIl e(EeKTUBHOTO BIUIMBY 1H €KIIIH



33

CeoFAS Ha HaitbipI ypas3nusi (a3u CKOPOTIUBOTO MPOIIECY, BiAMOBIIATBHI 32 TOUYHICTHE

MO3UIIIOHYBaHHS CyTJIO0Y.
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Puc. 13. Tloka3Huku Tpo- Ta aHTHOKCHIAHTHOTO OajaHCy y KpOBi IMypiB: TpaBMa -
TpaBMoBaHuil M'si3; Cgo - marosoris Ha Tii 1H'ekuii CeoFAS y mozax 1 ta 2 wmr/kr,
BIAMOBIAHO; 1, 2, 3 — CTymiHb PO3BUTKY IMATOJOTIYHOIO mporecy y M's3i; *p<0,05 momo

Ipynu KOHTPOJb; **p<0,05 moao rpynu TpaBMa

[lokasHuku mTpo- Ta AHTUOKCHJIAHTHOTO OanmaHCy (aKTMBHOCTI —KaTajiasw,
KOHLIEHTpalii nepekucy BogaHio, TBK-akTHBHUX NPOAYKTIB Ta BIIHOBJIEHOTO ITyTAaTIOHY) Y
KpOBI IypiB JOCTOBIPHO KOPETIOBAIA 3 PIBHEM PO3BUTKY MATOJIOTIYHOTO TMPOIECY Y
CKEJIETHOMY M 531 Ta MO3UTHBHO 3MiHIOBasmcs 3a i ek CeoFAS (puc. 13).

Takum uymHOM, BOnOpo3uMHHI Ceg (pyJiepeHM 3/4aTHI BIUIMBATH HA AaKTHUBHICTh
€HJOTEHHUX  aHTHOKCHJAHTIB, TMEPEIIKO/KAI0YM  BUHHKHEHHIO  TUCHYHKIIT Y
TPaBMOBaHOMY M'si3i, OJHAK aJCKBAaTHWUN aHaNi3 IHOTO BIUIMBY MOXJIMBHHA JUIIEC 3
ypaxyBaHHSM BIJIOBITHUX O10MEXaHIYHUX MapKEpIB.

Hocmimxennss aii CeoFAS Ha 110 M'A30By MATOJIOTII0 3@ BHYTPILIHBOM S30BOTO

BBEJCHHS IIperapary Micias 1HImiamii TpaBMU BHSBWJIO TO3WTUBHUN BIUIMB Ha



34

MEXaHOKIHETUYHI TMOKa3HUKU CKOPOYEHHS M'A3iB IIypiB. B enekTtpodizionoriunux Ta
O010XIMIYHUX JOCIHIDKEHHSIX TMoKazaHo, Mo 3actocyBaHHs CgFAS mnpu3Boauth 110
CKOPOYEHHS 4acy BIJIHOBJICHHSI CUJIM M'SI30BOTO CKOPOUYEHHS, 30UIBIIEHHS Yacy M's30BO1
BUTPHUBAJIOCTI Ta 3HMKEHHS PIBHS MATOJOTIYHMX 3MiH. Ha mijmcraBi OTpUMaHUX JaHUX
MO>KHA TIPUITYCTUTH, 1[0 aHTUOKCUJAHTHA 11 BOAopo3urMHHUX Ceo (hyJiepeHiB BITUBAE HA
PO3BUTOK 3alaJIbHOTO TMPOIECY B IMOIIKOKEHOMY M'S3i: 3amayibHI PEaKIlii € HaCIiIKOM
TCHEPYBaHHSI y MOIMIKOKCHUX TKAaHWHAX BEJIMKOI KUTHKOCTI BUTPHOPAAUKAIBHUX arcHTIB,
AKl, Hacamrmepel, 37aTHI pyHHyBaTH MeMOpaHHI KIITHHHI OOOJIOHKH. 301JIbLIECHHS
OloMEXaHIYHUX TOKa3HUKIB (YHKLIOHYBAaHHSA M s3a IMOB'A3aHe 3 i1HakTuBaliero Cego

dynepeHaMy HaUIMIIIKOBOI KUTBKOCTI MPOAYKTIB BTOPUHHOTO OKUCIICEHHS Y BOJIOKHAX.

OcHOBHI my0Jrikawii 3a HUM PoO3aiJI0OM:

1. D. Nozdrenko, T. Matvienko, O. Vygovska, V. Soroca, K. Bogutska, A. Zholos,
P. Scharff, U. Ritter, Yu. Prylutskyy. Post-traumatic recovery of muscle soleus in rats is
improved via synergistic effect of Cgo fullerene and TRPMS8 agonist menthol. Applied
Nanoscience, 2022, 12(3), 467-478. (Q2)

PO3A1JI 3. @akmopu pozeumky ma wiaaxu Kopekyii m’a30680i momu

VY mpoueci popmyBaHHS M's30BOi BTOMH B1AOYBAa€ThCS MOPYILIEHHS METa00II3MYy,
YTBOPIOIOTHCS MPOAYKTH HEMOBHOI'O OKHCIIEHHS KHUCHIO, IEPEKHCH Ta BUIbHI PaJMKalu.
Hanmipae nakonnuenHss ADK (oxcuaaTuBHUM cTpec) Beae 10 CEpHO3HUX (PYHKIIOHATBHUX
MOpPYIIEHb, OCKUIBKMA  TOIIKO/KYIOTHCS  PI3HI  KOMIIOHEHTH  KJIITHUH. 3HIKEHHS
Mpale31aTHOCTI M’s3a 3a MOro TPUBAJIOTO MOJAPA3HEHHS 3yMOBJIEHO JBOMa OCHOBHUMHU
npuurHaMi. [lepiioro 3 HUX € Te, IO MiJl YaC CKOPOUYEHHS M 532 Y HbOMY HaKOMUYYIOThCS
MPOYKTH OOMIHY PEYOBHUH (MOJIOYHA KHCIIOTA, BUTHHI PaIUKaJIX Ta 1H.), 9ACTHHA 3 SIKUX, &
TaKOX 10HH Kalito, IMPYHIYIOTh 3 BOJIOKOH HA30BHI Ta MPUTHIYYIOTh 3/IaTHICTh 30y AJIUBOI
MeMOpaHM MIOLIMTIB TE€HEepyBaTH NOTEHLiaiu [li. [HIIa mpuuMHA — 1€ MOCTYIOBE

BHCHAXCHH CHCPICTUYHUX 3aI1acis.
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Puc. 14. Cuna cxkopouenss (H) niBoi 1 mpaBoi KIHIIBOK IIypa 3 4acoM (XB), BUKJIUKAHHUX
BTOMJTFOBAJILHOIO CTUMYJIALIEI0 10 Ta micis BBeaeHHs CeoFAS (1 Mr/kr) y niBy KiHIIBKY:
(a,B) — CKOpOYEHHs JiBOI 1 MpPaBOi KIHIIBKK, BIAMNOBIAHO (TPUKYTHUKOM BIJ3HAUYECHUU
MOMEHT iH'ekIil); ,T) - aMHH;TYI[Hi 3HAYeHHs CHJIM Ha MOYaTKy MOOJUHOKUX TETaHIYHUX
ckopoueHb (AP - gisHmm MDXK 3HaYEHHSIMH CUJTU Ha MOYaTKy Ta HAMPUKIHII CKOPOYCHHS).
[IBuake QopmyBaHHs BTOMH (MAIiHHSA CHJIOBOI BiamoBiAl M's3a Ha moHaa 50%)
MPU3BOIUIIO IO HEOOX1THOCTI 3MEHIIIeHHS TpuBaiocTi nepioaiB ctumyssmii (I-1IT). L1 R -
JiBa 1 MpaBa KiHIIBKY, BIANOBIIHO; Ceo - peecTparist 3ycuiuis micis BBeaeHHS CgoFAS y
JBY KIHIIIBKY

3a TpuBaJoro (PyHKIIOHYBaHHS M’si3a BiJIOYBAa€TbCs PpI3KEe 3MEHIICHHS 3araciB

TIIKOT'€HY, BHACIIJIOK YOTO MOPYIIYIOThCs nporiecu pecuntesy AT® 1 kpeatundocdary,
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0 € HEOOXIMTHWM ISl 3AIMCHEHHS M SI30BOTO CKOPOYEHHS. 3aXWUCT KIITHH B TaKHX
MOIIKOJKEHb 3a0€3MeUy€eThCsl aHTUOKCUIAHTHOIO CHUCTEMOI0. MeT0I0 HACTYIHOTO eTarry
pobotn Oyno ominutu ait0 CeFAS Ha auHaMiky BIJHOBJICHHS CKOPOUYBAJIbHHUX
BJIACTHBOCTEH CKEJIETHOTO M'sA3a IIypa 3a (hOpMyBaHHS Or0 BTOMHU, BUKJIMKAHOT TPUBAJIOO
aKTHUBALIICIO.

BHaci1ok BUKOpHUCTaHHS BTOMJTIOBIBHOT CTUMYJISIIIT M's13a Ha JTiBii KiHIiBI, 50%
piBEeHb BTOMU y HhOMY OyB focarHyTuii 3a 12 xB. [Ticas 10 XB BIAMOYMHKY CHJIa TETAHIYHUX
CKOpPOYEHb JICIIO BIJHOBIIOBANACS, MPOTE€ BOHA HE JOCATalia MOYATKOBOTO PIBHA 1
MPOJOBXKYBajda IMIBHAKO CHafaTd. Y I[bOMY BHIIAAKy TaKOX BigOyBaJlocs OJIHOYACHE
3HIDKEHHSI IMHAMIYHOT KOMITIOHEHTH NaaiHHs cwd (puc. 14)

[Ticns Toro sk Mm'si3 mocar BTomMu ((pikcyBayM TaaiHHS CHUJIOBOI BIATOBIAI M'si3a Ha
moHax 50%), BHyTpimHBEOM's130B0 BBOAWIN CgoFAS y mo3i 1 mr/kr. In’exmii CgoFAS
IIPU3BEIU JI0 TOCTYOBOTO BITHOBJICHHS PIBHS 130METPUYHOTO 3YCHIUIS yepe3 32 XB MICHs
BBEJICHHS TIpeIapary.

Uepes 50 xB miciig BBEJIEHHS Ipenapary Cuja, 0 PO3BUBAETHCA M'S30M, BUXOJIMIIA
Ha TICBHUU CTalllOHAPHUM PiBEHb, SIKUW YTPUMYBABCS YIPOJOBXK YCI€i eKCTIEPUMEHTAIBLHOT
cepii. BaxnuBo BIA3HAYUTH, 110 M'SI3 MIATPUMYBAB CUJIOBUH PiBEHbB, 110 PO3BUBAETHCS, 1IE
ynponoBx | ron. 3araJibHMil 4ac 3MEHIICHHS CWJIM CKOpoueHHsA M's3a Ha 50%, micis
BBEJICHHS Mpemnapaty, ckiaaano 120 xB. J{ns mopiBHSAHHSA, Y KOHTPOJ TPUBAIICTh L[BOTO
nepioly BUHUKHEHHS BTOMM cTaHoBwia 42 xB. Cnig Bia3HauuTv, mo 4depe3 50 XB,
MeXaHOTpaMHu JIiBOi 1 MPaBoi KiHIIBOK MOKa3yBaJM OJHAKOBUHN pe3yJIbTaT, III0 MOXKEe OyTH
noka3om posnoBcrokeHHsT CeoFAS Ha yci M’s130B1 rpynu TBapuHH. BigHOBIEHHS piBHS
CWJIOBOi BIAMOBiNI AaKTUBHOTO M'si3a HAIMPUKIHII EKCIIEPUMEHTaIbHOI cepii  Oyio
CTATUCTUYHO JOCTOBIPHUM IOPIBHSHO 3 TAKUM Ha MOYATKY 1 MPAKTUYHO JOCATAIO CBOIX
KOHTPOJBLHUX 3HAYCHB. AHAJII3 MMOKa3aB CTATUCTUYHO 3HAYYIIUH BIUIMB TaKUX (PaKTOPIB AK
BBEJICHHS Mpernapary 1 yacy Micis 1bOro, TakK 1 iX B3aEMOJIIO.

Takum unnowM, aist CeoFAS Bene, 3 oiHOro 00Ky, 0 3MEHIIIEHHS Yacy BiJIHOBJICHHS
CUJIM CKOPOUYEHHSI M'si3a (TMiCJi CTaHy MOTro MOBHOI BTOMH), @ 3 1HILIOTO — 30UJIBIIYE Y KIJIbKa

pa3iB yac aKTUBHOTO (DYHKILIIOHYBaHHS M's3a JI0 MOSIBU CYTTEBUX MPOSIBIB HOTO BTOMHU.
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Binomo, 1m0 y cTpyKTypi M’s31B pO3pI3HSAIOTH BOJOKHA JBOX THUIIIB: MOBLIBHO Ta
IIBUJIKO CKOpouyBasibHI. Ili BOJOKHA mpencTaBisioTh €000 Pi3HI (PYHKIIOHAJBHI
OJIMHMII, 110 BIAPI3HAIOTHCS HE JIMIIE CKOPOUYYBAIBHUMHU, ajie ¥ MOp(OJOTIYHMMHU Ta
010XIMIYHMMH BJIACTUBOCTIMH. J(MHAMiKa HAKOMHYEHHS MPOIYKTIB JIMOMEPOKCHAALIi i
TPUBAIICTh TAKUX 3MIH 3QJIEKaTh BiJ OaraTboX (PakTopiB, OJHUM 3 SIKHUX € THIT M’ S30BUX
BOJIOKOH, OCKUIBKH OCTaHHIM MPUTaMaHHi cielu(iuHi MeTabo1YH1 peakIlii Ta 0cOOIMBOCTI
AHTUOKCUIAHTHOTO 3aXUCTy. BiATak, Ha HACTYITHOMY €Talli MU BHBYAJIA aHTHOKCUIAHTHY
nito Bogopo3unHHuX Ceo QysiepeHiB Ha 610MEeXaHIKy CKOPOUYEHHS IBUKOTO Ta MOBUILHOTO
M’5131B IIypiB 3@ PO3BUTKY M’ SI30BOi BTOMH.

Peectpamis cuimm  ckopoueHb muscle soleus Tta muscle gastrocnemius
CTUMYJIAIIITHUMU ITyJIaMH BUSBWJIA ICTOTHY BIJIMIHHICTH y PO3BUTKY iX BTOMJIIOBAJIbHHUX
npoIieciB, sika ckiana 31%, 39% 147% na 1, 2 1 3 mym cTumyssnii, BiagnoBiaHo (puc. 15).
i pe3yapTaTi MiATBEPIKYIOTH JIaHl MPO OUIBIITY YYTIUBICTh IBUJIKUX M'SI30BUX BOJIOKOH
70 PO3BUTKY BTOMH. MexaHorpamu, oTpuMaHi yepe3 1 roauny micis BBeaeHHS CgoFAS,
IpOJIEMOHCTpYBaKM BHpakeHuil migBumiennii  edekr Cgo ¢ynepeHy Ha muscle
gastrocnemius, mo 6yB Ha 24%, 26% 1 29% OinbiuM, uuM y Bumnaaky muscle soleus ua 1,
2 13 mymi CTUMYJIALIT, BIJTIOBITHO.

AHam3 3Ha4eHb IMIYJIbCY M’530BOi crutk uepe3 1 rox micisa BBeneHHS CgoFAS Ha
1,2,3,4 1 5 noOy moka3aB 3017blIIEHHS WOro KOMmeHcaTopHoi Aii. [IpupicT mo3UTUBHOTO
edekty ctaHoBHB 8%, 6% 1 4% Ha 5 100y y Bumaaky muscle soleus i 14%, 12% 1 6% -y
Bunaaky muscle gastrocnemius uva 1, 2 1 3 mysi CTHMYJIAL, BiAMOBIAHO, MOPIBHAHO 3
IPYIOI0 «IATOJIOTIsH». TaKuM YMHOM, OTpUMaH1 JaHl [0JI0 CUJIOBOI BIAMOBIAL M'si3a HA T
PO3BUTKY BTOMH CBiT4aTh PO T€, 110 BBeAeHHS CeoFAS (YrIpo10BK MiHIMYM 5 1110) 3HIKYE
PIBEHb TSKKOCTI MATOJOTIYHUX TpoiieciB Ha 35-45% y nmoBiapHOMY M'si31 Ta Ha 60-65% y
MIBUAKOMY MOPIBHSHO 3 TPYIOIO «HaToorish» (puc. 15).

[IpoBenennii 6ioMexaHIYHUN aHaJi3 MapKepiB PO3BUTKY BTOMHU YIPOJOBXK 2-X Ji0
nicns S5-tu qo6oBoro 3actocyBaHHs CeoFAS mokazaB, 110 miciisi NPUIIMHEHHS 1H'€KITIN
npenapaTty BeJMYMHA IMIyJIbCy M’s130BOi cuuin muscle soleus wa mepiny 100y HE3HAYHO
BiZIpi3HSEThCS Bill KOHTpouto (15-17%), a Ha apyry moOy — pi3HHIS 3 KOHTPOJILHUMU

3HauYeHHAMM ckianana 5-8% (puc. 15). Bonnouac, micnst npunuHeHHs 1H'ekiid CgoFAS
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fioro 3anumkoBuil edekT y Bunaaky muscle gastrocnemius cranosuB 25-30% Ha meprry
100y 1 17-23% na apyry. Taky pi3HHIIO Mk MOKa3HUKaMH Y JOCTIHKYBaHUX M's3aX MiCIs
3aCTOCYBaHHS IIpernapary Baaiocs 3adikcyBaTH, BUKOPHUCTOBYIOUM JUIe OloMeXaHIdHI
Mapkepu ckopodeHHS. lle CBiTUMTH MpPO MOBroTpUBAIY KIHETHKY WOTO BHUBEICHHS 3
opraHiaMmy, sika crpusie TpuBamii (MiHiMym 48 rona) kommeHcaTtopHiii aktuBaiii Ceo
byrepeHaMu €HI0T€HHOI aHTHOKCHIAHTHOI CHCTEMH Yy BIIMIOBIh HA CTUMYJISIIIIO M's13, 1110

HeoOX1IHO BPaxoOBYBATH MPH PO3poO1l HOBUX (papMIIpernapaTiB Ha IX OCHOBI.
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Puc. 15. Cuna cxopouenns muscle soleus Ta muscle gastrocnemius mrypiBrmiciis BBeICHHS
CeoFAS (1 mr/kr) ynponosx 1, 2, 3,4 ta 5 110: S — iMmysibc M’5130BO1 CHITH; Frax Ta Frin —
MaKCUMaJbHa Ta MiHIMaJIbHA CHJIa CKOPOUYEHHS M's13a; Aty — 9ac JOCATHEHHS] MAKCUMaJIbHOT
cuiu; Aty — 9ac moyaTky CHIJIOBOI BIAMOBIII M'si3a; tsp — Yac 3MEHIICHHS CHJIM CKOPOYCHHS
M's3a Ha 50% BIJ MaKCMMaJIbHOTO 3HAYEHHS y MyJI CKOpOuYeHb; 1 nmoba ta 2 moba —
MexaHorpamu Ha 1 Ta 2 100y, BiIMTOBITHO, MiCI 3aKiHUYeHHs 3acTocyBaHHA CeoFAS
3acrocyBaHHs CgFAS 3MIHMIO 4Yac 3MCHIICHHS CHJIM CKOpPOYCHHs Mmuscle
gastrocnemius mypa Ha 50% Bij 1 MAKCHMaJIBHOTO 3HAYEHHS, ke cTaHOBWIIO 163%, 180%
1 260% BiJ1 KOHTPOJBbHUX 3HAYeHb HA 1, 2 1 3 mymi cTUMYIISILIi, BIANOBIAHO. 5S-TH 1000BE

3actocyBaHHs CgoFAS minBumumino i nokasHuku me Ha 14-18% (puc. 15). 3miHa yacy
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JOCSITHEHHSI MAaKCHUMAJTbHOI CHITOBOT BimoBii mpu 3actocyBadHi CeoF AS ckiana 75%, 92%
1 119% Bi1 KOHTPOJTIO, BIJIMOBIAHO.

BaxnuBo 3ayBaxkutd, mo 5-tu go0oBe 3actocyBaHHi CgFAS noctoBipHo He
3MIHIOBAJO IIeH TMOKa3HMK, IO MOXKe OyTH TOB'SI3aHE 3 MaKCUMAJIbHUM HACHUYEHHSIM
akTuBHOTO M'si3a Cgo DyJIEpeHOM BiKE€ B MEPILIUH AEHb HOT0 3aCTOCYBaHHS ISl IOCATHEHHS
MaKCUMaJbHOI CHJIOBOi  BIJMOBIAI Ta BCTAaHOBJICHHS ONTHMAJIBHOTO  JI030BOTO
HaBaHTAKCHHSI.

In'exuii CeoFAS npusBenn 10 3MiHM MaKCUMAaJIbHOI CHJIM CKOPOYEHHS: e(deKT Horo
3acTocyBaHHs ckiaB 15%, 54% 1 63% Ha 1, 2 1 3 mysi CTUMYJIALIN, BIAMOBIIHO, TOPIBHSIHO
3 TPYIOI0 «MaToiorisy. Takum ynHOM, 1H ekl Ceo PyJIepeHiB MIATPUMYIOTH CTab11i3a1lit0
MEXaHOKIHETUKH CKOPOYYBaIBHOTO MPOIIECY 32 TPUBAJIOT aKTUBAIIIT JIOCIIKYBaHOTO M'si3a.
[Toka3zamkn MiHIManbHOT cuim ckiaamm 58%, 109% 1 121% micns omHOZ000BOTO
3aCTOCYBaHHA Ta 30uIbImmiancsad Ha 13-16% micns 5-tu mo6oBoro BBeaeHHsT CgoFAS
MOPIBHSHO 3 rpynoto «matojoris». [TozutuBHuiA edext CeoFAS Ha muscle gastrocnemius
OyB Ha 20-25% OimpmmM, unM Ha Mmuscle soleus, mo ¢ikcyBaau Ha ycCixX ONMCAHUX
Mmapkepax. MakcumanbHi edextu 3actocyBaHHs CgFAS croctepiranu Ha 3-my myni
CTUMYJISILII, JI€, Y CBOIO 4Yepry, Majid MicClle HalOuIblll MOpYyIIEHHS y OloMexaHill
CKOPOYEHHSI CKEJIETHOTO M'si3a 3a PO3BUTKY Horo BToMu. Ciia Bi3HAYWTH, 10 OMHUCAHI
ocoommBocTi BMBY CgFAS Ha pO3BUTOK BTOMIIIOBAJIBHUX IPOIECIB  MOXKIUBO
3a(iKCyBaTH JMUIE ILIAXOM JE€TAJbHOTO aHali3y OlIOMEXaHIYHUX MapKepiB CKOPOUYEHHS
M’s13a.

bioXiMIYHI ~MOKa3HUKH PO3BUTKY BTOMIIIOBaJIbHUX mpoueciB  (puc. 16)
poJieMOHCTpYyBayi mo3uTHBHUHN eekT 1’ ekiiil CeoFAS Ha piBHI 25-30% y MOBUTEHOMY
M’s131 Ta Ha 35-40% y MIBUAKOMY MOPIBHSHO 3 TPYIIOI0 «HATOIOTIs». AHai3 O10XIMIYHUX
MOKa3HMKIB KpPOBI Ha TJ1 1HIYKOBAHOI M’SI30BOI BTOMM IIOKa3zaB, L0 S5-TH J000Be
3actocyBanHsa CgoFAS cripusic 3HUKEHHIO OKUCHHX TporieciB 1me Ha 20-25% y mBuaAKuX
M’si3ax Ta Ha 15-19% y NOBUIBHUX TMOPIBHSHO 3 TPYNOK «IATOJIOTISH) 3aBASKU
NiATPUMAaHHIO OalaHCy Mk MPOOKCHUIAHTAMU Ta CUCTEMOIO aHTHOKCUIAHTHOTO 3aXUCTY.
[TopiBHSATBHUN aHANI3 MapKepiB OKHUCHOTO CTPEeCy Ta TOKa3HHWKIB CTaHy CHUCTEMHU

AHTUOKCUJIAHTHOTO 3aXUCTY 3aCBIUMB, 1110 TepaneBTHUYHMI BIUITMB CgoFAS Ha nepiry 100y
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(puc. 17) 6yB Bumum Ha 30-32% y mBuakux m’s3ax 1a Ha 35-40% y MOBUIBHUX TIOPIBHSIHO
3 TPYNOI0 «IATOJOTis», MPUUOMY Il PI3HMIIS 30LIbIIYEThC e Ha 8-9% no 5-i mobu
BukopuctanHs CgoFAS. TakuMm ynHOM, TpuBaie 3actocyBaHHs CeoFAS cripusie 3HUKEHHIO
OKHCHHX MPOLECIB y MBHIKHUX 1 MOBUIBHUX M’sI3aX 3aBASKU MiATPUMAHHIO OallaHCy MiX
IPOOKCHJIAHTAMH Ta CHUCTEMOIO aHTHOKCHUIAHTHOTO 3aXHCTY, IO 3aro0ira€ HeraTuBHOMY

BIMBY ADK Ha KITITHHHI Ta CyOKIIITUHHI CTPYKTYPHU 32 PO3BUTKY M’ SI30BOi BTOMH Y IIyPiB.
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Puc. 16. bioxiMiuHi MOKa3HUKH PO3BUTKY BTOMJIIOBaJbHUX mMporiieciB muscle soleus ta
muscle gastrocnemius mrypiB y kpoBi micist ctuMysisinii ta BBeaeHHS CgoFAS (1 mr/kr)

ynponoBx 1,2, 3,4 ta 5 116. *p<0,05 moa0 rpynu KOHTpoIib; **p<0,05 mom0 rpynu BToMa

Hns ominku edexktuBHocTi Aii CeFAS 3a ioro BBeneHHs 10 iHiMiaIii BTOMHU
CKEJIETHOTO M’si3a 0YyJIO MPOBEICHO TIOPIBHSIHHS PIBHS CHJIH, 110 PO3BUBAETHCS M'sI3aMHU, 32
BHYTPIITHBOM S30BOTO Ta TMEPOPAILHOTO BBEICHHS IIpenapaTry yIHIpoaAOBX 5S5-tu i0.
BiacyTHICTE CTAaTUCTUYHO 3HAUYHIUX BIJIMIHHOCTEH TO3BOJIMJIO MPOBOJUTH IMOJATBITUN
aHaJ i3 PO3BUTKY M’S30BOI BTOMH JIMIIIE 3 BUKOPHUCTAHHSAM TEPOPAIBHOTO BBEICHHS

CeoFAS, ocKiIbKM BOHO € HEIHBa3MBHUM Ta MPAKTUYHIIIKAM JJIs1 3ACTOCYBaHHSI.
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Puc. 17. Iloka3HUKHN IpO-aHTUOKCUIAHTHOrO OAJIaHCy B KPOBI LIYPIB MICs CTUMYJISALIT Ta
BBeeHHS CeoFAS(1 mr/kr) ynponosx 1,2,3,4 ta 5 ni6. *p<0,05 momo rpynu KOHTPOJIb;

**p<0,05 1010 rpynu BTOMa

Amnami3 nii CeoFAS Ha cuily CKOpOUYEHHSI CKEJIETHOTO M’si3a 3a BBEJICHHS Mperapary
710 1HIL1aI[iT BTOMH 3aCBITYMB MOXKJIUBICTh M’ 5I31B MIATPUMYBATH MOCTIHHUMN PIBEHb 3y CUIIS
YOPOJOBXK YCIX M'STH 3aCTOCOBAHUX cepiid cTtumyisimii. CkeneTHl M'Si3u  aJeKBaTHO
pearyBajii Ha BTOMJIIOBAJIbHI MTOJIPA3HEHHS 3aBSKU 3MEHIIECHHIO PIBHS MOLIKOIKEHb, 1110
BUHUKaOTh BHachiok naii A®DK. HakonudeHHs BTOPMHHHUX MPOAYKTIB Yy M'SI30BUX
TkaHuHax 3a 3acTtocyBaHHs CgFAS 3Menmmiocs Ha 25-35%mM0piBHSHO 3 TPYIOIO
«TaTOJIOTIs». 3aBASIKM HAHOPO3MIPY Ta MEMOPAHOTPOIHINA aKTUBHOCTI Bogopo3unHHI Ceo
¢dynepeHu npoAeMOHCTPYBaIN OUTbII €(PEKTUBHUI aHTUOKCHUIAHTHU BILJTUB HA TOMEOCTAa3
M'S30BO1 TKAHMHHU IIypIiB, aHDK B1IOM1 €K30T€HH1 aHTHOKCHAAHTU N-aleTWILHUCTEIH 1 -
anaHiH, 30kpemMa (pikcyBaau 301IbIICHHS TPUBAIOCTI (PYHKI[IOHATIBHOI aKTUBHOCTI M’s13a.
Ile BigkpuBae peanbHy MOXJIUBICTh s mepopalibHOro 3acrtocyBaHHs CeFAS sk

MOTEHITITHOTO areHTa KOPEKIlii BTOMIIIOBAIBHUX MPOIIECIB CKEIIETHUX M’ SI31B.
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PO31JI 4. Mexanokinemuuni napamempu cKOpo4eHHs CKeJIemHUX M’13i6 ma
0ioXIMIYHI nNOKA3HUKU KPOGL wiypie nicaa m’a3060i ampogii, cnpuyunenoi

axiyiiomeHoOmoMicro

OyHKI[IOHAIbHE PO3BAHTAXKEHHSI CKEJICTHUX M'SI31B, BUKIMKAHE 3HEPYXOMIICHHSIM,
3MaTHE BHUKJIMKATH iXxHIO arpodiro. [lpu mpomy HaiOLIbmn TAUOOKI aTpodiyHl 3MIiHH
CIOCTEPIraloThcs y  KaMOalomogiOHOMYy —  KIIOYOBOMY TOCTypaldbHOMY  M'si3l.
OyHKI[IOHATbHE PO3BAHTAXKEHHS TIPU3BOAUTD JI0 MIPUTHIYEHHS CUHTE3y OLJIKa Ta aKTUBAIIIi
MPOTEOJII3Y, 10 BUSABIISIETHCS Y 3MEHILICHH] JllaMeTpa M'130BUX BOJIOKOH (aTpodis) Ta BTpaTi
iX cuim cKopoueHHs. ATpodist M'I30BHX BOJIOKOH BUXOJIUThH Ha TUIATO MpUOIM3HO uepes 14
10 3HepyXxoMJieHHS a0o TpaBiTamiiiHoi Oe3nisutbHOCTI. [Iporpecyroumii  po3BUTOK
MATOJIOTIYHHUX MPOLIECIB Y M'I30BUX BOJIOKHAX TPUBAE MICHA 1X 3HEPYXOMIICHHS YIPOJOBK
30-40 nmi6. [ns imiTamii HEBUKOPHUCTAHHS 3a/HIX KIHIIBOK IIypIB TpPaJUIIHHO
BUKOPUCTOBYIOTh MOJI€NIb PO3PUBY aXUUIOBOIO CYyXOXKWIUIA (aXUUIOTEHOTOMIs). 3Ha4Ha
atpodis nTUTKOBOro M'sza (ikcyeThes, mounHaroud 3 10-i qobu gocnipkeHHs. 3a 4ac
TEpaneBTUYHUX MPOIEAYyp Ta peadlmTaliitHOro MepioAy BIIHOBIEHHS 3aBXIU MA€ MICIIC
Jerpanaiiis M's30BOTo amapaTy. TakuMm YMHOM, BU3HAYEHHSI CTYTEHS TSHKKOCTI MATOJIOTII,
Ha KoMy O0a3yeTbCs po3poOKa MPOTOKOIY peadimiTallii, € HEBI'€MHHM acleKTOM
BITHOBJICHHS ~ piBHA  M’530BOi  aKTHBHOCTI. OCTaHHIM  4YacoM  3aCTOCYBaHHS
AHTUOKCUJAHTHOI Tepamii Ha paHHIX CTaJisiX PO3BUTKY aTpodii M'A31B JEMOHCTPYE
NEPCIEKTUBHICTh [BOTO HAMpPsMY JOCHIKEHb. 3aCTOCYBaHHS HU3KU AHTHOKCHJIAHTIB
(KypKyMiHy, TJ1a0pHiHy Ta (PIIaBOHOITHUX CIIOJIYK) BEJE 10 3HUKEHHS OKUCIIOBAJIBLHOTO
CTpeCy Ta aKTUBHOCTI MPOTEOJITUYHUX MNUISAXIB 1, SIK HACTIJOK, 3MEHIIY€E JIETpaaaliiio
M's130BOTO O1J1Ka 3a PO3BUTKY aTpodii m'siza [Mareen, et al., 2014]. L{i maH1 cTanu 0CHOBOIO
JUTSl IPOBEJIEHHS T€CTYBaHHS BOJIOPO3UUHHUX Cgo PysIepeHiB K NOTEHLUIMHUX areHTiB, 110
3MEHIIYIOTh MMAaTOJOTIYHI €PEKTH y M'SI30B1H CUCTEMI IIIyPIB 32 PO3BUTKY M’ 5130B0O1 aTpodii.

Ha 15 noOy micis iHimiarii axiutoTeHOTOMIT MaKCHMallbHa CHJIa CKOpOYeHHs muscle
soleus mrypiB 3HM3MIACA 10 58% BiTHOCHO KOHTPOJIBHOI rpynu. TaKUM YHHOM, Ma€ MicCIie
pi3Ke 3HIKEHHS CHJIOBOT aKTUBHOCTI M's3a BJKE Ha MEPIINX CKOPOUEHHSX 3 MPOTPECUBHUM

3HUKEHHSM JOCJIDKYBaHUX OloMexaHIdyHuX Moka3HukiB (puc. 18). Ha 30 1 45 no0y micis
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axX1JNIOTEHOTOMII ITOKAa3HUKH MaKCHUMaJIbHOI CHJIOBOI BIJMNOBIAI 3MeHIIUanUcsS 10 79% Ta
88%, BIAMOBIIHO. 3a MIOJeHHOTrO mepopaiabHoro BxkuBaHHSA CgoFAS y mo3i 1 mr/kr mi
NOKa3HUKU cTaHoBUIU 65% Ha 15, 84% Ha 30 1 95% Ha 45 100y MOPIBHSIHO 3 IPYIOIO
«TATOJIOTIs». 3MEHIIICHHS IMITYJIbCYy M S130BOi cWii Ha 15 moOy michs iHimiamii maTonorii
ckinano 41%. Ha 30 1 45 noOy 11 mokasuuku ckianu 70% 1 84%, signmosigHo. [lpwu
3actocyBaHHI CgFAS mo3utuBHuil eexT ctaHOBUB y cepenHbomy 35-40%rmopiBHIHO 3
TPYIIOIO «IMaToJoTis». Yac MOCATHEHHSI MaKCUMAaJIbHOI CHITOBOI Ha 15 mo0y micis akTuBaiii
30utbIMBCs Ha 97%. Ha 30 1 45 noOy mi moka3uuku ckiaiu 56% 1 42%, BianoigHo. [Tpu
3actocyBaHHI CgFAS 3adikcoBaHa KOPEKIlis HUX TOKA3HUKIB: TO3UTUBHUNA €(EeKT
cTaHOBUB y cepeanbomy 50-60% Ha 15 100y ta 20-25% Ha 45 100y MOPIBHIHO 3 TPYIIOIO

«maronoris» (puc. 18).

a
50 l"u, 1c¢c

cTUMynALin b—

Puc. 18. Cuma ckopodenns muscle soleus micis po3sutky arpodii, Bukinkana 10-Tu
MOCTIAOBHUMHU 6-TU ¢ Oe3penakcaliiHuMu IyjamMu ctumyisiii: 0e3 BBeaeHHs CgoFAS (a)
Ta 3a BBeJieHHS CgoFAS y 1031 1 Mr/kr (0); HATUBHMIA M'13 — KOHTPOJIb; t1 — 9ac PO3BUTKY
MaKCHUMaJIbHOI CHWJIOBOi BIJMOBIJI, tp — Yac BIJHOBJIEHHS CWJIOBHX MapaMeTpiB [0

MOYATKOBUX 3HAYCHB; S — IMITYJIbC M’ SI30BO1 CHUJTU
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[e#t pakT MOKHA MOSCHUTH TUM, IO MATOJOT1UHI (PAaKTOPH, IO BIUIMBAIOTH HA Yac
JOCSTHEHHS MaKCHUMaJIbHOI CHJIOBOi BIJMOBIAI, AKTUBYIOTBCS B TIEpIIl JIHI TIICISA
3HEPYXOMJICHHS 1 3HIKYIOTh CBIM MATOJIOTIYHUN BIUIMB TIPH 30UIBIICHHI Yacy IICHs
omucanoi TpaBMmHu. [Iporpecyroue 3HMKEHHS CHJIOBOi BIAMOBIJI TpUBae HioHaWMeHIIe 15
710, TICIIsl YOO TOYMHAETHCS MPOIIEC BITHOBJICHHS M’ s3a.

Yac BiTHOBJICHHS CHUJIOBHUX IMApaMETPiB 10 TOYATKOBUX 3HAUCHB HAMIPAMY 3aJICKHUTh
BiJl JKOPCTKOCTI M'si3a Ta €JIACTUYHHUX BJIACTHUBOCTEH CYXOXHJIbHUX KOMIOHEHTIB. Ha 15
no0y micist akTuBalli arpodii 3adikcoBaHo oro 30utbieHHs Ha 38%. Ha 30 1 45 no0y i
nmoka3sHuku ckimamu 25% 1 19%, Bimmosimuo. Ilpm 3actocyBanHi CgoFAS 3adikcoBaHo
3MEHIIICHHS Yacy BIJHOBJICHHSI CHJIOBUX MapaMeTpiB JI0 MOYATKOBUX 3Ha4YeHb Ha 25-33%
YIPOJOBX €KCIIEPUMEHTY.

TakuM 4YWHOM, OTPHMMAaHI J1aHl CBIAYATh MPO MO3UTUBHY IUHAMIKY 3aCTOCYBAaHHS
Bo10po3unHHUX CgohyIepeHiB y MOACHHIN 1031 1 MI/KT, 1110 Be/ie A0 3HMKECHHS TSKKOCTI
M'SI30BOTO TIOIITKOKEHHS YIIPOJIOBK €KCTICPUMEHTY.

30UTbIIIEHHsT KUIBKOCTI BHYTPIIIHHOM'SI30BOT  CIOJYYHOI TKAHWHU BHACIIJOK
3HEPYXOMJICHHSI Ma€ KIIFOUOBE 3HAYEHHS /i1 BUHUKHEHHS MIJABUIICHOI M S30BOi BTOMH.
ToMy HACTYITHUM €TamoM HaIMX JOCTIKeHb OYB aHajll3 BUHUKHCHHS BTOMJTIOBAJIBHHUX
npoiieciB y muscle soleus miciis po3Butky arpodii. Peectpariist cuiin cKopodeHHs M’ si3a pH
3aCTOCYBaHHI BTOMIJIIOBAJIBHOI CTUMYJIALII 3aCBIAYMIIA 3MEHIICHHS BEJIWYMHU IMITYJIbCY
M’s130B01 cuit Ha 28%, 59% 1 64% miono xoHTposibHOI rpynu Ha 15, 30 1 45 o0y
eKkcriepuMeHTy, BianoBigHo (puc. 19). I[losutuBHmii eekt ckimaB moHan 50% mOpiBHIHO 3
TPYIIOI0  «TATOJIOTISI»YIIPOJIOBXK EKCIIEPUMEHTY, 10, Ha Hamly AyMKY, IOB'SI3aHO 3
AHTUOKCUIAHTHUMU BIAacTUBOCTAMU Cgo PyTIepeHiB KOpEryBaT BTOMITIOBAJIbHI TIPOIECH B
aKTUBHOMY M'si31. Yac 3MeHIIIeHHs CUII0BO1 BiMOBi 1 Ha 50% Bij MOYaTKOBUX 3HAYECHD MTPU
3actocyBaHHl CeoFAS moxkazaB ioro 35-40% mno3uTUBHUN epeKT Ha eTamnax yTpUMaHHs
MaKCUMaIbHUX CUJIOBUX BIJMOBIZACH YIPOIOBK PO3BUTKY BTOMITIOBAILHUX TpotieciB. [Ipu
3aCTOCYBaHHI CTUMYJIAIIMHUX ITyJIIB HAPOCTaOUol yacToTn Muscle soleus micis iHiriarii
aTtpodii yHpoIOBXK YChOIO EKCHEPUMEHTY TaK 1 HE BHUMIIOB Ha CTafil0 TJIAJKOro
TETaHIYHOTO CKOpodeHHs. 3actocyBaHHS CgFAS 3miHmiIo OioMmexaHiuHI TapameTpu

nepexoay muscle soleus i3 3y0uacToro B miajkuil TeTaHyc, SKUH BUHUKAB 3 16% pi3HHIICIO
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MK KOHTpOJbHUMH 3HaueHHsMH (puc. 20). 3actocyBanHs CeFAS BusBHIN MO3UTHBHY
JTMHaAMIKy Ha MaKCHUMaJbHy Ta MiHIMaJIbHY CHJIM TTOOJIMHOKOTO CKOPOUYCHHS Ha piBHI 15-

19% mopiBHSAHO 3 TPYIIOI0 «IMATOJIOT1S»yIIPOIOBK EKCIIEPUMEHTY.

»

15 no6a 30 poba 45 pnoba

Cuna M’si30BOro CKOPOYeHHst
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Puc. 19. biomexaniuni mapamerpu muscle soleus micns atpodii npu 3acrocyBansi 1 I'a
ctumyisiii TpuBamictio 1800 c: 6e3 BBenennst CeoFAS (a); mpu BBenenni CeoFAS y 1031 1
Mr/kr (0); iMmylbc M’s30BOi cuiv (S), TpeACTaBlIE€HUM Yy BIJACOTKAax BiJI 3HA4YEHb
KOHTPOJIbHOI Tpyn# (B); Yac 3MEHIIIEHHS CHJIOBOI BIAMOBiAl Ha 50% MOYaTKOBUX 3HAYEHB
(ts0) (r). HatuBHUIE M's13 — KOHTPOIIB; 1, 2 — BIAMOBIAHI 3HAYCHHS [TapaMeTPiB O€3 BBEACHHS
CeoFAS Ta mpm ioro 3actocyBaHHi, BiAmoBigHO. *p<0,05 mOpiBHAHO 3 KOHTPOJIHHOIO

rpymnoto; **p<0,05 mopiBHsHO 3 Tpynoro 6e3 3actocyBaHHs CeoFAS

3MIHM MacH KaMOajoIoa10HOTO M'si3a, BEJIMYMH MaKCUMAaJIbHOI CHJIM ITOOJMHOKOTO
TETaHIYHOTO CKOPOYEHHS 130Jb0BAHOTO M'si3a Ta MOTO IO MTOTIEPEYHOTO TIepepi3y Mmicis

aTtpodii BigoOpakatoTh PIBEHb ACCTPYKIl M'130BOi TKaHMHU. Maca kaM0anomnoaioHoro
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M's3a, HOPMOBaHA HA Macy Tula TBapwHH, y Tpynax, mo BxuBaimm CgFAS, Oyna B

cepenHboMy Ha 35-37% O1IbI11010, HIXK Yy MATOJOTIYHIN TPyI YIPOAOBXK €KCIIEPUMEHTY.

30Ny 1H

cTumynsuis 1c

d
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KOHTPOJIb

J et
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Puc. 20. Mexanorpamu niepexoay muscle soleus micist atpodii i3 3y04acToro B IIIaaKuii
TETAaHyC TPU 3aCTOCYBaHHI HApPOCTAIOUOl CTUMYJIALII MakcuMmanbHOi dactotu 30 I
TpuBamicTIO 6 ¢: 6e3 BBeneHHss CeoFAS (a); mpu BBenenni CeoFAS y tmonennii 1o3i 1 mr/kr (6).
HaTtuBHMiIA M'i3 — KOHTPOJIb, fmax — MakcHMajbHa CWJIa TOOJMHOKOTO CKOPOYEHHS; fmin —
MiHIMaJIbHE 3HAYE€HHS CUJIOBO1 BIIMOBI/I B OAHOMY 3yOI1i 3y04acToro Tetanycy; 1, 2, 3 — 3HaueHHs
BIAMOBIIHUX TapameTpiB Ha 15, 30 1 45 noOy micist atpodii, BianoBiaHO, 60e3 BBeneHHS CeoFAS;
4,5, 6 - 3HaUeHHS BiAMOBIAHUX MapaMeTpiB Ha 15, 30 1 45 noOy micns aTpodii, BIAMOBIIHO, IPH

3actocyBaHH1 CeoFAS

3acrocyBaHHa CeoFAS 301IbIINIO MakCUMalbHY CHIIy MOOJUHOKOTO TETaHIYHOTO
ckopoueHHst Ha 30%, 32% 1 36% na 15, 30 1 45 100y, BIAMOBIHO, MTOPIBHSIHO 3 TPYIOIO
«marosoriss»y (Tadn. 1). HaiiOumemn cyTTeBI pe3ynbTaTH MOKa3ald 3MIHU CEPEIHbOT

MakCUMaJIbHOI TeTaHiuHo1 cvid (Pg), HOpMOBaHOI Ha IUIOLILY ITOIIEPEYHOTO IIEPEPI3Y M'si3a
, HOD y P pEP13y
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(Po/S). ITpu Bukopuctanni CeoFAS mi mokaznuku 6iunbir Hixk Ha 40% Oyiv BUIIUMU, HIXK Y
HOTIEPEIHIN TPyl YIIPOJOBXK EKCIIEPUMEHTY .

Taoa. 1.
Macu Tina TBapuH 1 KaMOanomoJiOHOro M'si3a, 3HAUEHHS CEPEAHbOI MaKCHMAaJbHOI
TeraHiuHoi cuiH (Po), Mmacu kamOanmonoaioHOro M'si3a, HOPMOBAHOI Ha Macy TiJIa TBAPUHHU,
Ta CepeaHbOI MaKCHUMajbHOI TETaHIYHOI CHJIM, HOPMOBAaHOI Ha IUIONIY IOMEPEYHOTO

nepepizy m'saza (Po/S), Ha 15, 30 1 45 noOy micns atpodii.

I'pynu TBapun Maca Maca muscle Maca muscle Po, MH Po/S,H/cm?
TBapUHU, T soleus, mr soleus/Maca
TBapPUHHU
KOHTPOJIb 205+8 102,4+1,5 0,49+0,01 882,4+14,3 23,4£1,2
15 noba 231+6* 63,4+1,8* 0,27+0,03* 432,5+16,1* 14,442 5%
30 moba 243+4* 73,4+1,2% 0,30+0,02* 676,5£11,6* 17,6+7,3*
45 noba 250+6* 86,4+1,5* 0,34+0,02* 693,3+14,1%* 18,6+4,4*
15 nob6a+ Ceo 244+ 5%* 79,4+1,2%* 0,32+0,02%* 602,5+12,2%* 18,1£1,2%*
30 mo6a+ Ceo 25442%* 89,4+1,3%* 0,35+0,02** 711,54£22,5%%* 19,2+1,1%*
45 noba+ Ceo 269+7** 105,4+1,9%** 0,39+0,05** 782,5+16,3** 20,3£1,2%*

*p<0,05 MOpIBHAHO 3 KOHTPOILHOIO TPYyNOI0; **p<(,05 MOpiBHSAHO 3 TPYIOI0 O€3 BBEICHHS

CeoFAS

3a OTpUMaHUMHU JaHUMH MOXHa 3pOOUTH BUCHOBOK, 10 BBeneHHA CgFAS y
HIOJICHHIH 71031 | MI/KT 3HIXKY€ piBeHb ASCTPYKIIiT M'130B0i TKaHUHH Ha 30-35% mopiBHIHO
3 TPYIIOIO «TATOJOTISH»YIPOJOBK EKCIIEPUMEHTY. Y BCIX MPOBEACHUX TECTaX BiAOYyBa€ThCA
MO3WTHBHA 3MiHA O10XIMIYHMX TOKa3HHMKIB PO3BUTKY MATOJOTIYHUX MpOIECiB y muscle
soleus mpubam3Ho Ha 27-30% (puc. 21) Ta Ha 21-23% 3a mOKa3HUKaMU IPO- Ta
aHTUOKCUAaHTHoro Oamancy (puc. 22) mpu BBeneHHI CgFAS mopiBHSHO 3 TpyIoio
«maToJioris». Lle cBiIUnTh PO HAsIBHICTh KOMIIEHCATOPHOT aKTUBAIlili BOJOpOo3dYuHHUMHU Cago
dynepeHaMu €HJOTEHHOT AHTHOKCHJIAHTHOI CHCTEMH B TIPOIECI JECTPYKIIHHUX 3MiH

muscle soleus, cnpuurnaenoi aTpodiero.
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Puc. 21. bioxiMiuHI TOKa3HUKU PO3BUTKY MATOJIOTTYHUX MPOIIECIB Yy KPOBI IIYPIB MICJIS

3actocyBanHs 1 'ty ctumyssiiii muscle soleus tpusamictio 1800 ¢ Ha 15, 30 145 100y mics

atpodii. *p<0,05 MOpiBHAHO 3 TPYMNOK KOHTPOJb; **p<0,05 mopiBHSAHO 3 rpymnow 0e3

BBenieHHSA CgoFAS
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Puc. 22. ITloka3HMKM Mpo- Ta AHTUOKCHUIAHTHOrO OanaHCy B KpOBI IIypiB MiCIs

3acrocyBanHs 1 I'i crumyssiii muscle soleus tpusamictio 1800 ¢ Ha 15, 30 1 45 100y micis

atpodii. *p<0,05 mopiBHAHO 3 TPYHO KOHTPOJb; **p<(0,05 mopiBHSHO 3 Tpymo 6e3

BBeneHHSI CgoFAS
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TakuM dYHHOM, MOXKHA CTBEP/KYBAaTH, IO MO3UTHUBHI 3MIHHM JOCIHIIKYBaHUX
OloMexaHIYHUX 1 OIOXIMIYHMX MapKepiB MIATBEP/KYIOTh MOXIJIMBICTh 3aCTOCYBaHHS
CeoFAS sik MepCrneKTUBHOIO areHTta, 3JaTHOr0 3MEHINYBAaTH 1 KOpEeryBaTH MaTOJOTIYHI
CTaHM M'SI30BOi CHCTEMH, 110 BHHHUKAIOTH 3a aTpo(ii ckemeTHux M's3iB. Bukopucrtanus
BHUIIIC OMMCAHNX 010MEXaHIYHUX MapKePiB MOBHICTIO KOPEIIOE 3 010XIMIYHUMH MapKepaMu

PO3BUTKY IIi€1 MATOJIOTII.

OcHoBHI my0Jtikamii 3a UM po3aLI0OM:

1. D. Nozdrenko, S. Prylutska, K. Bogutska, N. Nurishchenko, O. Abramchuk, O.
Motuziuk, Yu. Prylutskyy, P. Scharff, U. Ritter. Effect of Cg Fullerene on Recovery of
Muscle Soleus in Rats after Atrophy Induced by Achillotenotomy. Life, 2022, 12(3): 332.

(Q2)

Y3ATAJIBHEHHSA

[IpencraBieni pe3ynbTaTd JOCTIIKEHHS OlOMEXaHIYHUX IMapaMeTpiB CKOPOYCHHS
CKEJIETHUX M’s131B Ta 610XIMIYHUX MOKA3HUKIB KPOBI MIYPiB 32 PI3HUX EKCIEPUMEHTAIBHO-
THIYKOBaHHUX M’ SI30BHX MATOJIOTIH (30KpeMa ilemii, MeXaHivHOT TPaBMH, BTOMH Ta aTpodii)
pi3Horo crynens TsokkocTi (1, 2 13) Ta aii CeoFAS y pizHux yacoBux (1-45 ni0 3amexHO Bij
nartoJjorii) 1 go3o0Bux (0,5, 1 1 2 MI/Kr Baru TBapvHM) Jlana3zoHax 3aJIeKHO BiJ CIIOCOOY
(BHYTpILIHBOM'130B€, IEPOPAIbHE) Ta CXEMHU WOro BBEACHHS (3a 1 roa A0 1 micis 1Himiamii
M’5130BOi  Marosorii). BukopucrtanHa A aHammi3y OIMUCAHUX MPOLECIB OlOMEXaHIYHUX
MapkepiB  aMIUTITyIHO-IIBUAKICHUX 3MIH CHJIOBOI  BIJMOBIAl  MPOJAEMOHCTPYBAJO
no3utuBHUN edekT CeoFAS Ha piBHI moHan 50% Ha Mapkepu TOYHOTO MO3UIIOHYBAHHS,
TOMl sIK Ol0XiIMIYHI 3MIHM KpoBi He mepeBulryBaiu 10% piBHA TOPIBHSHO 3 TPYIOIO
«maToJiorisy. BaxnauBo, 110 BUKOPUCTAHHS JJIsI aHAJI3y JOCIIKYBAHUX MATOJOTIYHUX
MPOIIECiB came 010MEXaHIYHUX MapKepiB aMILTITY THO-TIIBUAKICHUX 3MiH CUJIOBO1 BIIMOBI I
M’si3a BUSIBWJIO KUIBKICHI BIIMIHHOCTI M1 HUMH SIK MPU 3pOCTaHHI CTYMHEHS TSKKOCTI
naTtoJiorii, Tak 1 mpu 3actocyBanH1 CeoFAS y pi3HUX 030BHX 1 YaCOBUX Jlialia30HaXx, 110 J1a€
MOMJIUBICTh  BIATBOPUTH y TEBHOMY XPOHOJIOTIYHOMY TMOPSIAKY aJrOpPUTM  iX

«CTpAIIOBaHHS». 3alporOHOBaHI yHIBEpCcalibHI OlOMEXaHIYHI MapKepu M'sI30BOTO
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CKOpOYEHHS MalOTh Pi3HY YyTJIUBICTh 10 CTYTIECHSI TSHDKKOCTI MATONOT1, IO PO3BUBAETHCA, 1
BUOYJIOBYIOTBCSl Y TaKOMY TOPSAAKY (puc. 23: mM’s30Ba marojoris). 1 - MiHIMalbHA CHJIa
HOOJUHOKOTO CKOpoueHHS M's3a (Fmin); 2 - 4Yac JOCSITHEHHS MaKCHMAJIBbHOI CHIIH
CKOpOYCHHS M's132 (tmax); 3 - MAKCHMaJIbHA CHJIa OO IMHOKOTO CKOPOYeHHS M'si3a (Fmax); 4 -
iMITyJIbC M’s130B01 crut (S); 5 - yac 3MEHIICHHS CUiIM CKopodeHHS M'si3a Ha 50% (tso); 6 -
gac MDK TIOYaTKOM CTHMYJIAIIl 1 IMOYaTKOM CKopodeHHS M'si3a (lsa); 7 - dYac Mmicis

MPUITHHECHHS CTUMYJIAIIT 10 BUXO/y M'SI30BOi CHIIH Ha TIOYaTKOBHUH piBeHB (1p).
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Puc. 23. XpoHOJIOT1YHUHN NOPSAOK «CIPALFOBAHHSD) 010MEXaHIYHUX MapKepiB aMILTITYJHO-
IMBHJIKICHUX 3MIiH CHJIOBOI BIAIOBimI ckenetHoro Mm’s3a (1, 2, 3, 4, 5, 6, 7) 3a pi3HOro

CTYTEHsI TSDKKOCTI martoJorii (M’ si30Ba narosorist: 1, 2 1 3) Ta mii CeoFAS (kopexiris)

3 iHMmI0r0 OOKY, MO3UTHBHI 3MIHU O10XIMIYHUX TTOKA3HHUKIB KPOBI 3a JOCIIKYBaHUX
M’SI30BHX MATOJOTIH CB1IYATh MPO aKTUBALIIK0 aHTUOKCHUAHTHOI PeakKiii OpraHizaMy IIypiB
y BianoBiab Ha BBeAeHHs CgoFAS. 1le Mmoxke BigOyBaTuCs ABOMA IUISIXaMU: 3MEHIIICHHSIM
KUIBKOCTI BUIBHUX paAWKaIiB 3aBAsgkud ix anxcopOmii momekymamu Cgy (uu  ix

HaHoarperaramu), abo O6e3rnocepeHIM BIULIMBOM Ha BEJIUYMHU O10XIMIYHHMX MOKA3HUKIB 3a



52

YMOB PO3BUTKY cTpecoBux ctaHiB. Cgy pynepen mocnadbmoe yrBoperHs ADK i, Takum
yuHOM, 3MeHInye [10JI, a TakoX MiJBUILYE aHTUOKCHUJIAHTHY 37aTHICTh TKaHUH UIYypIB.
30kpeMa, BiH  MiJBUIIyBaB  BMIiCT  BimHOBJIeHoro  riytationy (GSH) Ta
akTuBHICTB/ekcnpecito 01ka GSH-moB’ s13anux dpepmentiB. Kopemsiris ux 3MiH 13 BMICTOM
Oinka Nrf2 cBiqUUTH TPO Te, IO MijJ BIUIMBOM CTPECy pa3oM 3 IHIIUMH MeXaHi3MaMH
Nrf2/ARE-aHTHOKCHMTAaHTHUH TIUIAX MOXKE OpaTd ydacTh Yy PeryJsiii TomMeocrasy
[Ty TaTioHY.

Hapemiti, 3MeHIIEHHS CTyINEHs TSKKOCTI MaToJioriyHoro crtaHy 3a Jii CeoFAS
B1I00Opakae MOCIIJOBHICTh «CIPALIOBaHHS» ONUCAaHUX OlOMEXaHIYHUX MapKepiB
aMILUTITYJHO-IIIBUAKICHUX 3MIH CHJIOBOi BIJIOBIJII CKEJIETHOTO M’sS3a Y 3BOPOTHOMY
nopsanky (puc. 23: KOpeKilis), M0 J1a€ MOXKJIUBICTh BUKOPUCTOBYBATH 3alPOINIOHOBAHUMN
QITOPUTM I BU3HAUYECHHS PIBHS M S30BOT0 MOIIKO/KEHHS MPU KOHTPOJI €(EeKTUBHOCTI

TepareBTUYHHUX 1 peaduTITAllIHUX TPoLeayp.

BUCHOBKHA

VY nmucepraiiiitiii poOOTI MPEACTABICHI PE3yJbTaTH KOMILIEKCHOTO JOCIIHKCHHS
MEXaHOKIHETUYHUX MapaMeTpiB CKOPOUYEHHS M’SI31B LIypiB Ta O10XIMIYHUX MOKA3HUKIB 1X
KPOBI 32 PI3HUX E€KCIIEPUMEHTAIbHO-1HIyKOBAHUX M S30BUX MATOJIOTIM PI3HOTO CTYIEHS
TSKKOCTI Ta [1i BOJOPO3YMHHUX BYTIJIELIEBUX HAHOYACTHUHOK - Cgg PyJEpeHiB y pi3HUX
YaCOBUX 1 JIO30BUX Jiana3oHax 3ajeKHO BiJl CIOCO0Y Ta CXEMH iX 3aCTOCYBaHHsI. 30Kpema
MOKa3aHo, 110 Bojopo3uuHHi Ceo hysepenu 37aTHI €PeKTUBHO 3MEHIITYBaTH HETAaTUBHY 110
A®K, 1HIyKOBaHUX TIEI0 YH IHIIOK M’ SI30BOIO MATOJIOTIEI0, COPUSIIOYM aHTHOKCHIAHTHIN
CUCTEMI OpTaHi3My BIIOPATHUCS 3 MPOTPECYIOUYNM PO3BUTKOM MATOJOTIYHUX TPOIIECIB.

BcranoBneHi yHIBepcaJibHI MEXaHOKIHETUYHI MapKepw M sS30BOi BIJAMOBiII, Ha
OCHOBI SIKUX MO’KJIMBO BU3HAUUTHU CTYHIHb TSKKOCTI IIEpeOIry UX MaTOJIOT1i.

1. ITokazano, 1o BBeAeHHS BOgHOTO po3unHy Ceo PpynepeniB (CeoF AS) o imemizarrii
CKEJICTHOTO M 5132 3a ONITUMAaJIbHOT 1031 1 MI/KT 301IbIIIy€ CUJIOBY BIJMOBIIb M si3a Ha 65%,
40% Tta 35% y Bunaaky 1, 2 Ta 3 cryneHs TSKKOCTI ilIeMmii, BiAMOBIIHO, MOPIBHAHO 3

TPYIIOIO «TaToIOTis». BogHouac, piBeHb 010XIMIYHIX MapKePiB Y KPOBI ITyPiB 3HIKYETHCS



53

B cepeanbomMy Ha 30%, 25% ta 20% y Bunanaky 1, 2 ta 3 cTymneHs TSXKKOCTI imemii M’s3a,
BIJIMOBIAHO, MIOPIBHSIHO 3 TPYIIOI0 «ITATOJIOT1s.

Beenennst CgoFAS micas iHimiamii mi€i maToJiorii MpoJAeMOHCTPYBAJIO JOCTOBIPHO
MEHIUK eQeKT, STKUM 3a MaKCUMaJIbHUX 3HAYCHb JOCIIIKYBAaHUX MapKepiB M SI30BHX
MOIIKOJKEHB BiApi3HABCS Ha 20-25% MOPIBHIHO 3 TUMH MapaMeTpamH, IO CIOoCTepiraiu
y Bunajaky BBeneHHs CeoFAS 1o imemizariii ckeneTHoro m’ssa.

2. Ilokazano, mo BBeneHHS CgFAS 10 TpaBMyBaHHSI CKEJIETHOTO M’si3a 3a
ONTUMAJILHOI 71031 1 MI/KT 301IbIIyEe CHIIOBY BiAMOBiAL M's3a Ha 21%, 19% ta 12% y
BUMAJKY 1, 2 Ta 3 CTymeHs TSKKOCTI M'A30BOi TpaBMH, BIAIOBIAHO, OPIBHSIHO 3 TPYIOIO
«matojoris». BogHouac, 3MeHIIIeHHs piBHA 010XIMIYHMX MapKepiB Y KpoBi rypiB Ha 10-
12% 3a 1€l maTosorii marBepKye no3uTuBHui eext CeoFAS.

Brenennst CeoFAS micis iHimiamii mi€i maToJiorii MpoJAEMOHCTPYBAIO JOCTOBIPHO
MeHIni edexT, saxuii He mnepeBuiyBaB 40% BiJ 3HAUYEHb JOCTIHPKYBAHHX MapKepiB
M’S30BUX NOIIKOKEHB y BUITAJKY BBeIEeHH CeoFAS 10 TpaBMyBaHHS CKEJIETHOTO M 513a.

3. Ilokazano, 1o BBeaeHHS CgoFAS micist iHimiami M’ 130B01 BTOMH 3a OITHMAaJIBHOT
no3u 1 Mmr/kr Beze, 3 OHOTO OOKY, 10 3MEHIICHHS Yacy BiJIHOBJICHHS CHUJU CKOPOUYEHHS
M’si3a, a 3 1HIIOro, 301IbIIye Yac oro akTuBHOTO (pyHkiioHyBaHHs. Edexkt CeoFAS s
muscle gastrocnemius ua 30% Oinbmuii, Hixk ams muscle soleus. Bremenns CgoFAS
YOPOAOBXK 5-TH A10 3HMXKY€E CTYHiHb TSXKKOCTI BTOMIIIO BajbHUX mporeciB Ha 40% y
MOBLILHOMY M'si31 Ta HAa 60% y MIBUAKOMY MOPIBHSIHO 3 TPYIIOIO «IATOJIOTIsN. 3aJUIIKOBA
nist CeoFAS ckmanana 25% na 1 100y 1 15% Ha npyry NOpiBHSHO 3 TPYIOIO «IIATOJIOTISN.
3MeHILIEeHHS piBHS 010XIMIYHMX MapKepiB y KpoBi HIypiB Ha 25-30% y moBUIbHOMY M 131 Ta
35-40% y mBUAKOMY TOPIBHSIHO 3 TPYTMOIO «IATOJIOTISH MiATBEPKYE MO3ZUTHBHUN ePeKT
CeoFAS.

Brenennst CeoFAS no inimianii mi€i matoiorii mpoaeMOHCTPYBaI0 MOro 3HAYHHM
3axucHUM e(eKT, sikuil Bxke Ha 1-y 100y excniepuMeHTy Ha 14-19% nepeBuiiryBaB 3HaUCHHS
JOCJTIIKYBaHUX MMapaMeTPiB, K1 criocTepiraiu y Bunanaky BeeaeHHs CeoF ASmicins iHimianmi
M’S30BO1 BTOMH.

4. Ilokazano, mo BBeneHHs CgFAS micna inimiamii arpodii ckereTHOro M’s3a 3a

ONTUMAJILHOI 71031 1 MI/KT 30UIbllIy€e WOTO CHIJIOBY BiAMOBIAL Ha 25-35% MOpPIBHSIHO 3
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IPYTOI0 «MATOJOTIs. 3MEHIIEHHS PiBHSA O10XIMIYHMX MapKepiB y KpoBi 1mypiB Ha 27-30%
3a i€l maToorii marpepkye no3uTuBHUM eekt CeoFAS.

Hapemti, goBeaeHo, mo OioMexaHIYHI MapKepu aMILTITYIHO-IIBUAKICHHX 3MIH
CHJIOBOT BIJIMOBIAI M 5132 MAIOTh PI3HY UyTJIUBICTh 10 CTYMNEHIB TSXKKOCTI JOCIIIKYBaHUX
NaTOJIOTIH 1 BUOYIOBYIOTHCS Y TAKOMY XPOHOJIOTTYHOMY MOPSAKY: Fmin = tmax - Fmax - S - tso
- start - to. BusiBIIeHa MoO3KUTHBHA KOpEISIIist MK O10XIMIYHUMH MapKepaMu y I1a3Mi KpoBi
IIypiB Ta BUILIEBKAa3aHUMH 010MEXaHIYHUMHU MapKepaMu 3a PO3BUTKY M’ S30BHUX MATOJOTIH
YMOXKITUBIIIOE 1X IIIJIECTIPSMOBAHE BHUKOPUCTAHHS IS BU3HAYEHHS CTYINEHS TSXKKOCTI Ta

€()eKTUBHOCTI 3aCTOCOBAaHUX TEPANIEBTUYHUX 1 peadlTITallliHUX POLEAYD.

CIIACOK ONYBJIIKOBAHUX MPALb 3A TEMOIO JJUCEPTAILIII
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Abstract

comection of ischemic-damaged skeletal muscle function.

The therapeutic effect of pristine Cgq fullerene aqueous colloid solution (CggFAS) on the functioning of the rat soleus
muscle at ischemic injury depending on the time of the general pathogenesis of muscular systemn and method of
administration CegFAS in vivo was investigated. It was found that intravenous administration of CegFAS is the
optimal for correction of speed macroparameters of contraction for ischemic muscle damage. At the same time,
intramuscular administration of CeFAS shows pronounced protective effect in movements associated with the
generation of maximum force responses or prolonged contractions, which increase the muscle fatigue level
Analysis of content concentration of creatine phosphokinase and lactate dehydrogenase enzymes in the blood of
experimental animals indicates directly that CegFAS may be a promising therapeutic agent for the prevention and

Keywords: Cp fullerene, Skeletal muscle, Ischemia, Muscle contraction dynamics, Biochemical analysis

Background

Among muscle pathologies that develop in the skeletal
muscles, the ischemic injuries are more than 35% of all in-
juries of musculoskeletal system [1]. Ischemic-reperfusion
injury of skeletal muscle is a major cause of postoperative
pathologic complications [2], particularly, the reason of
amputations and mortality is acute arterial occlusion [3].
Due to the delivery reduction of oxygen in blood flow
through the blood vessels, the nutrients and regulatory
substances cannot reach; thus, the muscle decreases. This
can lead to a progressive disorder in its metabolic, mor-
phological, and physiological processes.

The main aim in the treatment of the ischemic muscles
is the fast recovery of blood flow (reperfusion) in the dam-
aged areas. However, this therapy often leads to new
pathophysiological process; reperfusion injury, which also
can cause significant damage in the muscle tissue.
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TESC “Institute of Bicdogy and Medidine”, Taras Shevchenko Mational
University of Kyiv, 64 Volodymyrska St, Kyiv 01601, Ukraine
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@ Springer Open

At ischemic injury of the skeletal muscle, there is a high
correlation between the duration of ischemia and survival
of muscle fiber [4]. Despite the fact that different types of
fibers in the skeletal muscle differ from the metabolic and
functional properties, it has no significant impact on their
tolerance to ischemia-reperfusion injuries [5].

At the biochemical level, the ischemic damage of the
muscle tissue is a sequence of biochemical reactions, which
are initiated by hypoxia after a few minutes of ischemia and
occur independently of etiological features due to insuffi-
cient blood supply to the muscle [1]. The death of the ma-
jority of the muscle cells is a result of chemical substance
activation, which are produced during and after ischemia
and can be formed within a few days even after the restor-
ation of normal blood flow to the muscles.

It is known that after 2 h of skeletal muscle ischemia and
further reperfusion, the concentration of ATP significantly
reduced simultaneously with a significant increase in the
number of lactate from 25 to 114 mmol/kg of dry weight.
And after 3 h of ischemia, the intramuscular supply of ATP
is about 5% from baseline, and glycogen pool is depleted by

© The Authoels). 2017 Open Access This anicke i distributed under the terms of the Creative Commions Artribution 4.0
Intemational License (hotpyforeatvecommons ongicensesbyd 04, which permits unrestricted use, distibution, and
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88% [6]. From a functional point of view, these data indi-
cate that a large number of high-energy phosphate com-
pounds in ischemic-damaged muscle cells are spent to
maintain homeostasis (especially during the first hour of is-
chemia) and, consequently, metabolic causes a significant
increase in the fatigue ischemic muscle [7].

It is known that free radicals are a major pathogenic
factor in the development of ischemic damage in the
muscle tissue [8]. Preliminary biclogical studies of
water-soluble pristine Cgy fullerenes [9=13] have shown
that at low (physiological) concentrations, they do not
exhibit acute toxic effects on the normal cells [14=16],
they are not allergenic and immunogenic and they able
to regulate free-radical processes in the cells and tissues,
in particular, neutralize excess free radicals [17, 18].
Consequently, the use of biocompatible and bioavailable
Cep fullerenes as powerful antioxidants [19] opening up
new potential opportunities for the prevention and cor-
rection of ischemic-reperfusion pathological processes in
the muscle tissue.

The purpose of this study was to assess the impact of
water-soluble pristine Cg fullerenes on mechanical and
kinetic peculiarities of rat skeletal muscle function at ische-
mic injury, namely: (1) to conduct a quantitative analysis of
the activity of ischemic-damaged muscle structures and
establish a link between the change in mechano-kinetics of
physiological contractions and the level of Cgy fullerenes ac-
tion that is necessary for this change and (2) to evaluate the
therapeutic effect of Cgy fullerenes on the time of develop-
ment of general pathogenesis of muscular system depend-
ing on the method of administration (intravenous and
intramuscular) in vivo.

Methods

A highly stable reproducible pristine Cgg fullerene aque-
ous colloid solution (CgpFAS) in concentration 0.15 mg/
ml was prepared and characterized according to the
protocol [20, 21].

The study was conducted on white male rats of the
“Wistar” line weighing 170+ 5 g. The animals were kept
under standard conditions in the vivarium of the ESC “In-
stitute of Biology and Medicine”, Taras Shevchenko MNa-
tional University of Kyiv. Animals had free access to food
and water. All experiments were conducted in accordance
with the international principles of the European Conven-
tion for protection of vertebrate animals under a control
of the Bio-Ethics Committee of the abovementioned
institution.

All experimental animals were divided into four groups:
intact group (animals with saline injection; n = 10), control
group (animals after ischemia without CgFAS injection;
n = 10), and two experimental groups (animals after ische-
mia with CgFAS injection intravenously (m=10) and
intramuscularly (n=10) immediately after reperfusion).
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For therapeutic purposes we used CggFAS in a concentra-
tion of 1 mg/kg because this dose was the most effective
at muscular therapy [22, 23].

Anesthesia of animals was performed by intraperitoneal
administration of nembutal (40 mg/kg). For musde ische-
mia, the branch of the femoral artery of the animal, which
provides blood supply of the experimental muscle, was
dragged by ligatures. Standard preparation of the experi-
ment also included the cannulation (a. carotis communis
sinistra) for the therapeutic administration of CspFAS and
pressure measurement, tracheotomy, and laminectomy at
lumbar spinal cord level. Soleus muscle of rat was released
from the surrounding tissues and its tendon was cut
across in distal part. The ventral roots were cut in places
of their exit from the spinal cord for the modulated stimu-
lation of efferents in L7-51 segments.

The change in muscle contraction force was measured
using the original strain gages [22, 23]. To generate stimu-
lus signals, the programmable generator of signals of spe-
cial form was used.

The study of dynamic properties of muscle contraction
was performed under conditions of muscle activation using
the modulated stimulation of efferents. Five filaments of
ventral roots were cut and fixed on stimulating electrodes,
and a special device was used for cyclic sequence distribu-
tion of electrical signals via the filaments [22, 23]. The dis-
tributed stimulation was allowed to get the monotonous
and uniform muscle contraction at low stimulation fre-
quency of individual filaments (50 Hz). Stimulation of effer-
ents in L7-51 segments was performed by electric impulses
of 2 ms, formed by using a pulse generator controlled by
ACC through the platinum electrodes. The parameters of
stimulated signal were programmed and transmitted from
the ACC-CAC complex to generator. A control of external
load on the muscle was carried out with the help of original
mechanical stimulator [23, 24]. The electromagnetic linear
motor was used for perturbation load.

The muscle contraction force was measured at 1, 2, 3,
4, and 5 experimental hours and at 1, 2, 3, 4, and 5 ex-
perimental days after ischemia. All received force curves
reflect the change in the percentage of control values of
the intact muscles, which were taken as 100%.

Level of content of creatine phosphokinase (CPK) and
lactate dehydrogenase (LDH) enzymes in the blood of
experimental animals, as the markers of ischemic injury
of the skeletal muscle, was determined by using a clinical
equipment.

The experimental data were stored and analyzed by stat-
istical processing of the results using standard software
packages Excel and Origin 8.0. All results were expressed
as mean * SEM. The significance of differences of baseline
values between control and experimental groups was eval-
uated by ¢ test. A value of p < 0.05 was considered statisti-

cally significant.
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Results and Discussion

Biomechanical Study

Kinetics of muscle fatigue and change of the force re-
sponse in each flow of muscle contraction induced by
stimulation successive pools are important characteristics
of the pathogenesis of muscle ischemic injury study.
Under normal conditions, the fatigue changes during the
contraction of the soleus muscle detected only after 5-6 h
stimulation [25].

The main processes, which initiate a cascade of ischemic
pathologies in the damaged muscle, occur in the first
hours after reperfusion [26]. Based on this, the first step in
research is to examine the change in the dynamics of the
contractile process in the first 5 h after reperfusion of the
ischemic soleus muscle. Comparing intravenous and intra-
muscular administration of CgaFAS, we tried to determine
the optimal method of its administration to achieve max-
imum therapeutic effect.

Figure 1 shows change in the solews muscle force
response during the first 5 h after its reperfusion under
activating stimulus pools with duration from 2 to 5 s.

In the control (without affecting CgFAS), reduction of
maximal force responses not only with an increasing time
after ischemia but also with increasing duration of irritating
stimulus signal is observed (Fig. 2). In case of therapeutic
administration of CgFAS, the reduction of force response
with increasing of time irritating signal is negligible and de-
pends mainly on time after reperfusion (Fig. 2). It is
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important to note that in this case the method of adminis-
tration of CgFAS had no significant value.

The registration of such important biomechanical par-
ameter as integrated power (it's calculated by total area,
which describes the force curve) found the similar re-
sults (Fig. 2): the integrated power reduction as with an
increasing time after reperfusion and with increasing
duration stimulation signal is largely compensated by
the influence of CgFAS regardless of its method of ad-
ministration. It is also important to note that the pro-
tective effect of CgpFAS manifests on the first hours of
ischemic muscle injury, during which the initiation of
the main stages of ischemic destruction of the muscle
tissue takes place.

Based on the fact that muscle contraction is a dynamic
vibrational process of mutual reactions, one can assume
that in the conditions of pathological changes in muscle fi-
bers caused by ischemia, there should be optimum stimula-
tion parameter ratio, which can involve the maximum
number of sarcomere structures for the optimal muscle
contraction. Although the heterogeneous composition of
skeletal muscle contractile apparatus is difficult to assess
the damage of each individual component, the overall pic-
ture of the pathological process can be traced by measuring
the level of changes of maximum force contraction for sev-
eral days (Figs. 3 and 4). In control, the muscle activity had
a tendency to linear force reduction response with an in-
creasing time after reperfusion that may indicate the

, J||I_1 a a0 — b }
., 1% ) - »
130 ‘ | 160 4 = | 100
:% :‘%
4 3 4
E L] - 3
0] 2000 ™ 000 2000 ™
. 1 1
100 - i 1641 4 + | 1
k| 4
£
wao " ™™ 1000 T ™
I ) 1 I 1 1
(L] 1| \ (1] i 1 i
: : 5
1000 e soo0 " we oo s000"™ | won 500 ™
I i 1 I . 1 I 1
oy e ————— o™ = ——— !
: — ? E—_————, :
% /%%; 1 i i ; 5
3 i H
woo | o0 5000 = wo 3000 5000 e woo w00 5000 o
Fig. 1 Force generation curves (F, %) of the ischemic solews muscle- a cantral (without affecting CegFAS; n = 10} b intravenous injection of CggFAS
[dase 1 mafkg n= 10k ¢ intramuscular injection of CepFAS (dose 1 maska: n=10). 1, 2, 3, 4, 5 hours after reperfusion of the muscle




Mozdrenko et ol Nonoscale Research Letters (2017)12:115

i W
\si‘“;%_ & _= ; i?:ﬁ:#—:i__‘;
LN g o= SN ~3 11
5(F) Rl 3 F
10% | 10% |
lri l 2‘ 3. 4 sl ;J 1 21 3, a: sl
h * t " . \.\ — .
Q\X‘}'ﬁr#:i:i 2 Ny _f %5#
B3 . —5
i A 3
10% | 10% |
'IJ 1 ll 3‘ 4I 5I IIJ 1 2I 3l 4I sl
- L
\ \\_t:_-_—%_% L. i‘ f-_#::?i-— .
\;x *--:_i‘:'?:-;r 3 ~o. Lt
g T
10% | 10% |
'll] ; EI ]l 4I SI -|l] [ gl 3. 4I 5I
Vi, ¥ i = )
\ z - = . \\\. s = — _t
\.\lg "'"‘--. — ::}T_ 4 [ '_,__ -13 -.t---g
'\--\.__15___;_.'}__1; x‘“";‘-.,_\_..é
10% | ‘
10% |
(I S 4 5 012 3 4 5

Fig. 2 Change of the integrated power 3(F) (a) and maxdmal force of
contraction (F) (b) (as a percentage of contred values adopted by
10088} of the ischemic salews muscle at different duration of
madulated stimulation: 1, 2, 3, 4 stimulation 2, 3, 4, 55, respectively;
(o) cantral (without affecting CagFAS; = 10); (&) intravenous
administration of CoF A5 (dose 1 mafka; n=10); (e) intramuscular

68

after reperfusion muscle. *p < 005

development of muscle fatigue. But unlike the fatigue
process starting from the 2nd day of the experiment, the
force curves contain the pronounced fluctuation compo-
nents. If the power drop is caused by reduction of molecu-
lar generators of power, e, by reduction of working cross-
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bridges; then, in the case of fluctuation contractions, the
damages should take place in almost all contractile compo-
nents of the muscle cells. So, in this case, one can speak
only about relatively similarity of force responses during fa-
tigue and induced ischemia just in the early stages of patho-
logical process. The significant dependence of dynamic
characteristics of contraction on the activity of the main
types of proprioceptors significantly complicates the control
of the motor activity of the damaged muscle from the cen-
tral nervous system (CNS) in case of uncontrolled fluctu-
ation responses of ischemic-damaged muscle even on a
simple stimulus signal. Elimination of these vibration com-
ponents of muscle contraction with action of CgFAS (re-
gardless of the therapeutic administration method) is a very
important feature of its protective effect (Fig. 3).

With using modulated stimulation, the quantitative and
qualitative differences in the contraction of ischemic rat’s
solers muscle in control and with CgFAS were observed
(Fig. 4). In control, the value of the maximum force and
integrated power of muscle contraction decreased with an
increasing time after reperfusion as well as the duration of
stimulation (Fig. 4). Therapeutic administration of CgFAS
found the significant protective effect on contraction force
characteristics that were studied as follows: the most pro-
nounced protective effect was observed on the 5th day
after ischemia and at maximum 5 s of stimulation;
CgoFAS protective effect on the maximum force response
was 30-35%, and the integrated power—over 50% com-
pared to control. In this case, the difference between pro-
tective effects of CgpFAS depending on the method of
administration was observed. Thus, intramuscular injec-
tion of CgaFAS showed 10=15% more protective effect on
muscle force response in comparing with the intravenous
administration of CgaFAS.

Differences in increasing force and integrated power of
ischemic-injured muscles during intravenous and intra-
muscular administration of CgFAS (Figs. 1, 2, 3, and 4)
indicate the complexity of the molecular mechanisms of
muscle contraction, which are probably different in imple-
menting antioxidant properties of Cgy fullerenes. Obwvi-
ously, at the therapeutic injection of CgFAS directly into
the damaged muscle, the concentration of Cgy fullerenes
are much higher than in the area of inflammation com-
pared with intravenous administration of CgpFAS. Thus, it
can be argued on the realization of concentration depend-
ence of the protective effect of Cgy fullerenes on the max-
imum force contraction and integrated power of the
ischemic injured muscles.

Observed high correlation between the duration of is-
chemia and muscle fiber survival [4] can be one of the
main factors reducing the maximum force response with
time increasing after ischemia not only due to the de-
crease of muscle fibers survival but also due to the in-
creased rigidity of the muscle (due to an increase of its
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collagen structures). After 3 h of ischemia, the muscle
necrotic changes and nervous degradation occur. The
amount of muscle tissue necrosis may be up to 60%
[27]. In this case, the therapeutic action of CgFAS will
not have a positive effect. Thus, CsaFAS, use as a thera-
peutic agent for ischemic muscle damage, will have a
pronounced beneficial effect mainly on the early stages
of this disease.

According to modern theories of motor control in the de-
velopment of muscle pathologies, CNS organizes the limb
movements so as to reduce the number of degrees of free-
dom, which correspond to movements of the individual
segments. The reason for this decrease is the synergies (in-
volving functional activity of intact or partially damaged
muscle fibers), which leads to complications of central
management program movements, thus compromising
control over the implementation of purposeful movements
[28]. Because the structure of the dynamic component of
stimulation (ratio of its amplitude to duration) determines
the speed and range of motion, the changing nature of ef-
ferent activity realization of ischemic muscle results in er-
rors in the positioning accuracy of the joint. By performing
even simple movements, there is a possibility to establish
causal links between the mechanical activity of ischemic-
injured muscles of the joint and key dynamic parame-
ters of movement. The accuracy of this analysis rises
via detailed study of before tetanic areas of muscle
contraction with simultaneous control of mechanical
movement parameters [29]. Therefore, the studying

changes in the dynamics of ischemic-damaged muscle
contraction on before tetanic areas allow to detect
the level of muscle damage and effectiveness of thera-
peutic action of CgaFAS.

Figure 5 shows changes in achieving speed of maximum
force response of the ischemic muscle in dependence of
time after ischemia: in the first 5 h and next 5 days after re-
perfusion. In control, after 1 h reperfusion, the reduction of
maximum force and an increase of time to achieve it are
observed. The therapeutic application of C4FAS essentially
adjusts the dynamics of the force curves: a clear separation
of dynamic and stationary parts of the contraction occurs.
It should be noted that this effect is independent of the
manner of CgpFAS administration. A more pronounced ef-
fect of CgpFAS on before tetanic area muscle contraction
and less on the maximum force response (Fig. 5), in our
opinion, is connected with the beginning of irreversible
pathological changes in the generation of force contraction
on the most vulnerable before tetanic areas in the early
stages of ischemic lesion of muscle cells. This is due to the
uneven destruction of different molecular components of
the contractile apparatus of muscle, which are activated in
different phases of contraction and therefore face different
impact of CupFAS. However, even a slight protective effect
of CipFAS on tetanic areas of muscle contraction is essen-
tial in the first hours after launch of ischemic cascade of
pathological processes and Cgy fullerenes have to slow
down their, particularly, neutralizing free radicals in early is-
chemic injury muscle.
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Research of speed change achieving maximum level of
force within 5 days in control (Fig. 5) found a direct re-
lationship between the speed reduction and time after
reperfusion. Therapeutic administration of CgFAS sig-
nificantly corrected this parameter: its reduction after

#® E

T T T T T 1 t, d_ays

0O 1 2 3 4 5
Fig. 5 Change of speed attaining maximum force respanse (AF, %)
of the ischemic sofeus muscle: (o) control {without affecting CgFAS;
n=10), (A} intravenous injection of CeFAS (dose 1 mag/kg; n=10),
(#) intramuscular injection of CggFAS (dose 1 mafkg n=10) 1 and 2
hours and days, respectively, after reperfusion of the

muscle. *p < 005

the 1st day after ischemia was not changed significantly
over the next 4 days of experiment. Intravenous admin-
istration of CgoFAS demonstrated better protective effect
(on 10%) compared to intramuscular administration of
CaoFAS.

Biochemical Study

Most characteristic biochemical compounds which, on
the one hand, easily identified in clinical conditions and,
on the other hand, the content of which changes signifi-
cantly upward in patients with ischemic injuries, are
CPK and LDH [30].

CPK is contained in high concentration in the skeletal
muscles, and body consumes it rapidly by increasing phys-
ical activity. If the damage of myocytes happens, CPK dif-
fuses from them, thus increasing its activity in the blood.
Therefore, determining the activity of CPK in the blood is a
sensitive diagnostic test for the manifestation of ischemic
damage in the muscle tissue [31].
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LDH participates in the processes of oxidation of glu-
cose and the formation of lactic acid. It is contained in al-
most all organs and tissues of the human, especially a lot
of it in the muscles. In the conditions of hypoxia, LDH
causes a feeling of musde fatigue and breaks the process
of tissue breathing. Blood tests for CPK and LDH used in
the clinic for the rapid identification of diseases associated
with ischemic injuries of the muscular system [32].
Determination of the levels of these enzymes in the blood
of tested animals showed accurate tendency to their re-
duction after therapeutic administration of CgFAS after
the first 5 h (Fig. 6) and 5 days after ischemia (Fig. 7).

Considering that at ischemic injury of the skeletal
muscle, the reactive oxygen species (ROS) are of the
most destructive danger, the use of Cgy fullerenes as
powerful antioxidants should significantly improve
muscle tolerance to ischemia and expedite postoperative
recovery [33].

The observed effects above may be related to the fact that
2 h ischemia-reperfusion of the solews muscle significantly
reduces the concentration of ATP with significant increase
in lactate. It is known that, for a 3 h ischemia, ATP deple-
tion is about 95%, and glycogen depletion is 88% [6, 7). In
addition, a large number of high-energy phosphates are
spent by the damaged muscle cell to maintain hemostasis
and, as a result, the metabolic disorder leads to greater
muscle fatipue. At the same time, literature data indicate
that ROS (for example, superoxide anion and hydroxyl rad-
ical) are a major pathogenic factor in ischemia-reperfusion
tissue damage. ROS initiate the lipid peroxidation, direct
inhibition of mitochondrial respiratory chain enzymes, in-
activation of glyceraldehyde-3-phosphate dehydrogenase,
ATPase inhibition activity, inactivation of membrane so-
dinm channels, etc. It was shown that modified Cg, fuller-
enes can be considered as a powerful ROS absorber of
ischemia-reperfusion-induced injury of small intestine [34].
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Also, the ability of Cgy fullerene derivatives to reduce the
ischemia-reperfusion lung injury was demonstrated [35,
36). In this regard, the protective effect of CgFAS on the
fatigune processes of the ischemic-damaged muscle can be
directly linked to the strong antioxidant properties of

Conclusions
The results of this study can be united in the following

paragraphs:

1. A pronounced protective effect of CgFAS on the
contractile dynamics of muscle soleus ischemic
injury was reliably established.

. It was shown that intravenous and intramuscular
injections of CgpFAS have different therapeutic
effects: the intravenous injection of CgFAS is
optimal for correction of speed macroparameters of
contraction at ischemic muscle damage; the
intramuscular injection of CgFAS demonstrates
more pronounced protective effect in movements
associated with the generation of maximum force
responses or prolonged contractions caused by
increasing levels of muscle fatigue. [t must be
emphasized that protective effect of CgFAS is also
important to correct the accuracy of the joint
position of the injured limb, since for precision
positioning and fine motor skills of limbs, extremely
important is the ability to hold the tetanic
contraction regime by the antagonist muscles, the
implementation of which is lost during ischemic
pathology.

3. The use of biocompatible water-soluble pristine Cgy
fullerenes considering prominent antioxidant prop-
erties and lack of data of acute and chronic toxicity
open new possibilities in the therapy and prevention
of ischemic pathologies.

Abbreviations

Canf AS: Cap fullerene agueous colloid solution; OMS: Central nervous system;
OP¥: Creatine phosphokinase; LDH: Lactate dehydrogenase; ROS: Reactive
gygen species

Authors” Contributions
All authors read and approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests

Author details

YESC “Institute of Biology and Medidine®, Taras Shevchenko National
University of Kyiv, 64 Violodymyrska 5t, Kyiv 01604, Ukraine. 3|.esya Ukrainka
Eastem Ewopean Mational University, 13 Violya Aw, 43025 Lutsk, Ukraine.
finstitute of Chemistry and Biotechnology, Technical University of limenau,
25 Welimarer St, 98593 Bmenau, Germany.

72

Page 8 of 9

Received: 24 Movember 2016 Accepted: 27 January 20017
Published online: 14 Fehruary 2017

References
1. Nurdodc M, Murdoch MM (2012) Compartment syndrome: a review of the
literature. Clin Podiatr Med Surg. doi 10.1016.cpm2012.02.001
Bortolotto 5K, Momson ‘WA, Messina AJ (2004) The role of mast cells and
fibre type in ischaemia reperfusion injury of munine skeletal muscles.
Inflamm (Lond). doi: 10.1186/1476-9255-1-2
Erbut B, Czyanoodlu A, Karspolat BS, Kogogullan CU, Keles 5, Ateg A,
Gundogdu C, Kocak H (2007) Effects of ascorbic acid, alpha-tocopherol and
allopurinod on ischemiz-reperfusion injury in rabbét skeletal muscle: an
experimental study. Drug Target Insights 2:249-258
Tuwdezi Z, Ardnyi P, Lukits A, Garbaisz [, Lotz G, Harsényi L, Szijarto A (2014)
Muscle fiber viability, a novel method for the fast detection of ischemic
musde injury in m@its. PLoS One. doi: 100137 1joumal pone 0084783
Sternbergh WC, Adelman B (1992) Skeletal musde fiber type does not
predict sensitivity to postischemic damage. J Surg Res 53(5):535-541
Carvalho A, Mckee MH, Green HJ (1997) Metzbolic and contractile
responses of fast and show twitch rat skedetal musdes to ischemia and
reperfusion. Plast Recons Surg 99(1k163-171
Khoma O, Zavodovskyl DA, Mozdrenko DN, Dolhopoloy OV,
Miroshnychenko MS, Motuziuk OP (2014) Dynamics of ischemic skeletal
soleus muscle contraction in rats. Fiziol Zh &0(1}34-40
Walters T), Garg ¥, Corona BT (2015) Adiity attenustes skeletal musde fiber
damage after ischemia and reperfusion. Musde Nerve. dok 10.1002/mus. 24581
Prylutskyy ¥ul, Durow 55, Bulain LA, Adamenko 1|, Moroz KO, Genu |, Dibor
IN, Scharff P, Bidund PC, Grigorian L {3001) Structure and thermaophysical
propenties of fullerene Cg, agueous solutions. Int J Thermophys.
doi 1010238101071 402990
Scharff P, Carta-Abelmann L, Siegmund C, Matyshevska OF, Prylutska 5V,
Foval TV, Golub A4, Yashchuk W, Kushnir KM, Prylutskyy Yul (2004) Effect of
¥-ray and UN irradiation of the Cgy fulletene aqueous solution an bickogical
samiples. Carbon. dok 10015407 Mhiotech? 02.054
. Prylutska 5V, Matyshevska OF, Grynyuk |1, Prdutskyy ul, Ritter U, Scharff P
(2007) Biological effects of Cg fullerenes in vitro and in a model system.
Mol Cryst Lig Cryst. doi: 10.0080,15421400701 230105
. Prylutska 5V, Burlaka AP, Prylutskyy Y1, Ritter U, Scharff P (2011) Pristine Cea
fullerenes inhibit the rate of tumor growth and metastasis. Exp Oncol 33(3):
162-164
Tay 9, Zavodousky DA, Bogutska K], Mozdrenkn DM, Prylutskyy Y1 (2016)
Prospets of Cay fullerene application as a mean of ion and comedtion of
ischemic-reperfusion injury in the skeletal muscle tissue. Fiziol Zh 62(3)66-77
. Prylutska 5V, Matyshevska OF, Golub AR, Prylutskyy Yul, Potebnya GP, Ritter
U, Schasff P (2007) Study of Cey fullerensas and Cy-containing composites
cytotoddty in vitro. Mater 5d Engineer C. dot 10.1016/).msec 200607009
Prylutska SV, Grynyuk B, Grebinyk SM, Matyshevska OP, Prylutskyy Yul, Ritter
U, Siegmund C, Scharff P (2009) Comparative study of biological action of
fullerenas Cy and carbon nanotubes in thymas cells. Mat-wiss u
Werkstofftech. doi: 1001002/ mawe 200900433
Talkachow M, Sokolova V, Korolowych V, Pributskyy Yu, Epple M, Ritter U,
Scharff P (2016) Study of biocompatibility effect of nanocarbon particles on
various cell types in vitro. Mat-wiss u Werkstofftech. doit 10.1002/mawe.
201600485
" Burlaka AP, Sidorik EF, Prylutska SV, Matyshevska OF, Golub AR, Pryutskyy Y1,
Scharff P (2004) Catalytic systern of the reactive moygen species on the Cay
fullerene basis. Exp Oncol &(4)326-327
Prylutska 5V, Grynyuk I, Matyshevska OP, Prydutskyy Yul, Ritter U, Scharff P
(2008) Anti~oeddant properties of Cg, fullarenes in vitro.
FullerenesManotubes Carbon Manostruct. doi: 10.1080/15363830802317148
L (Gharbi N, Pressac M, Hadchouel M, Sowarc H, Wilson SR, Moussa F (2005)
T fullerene is a powerful anfioxidant in vivo with no acute or subacute
towicity. Mano Lett. doi: 10.1021/nl0518650
Prylutskyy Yul, Petrenko A, lvankoy Ol Kyzyma 04, Bulavin LA, Litsis 00,
Evstignesv MP, Cherepanov W, Naumavets AG, Ritter U [2014) On the
origin of Cy, fullerens solublity in agueous solution. Langmedr. doi: 101021/
|z4049 75k
Ritter L, Prylutskyy Yul, Evstigneev MF, Devidenbo MA, Cherepanov W,
Senenko Al, Marchenko OA, Naumaovets. AG [2015) Structural features of
highdy stable reproducible Cen fullerene aqueous colloid solution probed by

.



73

Mozdrenko ef al Nonoscale Research Letters (2017) 12:115 Page 9 of 9

watious techniques. Fullerenes Manotubes Carbon Manostruct. doi: 1001080/
1536383 201 3870900

22 Nozdrenko D, Prutskyy Y, Riter U, Scharff P (2014) Protective effect of
water-soduble pristine Cgy fullerene in ischemia-reperfusion injury of skeletal
muscle. Int J Physiol Pathophysiol 5(2i97-110

23 Mozdrenin D, Boguiska K, Prylutskyy Y], Korolowych VF, Evstignesw MP, Ritter L,
Scharff P (2015) impact of Cy, fullerens on the dynamics of foscespeed changes
in soleus muscle of rat at ischemiaeperfusion injury. Fiziol Zh 61(248-59

4. Mozdrenko DM, Miroshmwchenko M5, Sonoca WM, Korchinska LV,
Zavodovskiy DO (2016) The effect of chlonpyrifos upon ATPase activity of
sarcoplasmic reticulum and biomechanics of skeletal muscle contraction.
Ukr Biochem L doi: 101 5407 /ubgda 02,082

5. Kaleric |, Bugaychenko LA, Kostyubow Al, Pilyavskii Al Ljubisaujevic M,
‘Windhorst U, Johansson H (2004) Fatigue-related depression of the feline
monosNaptc gasromemius-soleus reflex. | Physiol. doi: 1001 113/4physiol.
20031053249

5. Defraigne J0, Fincemail J [1998) Local and systemic consequences of severe
ischemia and reperfusion of the skeletal musde. Physiopathology and
prevention. Acta Chir Belg 98{4):176-186

7. Korthaks JK, Makd T, Gieron MA [1985) Nerve and musde vulnersbility to
ischemia. | Meurol 5ci 71:283-290

1. Mozdrenko DM, Shut AM, Prdutsiyy Y1 (2005) The possible molecular
mechanism of the nonlinearity muscle contraction and its experimental
substantiation. Biopokm Cell. doit 10.71 24/bc D00SED

2% Mozdrenko DM, Bogutska K1 (2005) About molecular mechanisms of fiber
mascle contraction at transition to new equilibrium state: analysis of
experimental data using three-componential electrical stimulating signal.
Biopolyrm Cedl. doi: 1071 24/bo0006F3

30 Kokchmair B, Klocker J, Perkmann R, Biebl M, Bodner G, Kolbitsch C,
Fraedrich G, Schwelberger HG (2003) Alerations in plasma amine odidase
activities in a compartment syndrome model. Inflamm Res 52(1 6 7-68

31, Westerblad H, Allen DG, Linnengren 1 (2002) Muscle fatigue: lactic add or
inorganic phosphate the major cause? News Physiol 53 17:17-21

32 ‘Westerblad H, Bruton IO, Linnergren J (1947) The effect of intraceliular pH
‘on contractile function of intact, single fibres of mouse musde declines
with increasing temperature. | Physiol S00{1)193-204

33 Cuzzocrea 5, Riley DP, Caputi AP, Salvemini D (2001) Antioxidant therapy: a
niew phammacological approach in shock, inflammation, and schemial’
reperfusion injury. Pharmacol Rev 53:135-159

34, Lai HS, Chen W), Ohiang LY (2000) Free radical scavendging activity of
fullerenal on the ischemiz-reperfusion intestine in dogs. Workd J Sung 24{4):
450454

35 Lai YL, Munsgan P, Hwang KC (2003) Fullerene derivative attenustes
ischemia-reperfusion-induced lung injury. Life 5ci 72(11A1271-1278

34 Chen YW, Hwang KC Yen CC, Lai YL (2004) Fullerene devivatives protect
against ceddative stress in RAW 2647 cells and Brhemizreperfused hungs.
Am J Physiol Regul Integr Comp Physiol. doi: 10.1152/ajpregu.00310.2003

Submit your manuscript te a SpringerOpen®

journal and benefit from:

¥ Convenient online submission

» Rigorous peer review

*» Immediate publication on acceptance

= Open access: articles freely available online
» High visibility within the field

* Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




74

s i ek Journal of Nanobiotechnology

Ce, fullerene as promising therapeutic W)
agent for correcting and preventing skeletal
muscle fatigue

Yurij |. Prylutskyy', Inna V. Vereshchaka®, Andriy V. Maznychenko®", Nataliya V. Bulgakova®, Olga O. Gonchar®,
Olena A. Kyzyma'*, Uwe Ritter®, Peter Scharff, Tomasz Tomiak®, Dmytro M. Nozdrenko', Iryna V. Mishchenko”
and Alexander |. Kostyukov?

Abstract

Background: Bipactive soluble carbon nanostructures, such as the Cg, fullerene can bond with up to six electrons,
thus serving by a powerful scavenger of reactive oxygen species similarly to many natural antioxidants, widely used
to decrease the muscle fatigue effects. The aim of the study is to define action of the pristine Cg, fullerene agueous
colloid selution (CFAS), on the post-fatigue recovering of m. triceps surae in anaesthetized rats.

Results: During fatigue development, we observed decrease in the muscle effort level before CFAS administration.
After the application of CFAS, a slower effort decrease, followed by the prolonged retention of a certain level, was
recorded. An analysis of the metabolic process changes accompanying muscle fatigue showed an increase in the
oxidative stress markers H,0, (hydrogen peroxide) and TBARS (thicbarbituric acid reactive substances) in relation to
the intact muscles. After C,FAS administration, the TBARS content and H,0, level were decreased. The endogenous
antioxidant systern demonstrated a similar effect because the G5H (reduced glutathione) in the muscles and the CAT
(catalase) enzyme activity were increased during fatigue.

Conclusions: CFAS leads to reduction in the recavery time of the muscle contraction force and to increase in the
time of active muscle functioning before appearance of steady fatigue effects. Therefore, it is passible that C,FAS
affects the prooxidant-antioxidant muscle tissue homeostasis, subsequently increasing muscle endurance.

Keywords: C; fullerene, Skeletal muscles fatigue, Electrical stimulation, Oxidative stress markers, Antioxidant system

Background fatty acid derivatives and metabolites, such as malondi-
Skeletal muscle fatigue is the defence mechanism against  aldehyde and hydroperoxide fatty acid [7]. The excessive
overload and leads to the development of painful muscle accumulation of ROS (oxidative stress) can lead to signif-
sensitivity [1=3]. Muscle fatigue develops after physi- icant functional changes due to damage to different cell
cal activities of varying intensities and often leads to components [8]. An example is the lipid peroxidation of
acute pain, which can then lead to various chronic dis-  biological membranes, which promotes the disruption of
ease states [4, 5]. Muscle fatigue is a result of the prod-  their structure and increases their permeability [9]. Cell
ucts of incomplete oxygen oxidation, such as reactive protection against such damage is provided by the anti-
oxygen species (ROS), including peroxides, free radicals, oxidant system. Mach et al. [10] used pycnogenol as an
and oxygen ions [6]. During the course of lipid peroxi- antioxidant, and its use is accompanied by an increase
dation, unsaturated fatty acids are formed from various  in the levels of both oxidized and reduced NAD™ in the

serum, as well as increased muscle strength. In studies

Cormspondence: mamychenkogbiph ki=vs of muscle fatigue, endogenous antioxidants, such as an
? Department of Movement Physiology, Bogomalesz Institute N-acetylcysteine [11] and f-alanine [12], are widely used
of Physiclogy, Bogomaletz Str. 4, Kiev 01024, Ukraine and speed up the muscle recovery process after fatigue.
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In this context, bioactive soluble carbon nanostruc-
tures, such as the pristine C; fullerenes, may be con-
sidered potential antioxidants [13]. C fullerene easily
bonds with up to six electrons, can serve as a powerful
scavenger of ROS [13-15], and is superior to the major-
ity of natural antioxidants, including vitamins C and E
and carotenoids, in regard to its antioxidant capacity.
As a result, it prevents oxidative stress dissemination in
thymocytes [16] and shows a protective effect following
the ischemia—-reperfusion injury of skeletal muscle [17].
Additionally, water-soluble pristine C, fullerenes can
penetrate through the plasma membrane of cells [18, 19].
Therefore, the use of Cg, fullerenes may have a powerful
antioxidant effect on the contractile apparatus of striated
muscle, thereby facilitating its functional recovery after
experimentally induced fatigue.

The aim of this study was to investigate the effect of
water-soluble pristine C; fullerenes on the recovery
dynamics of the contractile properties of rat m. triceps
surae (TS) after the development muscle fatigue under
conditions of long-term activation.

Methods

Material preparation and characterization

A highly stable reproducible pristine C, fullerene ague-
ous colloid solution (C,FAS) at a concentration of
0.15 mg/ml was prepared according to a previous pro-
tocol [20, 21). Briefly, for the preparation of C.FAS
we used a saturated solution of pure C; fullerene
(purity >99.99%) in toluene with a Cg, molecule con-
centration 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
ultrasonic bath. The procedure was continued until the
toluene had completely evaporated and the water phase
became yellow colored. Filtration of the aqueous solu-
tion allowed to separate the product from undissolved
Cy fullerenes. The pore size of the filter during the filtra-
tion of the aqueous solution was smaller than 2 pm (Typ
Whatmann 602 h1/2). The purity of prepared C,FAS
(i.e., the presencefabsence of any residual impurities, for
example carbon black, toluene phase) was determined by
HPLC and GC/MS analysis. The maximal concentration
of C, fullerenes in water 0.15 mg/ml was obtained by
this method.

The state of Cgy fullerenes in aqueous solution was
monitored using atomic force microscopy (AFM). Under
AFM analysis, the sample was deposited onto a cleaved
mica substrate (V-1 Grade, SP1 Supplies) by precipitation
from an aqueous solution droplet. Sample visualization
was performed in semi-contact (tapping) mode (Fig. 1a,
b). AFM measurements were performed after the com-
plete evaporation of the solvent.
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Small-angle neutron scattering (SANS) measurements
(Fig. 1c) were carried out at the YuMO small-angle dif-
fractometer at the IBR-2 pulsed reactor (JINE, Dubna,
Russia) in the time-of-flight mode with the two-detector
setup [22]. Treatment of the raw data was performed by
the SAS program [23].

Procedure and experimental groups

Male Wistar rats, weighing 280-350 g, were used in the
study. The use of the animals was approved by the Ethics
Committee of the Institute and performed in accordance
with the European Communities Council Directive of 24
MNovember 1986 (86/609/EEC).

The animals were divided into 4 groups. In the experi-
ments, the wi. triceps surae fatigue was induced by elec-
trical stimulation of n. tibialis. Saline solution (group 1,
n = &) or CgFAS (Feinjection) 0.1=0.15 mg/kg (group 2,
n = 6) was administered into the left TS after the devel-
opment of fatigue. Then, fatigue of the right TS was
induced. The data obtained from the ipsilateral (left)
side were considered to be the control values vs. those
obtained from the contralateral side. The dose range of
0.1-0.15 mglkg C;FAS does not present any acute or
subacute toxicity in rats [13]. The rats of group 3 (n = &;
animals with fatigue of both TS without any injections)
and group 4 (n = & intact animals) were used only for
biochemical studies. After the experiment, the TS of
all animals in all groups were removed for biochemical
analysis.

It is important to note that a dose of 0.1-0.15 mg/kg
CsoFAS applied in our experiments does not present any
acute or subacute toxicity in animals: it was significantly
lower than the maximum tolerated dose of C, fullerene,
which was found to be 5 g/kg both for oral or intraperito-
neal administration to rats [13]. No toxic effects or death
have been fixed under the action of Cg, fullerenes after
their oral administration to rats in total dosage of 2 g/kg
for 14 days [24]. Finally, it was shown [13] that water-sol-
uble Cg, fullerenes administered intraperitoneally to rats
(0.5 mg/kg) were subjected to clearance from the organ-
ism within 2=4 days.

The animals in groups 1 and 2 were anaesthetized
with ketamine (100 mg/kg “Pfizer’, USA) combined with
xylazine (10 mg/kg, “Interchemie’, Holland), tracheos-
tomized and artificially ventilated (out of necessity). The
left and right TS muscles were separated from the sur-
rounding tissue, and their tendons were detached at the
distal insertions. The n. tibialis was separated from the
tissue and cut proximally, and all branches of the nerve,
except those innervating the TS, were cut. This nerve was
mounted on a bipolar platinum wire electrode for elec-
trical stimulation. The hindlimb muscles and nerves were
covered with paraffin oil in a pool formed from skin flaps.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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| Fig. 1 AFM images (tapping made) of Cg, fullerene particles on the
mica surface, which were precipitated from CggPAS with an initial
concentration of 0.15 mg/mil (a, b). Arrows indicate the height of
the individual particles. Experimental SANS curve (poins) for CFAS
10.15 mgymi). Solid lines comespond to the model curve obtained by
the IFT pracedure. Insert: the pair distance distribution function as a
result of the IFT procedure for scattering from Cg fullerene nanoparti-
cles present in the CgFAS (c)

a ~ 0.7 nm ~1.5nm -2 nm

2

The TS muscle was connected via the Achilles tendon to
the servo-control muscle puller. The muscle tension was
measured by semi-conductor strain gauge resistors glued
on a stiff steel beam mounted on the moving part of a lin-
ear motor.

To induce muscle fatigue, 1-3 (30 min duration) series
0 intermittent high-frequency electrical stimulation was
0 I 2 3 4 M used (Fig. 2a), separated by rest intervals of 10=20 min.
Each series consisted of trains of 0.2-ms rectangular
b ~15nm ~5nm ~3Inm =200nm ~50nm pulses at a rate of 40/s at 12.4 s duration and separated
by 5 s intervals of rest (Fig. 2b). The stimulus current was
set to 1.3—1.4 times the motor threshold. Note, if mus-
cle fatigue developed in less than 30 min, stimulation
was interrupted (it was predicted that fatigue develop-
ment occurred when there was a muscle force decrease
of more than 50% of the initial data). After the end of the
12.4-s-stimulation, the muscle was stretched, and the
change in length had a bell-shaped form (one period of
4 Hz sinusoidal signal with corresponding phase lock-
ing) of 3.5 mm amplitude and 2 s duration (Fig. 2b; bot-
tom row). The muscle reaction to the stretches appeared
as a tension increase after continuous stimulation. These
stretches were applied before the post-stimulation
twitches to remove, or at least diminish, the after-effects
remaining from the continuous stimulation [1]. The sig-
nals (stimulus pulses, muscle tension and other) were
sampled via DAC-ADC device (CED Power 1401).

P Biochemical experiment

0,02 ; N, For biochemical analysis, the excised m. triceps surae
' A (soleus and gastrocnemius) were rapidly dissected, free of
\., fat and tendon, divided into several portions and stored
/ in liquid N,. For reduced glutathione (GSH) analysis, tis-
0 10 20 30 40 sue samples were transferred into a medium containing
Distance, nm 1 N perchloric acid (1:10 w/v} and homogenized with
a motor-driven Potter=Elvehjem glass homogenizer.
The resultant homogenate was centrifuged at 10,000g
for 10 min (4 *C). The GSH content was spectropho-
tometrically measured [25]. For the enzyme activity
assays and H,0; and lipid peroxidation assays, the mus-
4 cle samples were thawed and homogenized in 50 mM

Pair distance
distribution function

Intensity, cm™

Scattering vector, cm’
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Muscle tension (N)
o

Fig. 2 Strength of the contralateral (right) m. triceps suroe (T5) contraction during the 2nd series of 30-min intermittent stimulations of the n_ tibialis
at 42 min after T FAS administration into the left T5 (a). The superposition of individual tetanic contractions 2 and 28 are presented at the higher
time scale (b). P muscle force, st stimulation mark, L muscle length (mm); 5, 5, and 5, equal parts of the stimulus series, wsed for the quantitative
analysis of data; P; and P sites at the beginning and at the end of tetanic contraction

phosphate buffer with 2 mM EDTA (pH 7.4) at 4 °C (1:9
w/v). Homogenates were then centrifuged for 15 min at
15,000g (4 °C), and the post mitochondrial supernatant
was stored at —70°C.

Oxidative damage in the tissue was measured using the
thiobarbituric acid reactive substances (TBARS) assay.
TBARS were isolated by boiling tissue homogenates for
15 min at 100 *C with thiobarbituric acid reagent (0.5%
2-thiobarbituric acid/10% trichloroacetic acid/0.63 M/
dm? hydrochloric acid) and measuring the ahsorbance at
532 nm. The results are expressed as nM TBARS/mg pro-
tein, using & = 1.56 x 10° dm®/M/em® [26].

The H,0, concentration in the tissue homogenates was
measured using the FOX method, which is based on the
peroxide-mediated oxidation of Fe®*, followed by the
reaction of Fe*" with xylenol orange (o-cresolsulphoneph-
thalein 3',3"-bis[methylimino] diacetic acid, sodium salt).
This method is extremely sensitive and is used to meas-
ure low levels of water-soluble hydroperoxide present in
the aqueous phase. To determine the H,0, concentra-
tion, 500 pl of the incubation medium was added to 500 pl
of assay reagent (500 pM ammonium ferrous sulphate,
50 mM H,50,, 200 pM xylenol orange, and 200 mM sorb-
itol). The absorbance of the Fe**-xylenol orange complex
(A-,) was detected after 45 min. Standard curves of H,0,
were obtained for each independent experiment by add-
ing variable amounts of H;0, to 500 pl of basal medium
mixed with 500 pl of assay reagent. Data were normalized
and expressed as pM H,0, per mg protein [27].

Catalase activity was measured by the decomposition
of hydrogen peroxide, determined by a decrease in the
absorbance at 240 nm [28].

G5H was determined using Ellman’s reagent. One mil-
lilitre of supernatant was treated with 0.5 ml of Ellman’s

reagent (5.5'-dithio-bis-nitrobenzoic acid in abs. ethanol)
and 0.4 M Tris HCl buffer with 2 mM EDTA, pH 8.9. The
absorbance was read at 412 nm in a spectrophotometer
[25].

The protein concentration was estimated using the
method of Bradford with bovine serum albumin as a
standard. All chemicals were purchased from Sigma,
Fluka and Merck and were of the highest purity.

Data analysis

In the electrophysiological part of the study, each stimula-
tion series (30 min) was divided into three equal portions
(Fig. 2a), which were averaged (maximum 33 stimulation
in one portion). The average value of the first portion was
set to 100%, and the other series were normalized in rela-
tion to this (for each hindlimb). The peak amplitudes of
the front (P,) and rear of the front (P,) (maxima ampli-
tudes at the site, duration of 1 s, Fig. 2b) of the muscle
strength of each single series (12.4 s) were identified and
the difference between P, and P, (AP) was calculated.
This difference determines the dynamic component of
the muscle force decrease in a short period of continuous
stimulation. Mean values (mean £ 5D) of the TS mus-
cle strength before and after F-injection were compared
using a two-way statistical analysis of variance (ANOWVA).
The factors of variation included two conditions, time and
the effects of the C,FAS. A Bonferroni post hoc analysis
was used to determine the differences between groups.
The level of significance was set at p < 0.001.

Biochemical 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.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Results

Analysis of AFM and SANS data

Because the Cg, fullerene particle size directly correlates
with their biodistribution and toxicity [29, 30|, the AFM
and SANS studies were performed.

The AFM images (Fig. 1a, b) clearly demonstrate ran-
domly arranged, individual Cg; fullerenes (0.7 nm in
diameter) and their bulk clusters with a height of 1.5-
200 nm. At the same time, some individual Cg; fullerene
aggregates with a height of >200 nm are also seen in the
AFM image (Fig. 1b). The results obtained are consistent
with the theoretical calculations and experimental meas-
urements [20, 21, 31, 32] and demonstrate the polydis-
persity of the C,FAS used in our study.

Experimental SANS curve for C,FAS is shown in
Fig. 1c. The scattering curve of CeFAS is well described
by the form-factor of polydisperse spherical particles.
The mean radius of gyration of the particle cross section,

, and pair distance distribution function, P(r), were
found by using indirect Fourier transformation (IFT)
approach [33]. We can calculate the radius of particles,
R, present in the Cg,FAS according to well-known equa-
tion R2 = 0.6R? assuming of homogeneous and spherical
of Cgy fullerene clusters. This conclusion follows from
previous experimental data [20, 21] and the estimates
of the average cluster density according to the contrast-
variation experiments [31, 32, 34]. The data given by this
procedure indicate that Cg FAS consists of Cg, fullerene
sphere-like nanoparticles with an average size of ~56 nm
that is in a good agreement with above AFM data.

It is known [35, 36] that the permeability and cyto-
chemical behavior of nanoparticles strongly depend on
their size and, correspondingly, mass (number) distri-
bution. In this regard, our previous studies [16, 18, 19,
29] clear demonstrate that the used Cg, fullerene nano-
particles can effectively penetrate through the plasma
membrane of cells by passive diffusion or endocytosis
(depending on the size) and do not exhibit cytotoxic
effects.

Electrophysiological experiments

Changes in the TS force reaction under fatigue conditions
due to prolonged high frequency stimulation (30 min,
40/s) of the n. tibialis for animal groups 1 (before and
after administration of saline solution) and 2 (before the
application of C_FAS) did not significantly differ. The
analysis was performed by determining the force level
at the beginning (P,;) and end (P;) of single tetanic con-
tractions and the difference between these values (AP),
which determines the dynamic component of the force
decrease during a short period of continuous stimulation
(Fig. 2b). The muscle was considered tired if the ampli-
tude of the single tetanic contractions decreased by more

Content courtesy of Springer Nature,
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than 50% relative to the initial level. When muscle fatigue
was reached, the stimulation was stopped and followed
by a 10-20 min rest period. Therefore, in the case of one
animal, as a result of muscle fatigue stimulation of the
left TS, a 50% fatigue level was reached in approximately
12 min; during the next 4 min of stimulation, it contin-
ued to decrease [Fig. 3a (1), b(I;}]. After 10 min of rest,
a single tetanic contraction force was slightly restored,
but it did not reach the initial muscle activity level and
continued to decrease rapidly [Fig. 3a (L)), b{Il,}]. In
this case, there was also a simultaneous decrease in the
dynamic component of the force drop AP. Note that the
dynamic component was the most highly expressed at
the beginning of the first experimental series and that
the P; amplitude was higher relative to the P, amplitude
[Fig. 3b (I )]. After tetanic contractions for 1.5=2 min,
difference between amplitudes P; and P, was reduced
to zero, with moderate variations both in one and the
opposite direction over the additional fatigue stimulation
period. Simultaneously with the decrease in AP values,
there was a constant decrease in the developed force. In
the following stimulation series, after a period of rest, the
initial amplitude of the dynamic component was usually
decreased [Fig. 3b (L1, 111, }].

When a predetermined level of muscle fatigue was
reached, CFAS (0.1=0.15 mg/kg) was injected intra-
muscularly [at 45 min after the beginning of fatigue
stimulation; Fig. 3a (I, 11f), b(I}, 1IF)]. At the same time,
the dynamic changes in the muscle strength level in
response to stimulation reflected the further develop-
ment of fatigue, and the single contraction forces were
reduced rapidly [Fig. 3b{If)]. However, F-injection led
to the gradual recovery of the isometric force levels (at
32 min after drug application; Fig. 3a [(II}), b (IIf)]. The
appearance of negative AP values (P, amplitude increase
compared to P; amplitude) indicated the beginning of the
recovery [Fig. 3b (IIF), 10th min]. In this series of stimula-
tions, the level of the muscle contraction force was recov-
ered to that developed during the initial stages of fatigue
stimulation.

Power reaction of the right TS was significantly differ-
ent from the left TS. Notably, the TS of the right limb was
not previously fatigued before the F-injection (Fig. 3c,
d). At 52 min after drug administration, a certain force
muscle decrease was observed. In this case, the P; ampli-
tude was higher than the P, amplitude, as indicated by
the increase in AP values [Fig. 3¢ (Ii}, d {IE}]. However,
at & min after the beginning of fatigue stimulation, the
force developed by the muscle appeared at a certain sta-
tionary level, which was held during the experimental
series. The difference between the P; and P, amplitudes
disappeared (value of AP decreased to zero), which may
indicate a constant force level at the time of loading. It

terms of use apply. Rights reserved.
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Fig.3 Strength of the ipsi- and contralateral m. triceps surae (T5) contraction induced by electrical fatigue stimulation before and after CFAS injec-
tion into the kit TS: a, ¢ time protocol registrations of the left and right TS contraction, respectively (triangles indicate the morment the of the CggRAS
injection); b, d amplitude values of the muscle farce (P,) at the beginning of single tetanic contractions (squares) and AP (the difference between
the farce values at the beginning and at the end of muscle contraction; tridngles). The rapid develapment of fatigue (a) (decrease in the muscle
strength of maore than 50%) led to shortening of the stimulation time {1-l). Designations for -1V {a) and 1-1l at (€} correspond to recardings on (b)
and (d), respectively. Indices: |, § left and right T5; F registration of rmuscle farce after the administration af CFAS into the left TS

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Prylutskyy et al. ) Nanobiotechnal (2017) 15:8

Page 7 af 12

Muscle tension (normalised values)

T5. Triangle rmarks the morment of T FAS injection

a *
e *
I35 g
o
050 L F
=
051 g | &l =§
[
0.00
I
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is significant that the muscle maintained the developed
force level for an additional 1 h [Fig. 3c (I, I15), d(IE,
1IE)]. For this muscle, the total time of the decrease of
the isometric force contraction by 50% was 120 min after
drug administration. For comparison, the control dura-
tion of the fatigue occurrence period was 42 min.

In Fig. 4a, b, a comparison of the force level changes
developed by the left TS before () and after (If) F-injec-
tion in two different experiments is presented. The sta-
tistical analysis showed a significant (p < 0.001) force
decrease during the series of fatigue stimulation before
CeoFAS administration [Fig. 4a (1), b(l,)]. After F-injec-
tion, a recovery of the muscle force for the first animal
[Fig. 4a (If)] and its holding for the second animal [Fig. 4b

(If)] was observed. At the end of the experimental
series, the recovery of the active muscle force response
was significant compared to that at the beginning and
nearly reached the control values. The analysis showed
a significant effect for the factors: drug administration
(D) and time (T) after administration and their interac-
tion. The corresponding results of this analysis were as
follows: F(D) = 2904.47, p(D) < 0.001, F(T) = 42.420,
piT) < 0,001, FiDxT) = 1350.58, p(DxT) < 0.001 (first
animal) and F(D) = 122.80, p(D) < 0.001, F(T) = 1058.29,
piT) < 0.001, p(DxT) = 1287.35, p(DxT) < 0.001 (second
animal). The data obtained in all experiments (Fig. 4c=h)
indicate that the decrease in the developed force after
CooFAS administration (If, 115) was almost two times

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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slower than in controls. The maximum significant reduc-
tion of the muscle force developed during the entire
period of fatigue stimulation was 44% after drug admin-
istration, whereas in the control this was 85%. For all
experimental animals, similar dynamics of the force level
decrease in the control and its more gradual decrease
after F-injection were observed.

Biochemical experiments

During long-term stimulation of the muscle, meta-
bolic processes change and are a main factor of muscle
fatigue. As a result of the fatigue test, the accumulation
of lipid peroxidation secondary products and changes
in the levels of antioxidants in the tissue of the fatigued
muscle were determined. The data clearly demonstrate

Content courtesy of Spninger Nature,

the increased level of peroxidation and oxidative stress
marker TBARS and H,0, after fatigue stimulation
(Fig. 5a, b). This increase was significant in relation to the
intact muscle (‘norm’) and was 23% (p < 0.05) for TBARS
and 38% (p < 0.05) for H;0,. After CyFAS administra-
tion into the left TS, the TBARS concentration was sig-
nificantly reduced compared to fatigue as follows: 29%
(p < 0.05) for the left TS and 12% (p < 0.05) for the right
one. The H;0, level decreases in comparison to the
‘fatigue group (by 6% for the left TS and 7% for the right
one), although the H;0; level remained higher in relation
to the intact group (p < (L05). In turn, in response to such
changes in the working muscle, an activation of endog-
enous antioxidants occurred. During fatigne stimulation,
the amount of muscle GSH quantitatively increased more

terms of use apply. Rights reserved.
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than two-fold (p < 0.05) and the activity of the antiper-
oxide enzyme CAT also increased. After C,;FAS admin-
istration, the GSH and CAT activities were significantly
decreased compared to the group fafigue’ by 41.8 and
15.4% for GSH and 53 and 43% for CAT (p < 0.05) for the
left and right T, respectively (Fig. 5c, d).

Discussion

In this study, we investigated changes in the contraction
force of the rat m. friceps surae under fatigue develop-
ment before and after C.FAS administration. We did not
use a level of stimulation above 40 Hz, and the rest period
between the experimental series was 15=20 min [2]. This
experimental approach allows us to analyse the nature of
the muscle contraction force parameter changes under
fatigue stimulation before CgFAS application (into the
left TS) and directly after F-injection. A marked decrease
in the muscle effort level before C FAS administra-
tion (control) was observe in the all experiments both I}
and I, stimulation series (Fig. 4a=h). It was the result of
modified stimulation pattern action, which was due to
the influence of the central and peripheral mechanisms
of the development of skeletal muscle fatigue [2]. After
intramuscular injection of the CgFAS partial ipsilateral
TS muscle recovery was registered in two rats. However,
the main finding was observed after the application of
CeoFAS. Not significant a slower effort decrease, followed
by the prolonged retention of a certain level was recorded
contralaterally in all animals. Decrease in the muscle con-
traction force was developed more slowly after C.FAS
administration compared to the control. It indicates
a deceleration of the fatigue process, and the strength
restraint at the constant level for a long time (120 min)
indicates an increase in the muscle endurance during
such conditions. The data obtained in this study indicate
that after drug injection, the time for the TS force maxi-
mal level decrease to 44% was 120 min. At the same time
in the control, the force level of this muscle during the
same period decreased to 85%. We suppose, it was caused
by antioxidant effects CFAS on the fatiguing muscle.
The duration of the muscle recovery and its rest peri-
ods are also important factors for maintaining efficiency
and the normal physiological state of the muscle during
dynamic work execution [12]. The dynamic component
of the single tetanic contraction is likely a reflection of
the interaction of the efficiency of the initial increase of
the fast motor unit contractile properties and processes
of the fatigue strength reduction [37]. Thus, recovery of
muscle strength after F-injection both for the preliminary
tired and at fresh muscles indicate, that water-soluble
pristine Cg, fullerenes can penetrate through the plasma
membrane of cells [18, 19] and render of powerful anti-
oxidant effect on the contractile apparatus of striated
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muscle, thereby facilitating its functional recovery after
experimentally induced fatigue.

Under a moderate external load on the muscle, metab-
olism occurs aerobically. In the actively contracted mus-
cle, metabolism significantly increases, resulting in the
accumulation of secondary oxidation products in muscle
fibres, which leads to fatigue development [38]. These
metabolic processes are a source of oxygen free radicals
and contribute to the intensification of lipid peroxida-
tion processes [39-41]. The presence of such metabo-
lism products prevents the adequate implementation of
muscle work and increases the duration of the recovery
period. Strenuous exercise and endurance training cause
oxidative stress in skeletal muscle and can therefore alter
the prooxidant-antioxidant balance [42, 43]. Despite
extensive research over the years, the relationship
between free radical generation, antioxidant enzymes
and exercise in skeletal muscle remains controversial
[44, 45]. These discrepancies may be related to differ-
ences in exercise mode, intensity, duration of the train-
ing program, and muscle fibre type. Skeletal muscles are
highly heterogeneous. Each muscle fibre type has distinct
metabolic characteristics and oxidative potential as well
as antioxidant defence capacity [41). In our study, as a
result of fatigue stimulation in working muscle, there was
a significant increase in the secondary products of lipid
peroxidation and H,0, compared to the intact (unstim-
ulated muscle) muscle (Fig. 5). During intense (physical
activity) contraction, the flow of oxygen through muscle
cells is greatly increased. High levels of oxygen uptake
{up to 100-fold) can lead to excessive ROS generation and
are implicated in fatigue, muscle soreness, and myofibril
disruption [45]. Moreover, another potential mechanism
involved in the oxidative stress response to high-intensity
exercise is the redistribution of blood flow, such as ele-
vated blood flow in the heart, lung, and red slow-twitch
muscle fibres, leading to increased mitochondrial respi-
ration, which results in an increase in the production of
ROS. We found that long-term electrical stimulation of
the muscle induced a significant increase in TBARS and
H,0, content that led to an increase of CAT activity and
GSH content in both fast- and slow-twitch muscle fibres.
In this case, after C,;FAS administration, the oxygen
metabolite concentration was significantly lower. This
confirms the previous data regarding the protective effect
of CeoFAS on the immune and antioxidant systems of the
body in various pathologies [15, 46]. The mechanisms of
effects of this drug can positively influence the processes
of endurance and recovery of the active muscles, inacti-
vating the products of its metabolism.

Increased amounts of GSH in the stimulated mus-
cle (without drug administration and after its applica-
tion) are evidence of the compensatory activation of the

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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endogenous antioxidant systems on the irritant action
of sufficient strength (Fig. 5). Many studies showed that
during intense stress, there is a significant decrease of
reduced GSH and an increased concentration of its oxi-
dative form in the myocardium and m. soleus [47, 48].
Simultaneously, contradictory data were obtained in the
experiments studying endurance [47, 49]. It was found
that under physical activity, the amount of reduced GSH
in the m. gastrocnemius and DVL increase. It is likely that
in m. solens, a muscle with a high content of myoglobin,
all metabolic and biochemical processes occur under aer-
obic conditions, which use a large number of mitochon-
drial enzymes, and the accumulation of oxidized GSSG
does not have time to reduce [50]. At the same time,
the above mentioned processes in the m. gastrocnemius
occur anaerobically, in contrast to the m. solews. This
causes a slow oxidation process and increases the amount
of reduced GSH [51, 52]. Under fatigue, after C_FAS
administration, the GSH content was somewhat reduced
compared to the “fatigue” state, indicating a reduction in
oxidative stress and a normalization of the pro- and anti-
oxidant balance in rat muscle tissue (Fig. 5).

An increase of H,0, during exertion leads to an
increase in CAT enzyme activity that has a protective
antioxidant function by catalysing the decomposition of
hydrogen peroxide to water and oxygen. These results are
confirmed by previously obtained data from acute experi-
ments on rats with DVL stimulation [47, 52]. An increase
of the enzyme activity in response to exercise was also
shown in humans [53]. Moreover, some studies indicate
an absence of any changes in CAT concentration in the
muscles during physical activity [44, 54, 55]. In fact, sev-
eral reports demonstrated decreases in catalase activity
in both oxidative and mixed fibre limb muscles [56, 57].
In our study, after C,FAS administration under fatigue
development, the CAT activity was significantly reduced
compared to pure fatigue and remained at the control
level. It is hypothesized that CFAS influence the con-
tent and activity of endogenous antioxidants and prevent
the occurrence of fatigue in actively contracting muscle,
thereby contributing to maintenance of its normal physi-
ological state.

Free radical processes increasing is the main patho-
genic factor during skeletal muscles fatigue develop-
ment [58]. Under significant physical activity there is
highly overproduction of free radicals in muscle tissue
that intensifies the processes of lipid peroxidation, cell
membranes damage and antioxidant enzymes inactiva-
tion [59]. The active oxygen metabolites cause direct
inhibition of respiratory chain mitochondrial enzymes
and reducing the balance of ATPJADF [59)]. The above
processes in the background of the lactate accumulation
with subsequent development of acidosis and blockage of

Content courtesy of Spninger Nature,
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membrane Ca?" channels lead to a pronounced energy
deficit and a significant functional activity reduction of
muscle tissue [60].

It is known that application of different nature exog-
enous antioxidants leads to a significant reduction of
fatigue skeletal muscle during intense physical activ-
ity and increases the onset time of muscle fatigue under
prolonged intense endurance exercise [10, 61, 62]. These
data demonstrate the feasibility of using antioxidants to
correct the level of oxidative stress in the muscle tissue
under extreme influences on the body and its efficiency
increasing. Since pristine Cg fullerenes, as previously
shown in various models in vitro and in vivo [13, 15, 63],
actively bind free radicals and display a powerful anti-
oxidant properties of direct action, we can assume that
the application of water-soluble Cg, fullerenes led to the
prooxidant-antioxidant balance normalization in the
muscle tissue of rats and helped improve the dynamic
parameters of muscle contraction.

Conclusion

The use of C,FAS, even at a low therapeutic dose (0.1-
0.15 mg/kg) leads to a reduction in the recovery time of
the muscle contraction force (after its complete exhaus-
tion state) on the one hand, and an increase in the time
of the muscle active work (endurance) until fatigue devel-
opment on the other This result illustrates the effect
of C,FAS, along with other possible mechanisms, on
prooxidant-antioxidant homeostasis in the muscle tissue
of rats.

Abbreviations

P AS: pristine C, fullerene aqueous colloid solution; H.0;: hydrogen perox-
ide; TEARS: thiobarbituric acid reactive substances; G5H: reduced glutathione;
CAT: catalase; ROS: reactive axygen spedes; NAD™: nicotinamide adenine
dimuckeotide; HCI: hydrochloric acid; AFM: atomic force microscopy; SAMNS:
small-angle neutron scattering; FOX: ferrous jon cuidation xylenaol orangs;
H,50,;: sulphuric acid; EDTA: ethylenediaminetetraacetic acid; DAC: digital

to analogue converter; ADC: analogue to digital corverter; AMOVA: analysis
of variance; DVL: deep portion of vastus lateralis musde; G55G: glutathione
disulfide.

Authors’ contributions

W, AWM and MVE designed and performed the experiments, and the in vitro
assays were performed by O0G. UR, PS and OAK were responsible for CgRAS
synthesis and characterization. TT helped with preparation of the manuscript
and provided funding support. DMM and VM helped collect and analyze data.
fullP and AlK prosided supervision and guidance throughout this work. The
manuscript was written through contributions of all authaors. All authors read
and approved the final manuscript.

Author details

! Department of Biophysics, Taras Shevchenko National University of Kyiv,
‘iolodyrmyrska Str. 60, Kiev 01 601, Ukraine. Diepartment of Movement
Physiclogy, Bogomaletz Institute of Physiclogy, Bogomioletz 5. 4, Kiev 01024,
Ukraine_ ¥ Department of Hypoxic States Investigation, Bogomoletz Institute
of Physiology, Bogomoletz Str. 4, Kiev 01024, Ukraine. * Joint Institute

for Nuclear Research, Joliot-Curie Str. 6, Dubna, Moscow Region, Russia,

5 Institute of Chemistry and Biotechnology, Technical University of limenau,

terms of use apply. Rights reserved.



Brylutskyy et al. | Nanobiotechnol (2017) 15:8

Weirnarer Str. 25, 98503 limenay, Germany. ® University of Physical Education
and Sport, Kazimierza Gorskiego 5tr., 80-336 Gdansk, Poland. 7 Lesia Ukrainka
Eastern European Mational University, Volya Avenue 13, Lutsk 43025, Ukraine.

Acknowledgements
Mot applicable.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate

The use of the animals was approved by the Ethics Committes of the Institute
and perfarmed in accordance with the European Communities Council Direc-
tive of 24 Movemnber 1986 (B&/509/EEC).

Funding
This work was supported by Grant 0024/RSA2/2013/52 from Rozwaj Sportu
Akademickiego, POLAND.

Received: 7 Movember 2016 Accepted: 30 December 2016
Published online: 13 January 2017

References

1. Kostyukow Al Hellstrom F, Korchak OF, Radovanovic 5, Ljubisavljevic

M, Windhorst U, Johansson H. Fatigue effects in the cat gastrocnemius
during frequency-modulated efferent stimulation. Newoscience.
20009278909,

Kostyukow Al, Kaleric |, Serenko 56, Ljubisavijevic M, Windhorst U,
Johansson H. Spreading of fatigue-related effects from active to inactive
parts in the medial gastrocnemius muscle of the cat. Eur J Appl Physial.
2002:86:295-307.

Ervilha UF, Farina D, Arendt-Mielsen L, Graven-Nieken T. Expetimental
musde pain changes motor control strategies in dynamic contractions.
Exp Brain Res. 2005;164:215-24.

Kadetoff D), Kosek E. The effects of static muscular contraction on
blood pressure, heart rate, pain ratings and pressure pain thresholds

in healthy individuals and patients with fibromyalgia. Eur ) Pain.
2007113947,

Schomburg ED, Steffens H, Pilyavskii Al Maisky VA, Brisck W, Dibaj P, Sears
TA. Long lasting activity of nociceptive muscular afferents facilitates
bilatera flexion reflex pattern in the feline spinal cord. Meurasci Res.

2N 59551-8.

Allen DG, Lamb GO, Westerblad H. Skeletal muscle fatigus: cellular
mechanisms. Physiol Rev. 2008:88:287-332.

Aruoma 1. Free radicals, oxidants and antioeddants: trend towards the
wear 2000 and beyond. Inc Aruoma O, Hallwell B, editors. Molecular biol-
ogy of free radicals in human dis=ase. London: OICA International; 1998,
p1-28

Martarelli 0, Pompei P Cridative stress and antiowidant changes duning a
24-hours mountain bike endurance exercise in master athletes. ) Sports
Med Phys Fit. 2009491227,

Richter C. Biophysical consequence of lipid peroxidation in membranes.
Chem Phys Lipids. 1987;44:175-89.

Mach I, Midgley AW, Dank 5, Grant R, Bentley 0. The effect of antioddant
supplementation on fatigue during exercise: potential role for MAD + (H).
Hutrients. 2010;2:319-29.

Read MB, Stokic 015, Koch SM, Khawli FA, Leis A& N-acetylcysteine inhibits
musde fatiguz in hurmans. ) Clim Imest. 199494246574,

. Harris RC, Sale €. Beta-alanine supplementation in high-intensity exercise.
Med Sport Sci. 2001 2,59:1-17.

Gharbi M, Pressac M, Hadchouel M, Szwarc H, Wilson 58, Moussa F Cgy
fullerene is a powerful antioxidant in vivo with no acute or subacute
taxicity. Mano Lett. 2005,52573-85.

. Sun T, ¥u Z. Radical scavenging activities of alpha-alanine Cy, adduct.
Bicorg Med Chemn Lett. 2006;16:3731—.

Prylutska SV, Gryryuk I, Matyshevska OP Prylutskyy Yul, Ritter U, Scharfi P
Anti-axidant properties of Cgy fullerenes in vitro, Fuller Manotulb Carbon
Manostruct. 200E;16:698-705.

84

21

22

23

24

25

27.

Page 11 0f 12

. Prybutska SV, Grynyuk Il Grabinyk SM, Matyshevska OR Prylutskyy Y1,

Ritter U, Siegmund C, Scharff P Comparative study of biological action
of fullerenes Cgy and carbon nanotubes in thymus cells. Mat Wiss Werkst.
20054023841,

. Mozdrenko DM, Prdutskyy Yul, Ritter U, Scharff P Protective effect of

water-soluble pristine Cgg fullerene in schemia-reperfusion injury of skel-
etal muscle. Int J Phys Pathophys. 2014, doi:10.1615/AntPhysPathophys.
vEiZio

. Prylutska 5, Bilyy R, Overchuk M, Bychko A, Andreschenko K, Stoika

R, Rybalchenko v, Prdutskyy ¥, Tsierkezos NG. Water-soluble pristine
fullerenes Cg increase the specific conductivity and capacity of lipid
model membrane and form the channels in cellular plasma membrane. J
Biomed Manotechnol. 201 2,8:522-7.

. Panchuk RR, Prdutska 5V, Chumak VW, Skorokhwd MR, Lehka LV, Evstigneey

MP. Prylutskyy Yul, Barger W, Heffeter P, Scharf? B et al. Application of
Cgp ullerene-doxonsbicin complex for tumer cell treatment in vitro and
in vivo. ) Biomed Manotechnol. 2015:11:1136-52.

. Prydutskyy Y1, Petrenko VI, hvankow O, Kyzyma OA, Bulawvin LA, Litsis

00, Evstigneey MFP, Cherepanov W, Maumowets AG, Ritter LL On

the origin of C50 fullerene solubility in aqueous solution. Langrmuir.
2014;30014):39%67-70.

Ritter U, Prylutskyy Yul, Evstignesv MP, Davidenko NA, Cherepanow WV,
Senenka Al, Marchenko O8, Maumovets AG. Structural features of highly
stable reproducible O, fullerene aqueous colloid solution probed by
various techniques. Fuller Manotubes Carbon Manostruct. 2001523:530-4.
Kuklin Al lslamaw AKh, Gordeliy V1. Two-detector system for small-angle
neutron scattering instrument. Meutron Mews. 2005;16:16-8.

Soloviev AG, Solovieva TM, Stadnik AV, klamay AH, Kuklin AL The upgrade
of package for preliminary treatment of small-angle scattering spectra.
JINR Commun. 2003;102003-86.

Maori T, Takada H, Ito 5. Preclinical studies on safety of fullerene upon
acute oral administration and evaluation for no mutagenesis. Toxicology.
20062 25:48-54.

Sedlak J, Lindsay RH. Estimation of total, protein-bownd, and monpro-
tein sulftydrd groups in tissue with Ellman’s reagent. Anal Biochem.
1968,25:192-205.

. Buege JA, Aust SD. Microsomnal lipid peroxidation. Methods Enzymaol.

197852302-10

Wil ff SP. Ferrows lon arddation in presence of ferric ion indicator
xylenol crange for measurement of hydroperaxides. Methods Enzymaol.
1994:233:182-9.

28. Catalase Asbi H. Inc Bergmeyer HU, editor. Methods of enzymatic analysis.

E1 R

i

ELR

34

15

New York: Academic Press; 1983, p. 276-86.

. Prylutska 5V, Matyshevska OF, Golub AA, Prylutskyy Yul, Potebrya GF,

Ritter U, Scharff P Study of C, fullerenes and C-containing composites
Cytotaxicity in vitro, Mater Sci Eng. 2007:27:1121-4.

. Cataldo F. Solubility of fullerenss in fatty acids esters: a new way to deliver

in vivo fullerenes Theoretical calculations and expenimental results.

Inc Cataldo F, Da Ros T, editors. Medicinal chemistry and pharmacio-
logical potential of fullerenes and carbon nanotubes, series: carbon
materials: chemistry and physics, vol. 1. Metherands: Springer; 2008.
dioi:1 01007 /978-1-4020-6845-4.

Prybutskyy Y1, Durow 55, Bulavin LA, Adamenko Il, Monoz KO, Geru il
Dihor IN, Scharff P, EKlund PC, Grigorian L. Structure and thermophysi-
cal properties of fullerene CA0 aqueous solutions. Int J Thermophys.
200122304356

Prylutskyy Y1, Buchelnikowv AS, Viaronin DF, Kostjukow WV, Ritter U, Parkinson
1A, Evstigneew MP. C 60 fullerens aggregation in agueous solution. Phys
Chemn Chem Phys. 2013;15{23):9351-60.

Glatter 0. A new method for the evaluation of small-angle scattering
data. J Appl Cryst. 1977, 10:415-21. doiz10U1 107/5002 1 833377013879,
Awdeev MV, Khaldhryakow A4, Tropin TV, Andriewvshky GV, Klochkow VE,
Detewyanchenko LI, Rosta L, Garamus VM, Priezzhev VB, Korobow kY, et al.
Structural features of molecular-colloidal solutions of C&0 fullerenes in
water by small-angle neutron scattering. Langmauir. 20042 (e4363-8.
Johnston HI, Hutchison GR, Christensen FM, Aschberger K, Stone V. The
baological mechanisms and physicochemical characteristics responsible
for driving fullerene toxicity. Towicol Sci. 2010;114:162-82.

. Aschberger K, Johnston HI, Stone V!, Aitken R, Tran CL, Hankin SM, Peters

A, Tran CL, Christernsen P Review of fullerene toxicity and exposure

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Prylutskyy et al. ) Nanobiotechnal (2017) 15:8

a7z

9.

41,

42

43

45,

47

appeaisal of a human health risk assessment, based on open literature.
Regul Toxicol Pharmacol. 2000;58:455-73.

De Luca CJ, Contessa P. Hierarchical contral of motor wnits in woluntary
contractions. J Meurophysiol. 2012;107:178-95.

Casey DF Jayner M. Local control of skeletal muscle blood flow during
exercise: influence of available ooygen. J Appl Physiol 201 1;111:1527-38.
Barclay J, Hansel M. Free radicals may contribute to oxidative skeletal
muscle fatigue. Can J Physiol Pharmacol 1991,65:279-54.
Diaz FT, She ZW, Davis WE, Clanton TL. Hydroxylation of salicylate by

the in witro diaphragm: evidence for lydroxyl radical production during
fatigue. J Appl Physiol. 1993;75:540-5.

Ji L Antioxidants and oxidative stress in exercise. Proc Soc Exp Biol Med.
1990222:283-92.

Diavies KJ, Quintanilha AT, Brooks GA, Packer L. Free radical and tis-

sue damage produced by exercise. Biochem Biophys Res Commun.
19821071 198205,

Powers SK, Criswell D, Lawler 1, Ji LL, Martin O, Herb RA, Dudley G. Influ-
ence of exercise and fiber type on anticddant enzyme activity in rat
skeletal muscle. Am J Physiol_ 1994266837580

Ji LL. Exercise and ouadative stress: role of the cellular anticxidant systems.
Exerc Sport Sci Rew. 199523:135-66.

Clanton TL, Zua L, Klawitter P Oxidants and skeletal muscle function:
physiologic and pathophysiologic implications. Proc Soc Exp Biol Med.
199022225362,

Didenko G, Prylutska 5, Kichmarenko ¥, Potebrya G, Prylutskyy Y, Slobody-
anik M, Ritter U, Scharff P Evaluation of the antitumaor immune response
ta Cg fullerene. Mat Wiss Werkst. 201 344:124-8.

Leeuwenburgh C, Hollander I, Leichtweis 5, Griffiths M, Gore M, Ji LL.
Adapiations of glutathione antioxidant systern to endurance training are
tissue and muscle fiber specific. Am J Physiol 199727 2R363-9.

Ramires PR, Hollander J, Fiebig R, Ji LL. Effects of training and distary
glutathione on liver and muscle glutathione status im rats. Med 5ci Sports
Exerc. 1998:31:552.

Semn CK, Marin E, Kretzschmar M, Hanninen . Skeletal muscle and fver
glutathione homeostasis in response to training, exercise, and immobili-
zatian. ] Appl Physiol. 1992,73:1265-72.

85

52

g3

55.

57,

ga.

&1

&2,

63

Page 12 af 12

. Leichtweis 5 Leeuwenburgh C, Fiebig R, Parmeles D Yu )3, Ji LL. Rigor-

ous swim training deteriorates mitochondrial function in rat heart. Med
Sci Sports Exerc. 199426560,

. Lew H, Pyks 5, Quintanilha A Changes in the glutathione status of

plasma, liver, and muscle following exhaustive exerdise in rats. FEES Lett.
1985;185:262-6.

JiLL, Fu RG. Responses of glutathione system and anticidant enzymes
to exhaustive exercise and hydroperoxide. | Appl Physaol. 1992,7 -545-54.
Sen CK. Ohddants and antioxidants in exercise. J Appl Physiol

1995 79:675-86.

. Jenkins RR. Free radical chemistry: relationship to exercise. Sports Med.

19885:156-70.
Meydani M, Evans W.. Free radicaks, exercise, and aging. In: Yu B, editor.
Free radicals in aging. Boca Raton: CRC Press; 1993, p. 183-204.

. Laughlin MM, Simpsoin T, Sexcton WL, Brown OR, Smith K, Korthuis RIL

Skeletal muscle oxidative capacity, antioxidant enzymes, and exercise
training. J Appl Physiol 199068:2337-43.

Leewwenburgh C, Frebig R, Chandwancey R, Ji LL Aging and exercise
training in skedetal musde: responsas of glutathione and antioxidant

enzyme systems. Am J Physiol. 1994267843943,

. Lee KF, Shim ¥, Cho 5C, Lee SM, Bahn'Y), Kim J¥, Kwaon E5, Jeong D, Park

SC, Rhee 50, et al. Peroudredoodn 3 has a crucial role in the contractile
function of skeletal muscle by regulating mitochondrial hameostasis.
Free Radical Biol Med. 201477 298-306.

Carkson PM, Thompson HE. Antiosidants: what role do they play in physi-
«cal activity and health? Am J Clin Mutr. 2000072:637-46.

. Grassi B, Rossiter HE, Zoladz JA. Skeletal muscle fatigue and

decreased efficiency: two sides of the same coin? Exerc Sport Sci Rev.
2015;43:75-83.

Ferreira LF, Reid MB. Muscle-derived ROS and thiol regulation in muscde
fatigue. J Appl Physiol 2008;104:853-60.

Hong 55, Lee JY, Lee IS, Lee HW, Kim HG, Lee SK, Park BK, Son CG. The tra-
ditional drug Gongjin-Dan ameliorates chronic fatigue in 2 forced-stress
mouse exercise model. J Ethnopharmacol. 2015;168:268-78.

Krustic PJ, Wasserman E, Keizer PN, Morton JR, Preston KF. Radical reac-
tions of Co Science. 1991:254:1183-5,

Submit vour next manuscript to BioMed Central
and we will help you at every step:

= Wi aocept pre-submission inquiries

= Our selector tool helps you to find the most relevant journal

= We provide round the dock customer support

= Comvenient online submissian

= Thorough peer review

* Indusion in PubbMed and all major indexing services

= Maximum visibility for your research

Submit your manuscript at
www_biomedcentral comdsubmit

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



? frontiers
in Physiology

86

ORIGINAL RESEARCH
published: 15 May 2018
deic 10.3389/phy=.2018.00517

OPEN ACCESS

Edited by:

Gareth Devizon,
Reviewed by

Michalis G. Mikoiaigis,
Anstolie University of Thessaiomid,
Greece

Mutay Aslar,

Akdeniz University, Torkey
*Correspondence:

tna . Wereshchaka

inna vi@hiph.kisv.Lm

Specialty section:

This article was submitted to
Owidant Physiology:

a2 zaction of the jounal
Frontiers in Physiology
Received: 05 February 2078
Accepted: 20 Aol 20718
Published: 15 May 20718

Citation:

Viereshchaka I, Bulgakova NV
Maznychanko AV, Gonchar OO,
Prylutskyy Y], Ritter U, Moska W,
Tomnisk T, Nozdrenko DM,
Mizhchenko [V and Kosfyukov A
{2018) Cgg Fulleranes Diminish
Muscle Fatigue in RAats Comparable
to N-acencystaing or [f-Alsnine.
Front. Physiol. 9:517.

doi: 10.3388/4phy=.2018.00517

Chack far
i

Ceo Fullerenes Diminish Muscle
Fatigue in Rats Comparable to
N-acetylcysteine or -Alanine

Inna \. Vereshchaka'™, Nataliya \{ Bulgakova?®, Andriy . Maznychenko?,
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! The Uinit of the Theory of Physical Education, The Chair of Physical Education, Gdansk University of Physical Education and
Spart, Gdarisk, Poland, ¥ Department of Movement Physiology, Bogomalstz institute of Physiology, Mational Academy of
Sciences, Kyl Ukraine, ? Dapartment of Hypowic States Investigation, Bogomoletz Instifute of Physiclogy, National Academy
of Sciences, Ky, Ukraine, * ESC “Institute of Binkogy and Medicing”, Taras Shevchenko Mational University of K Ky,
Likraine, * instiute of Chemistry and Biotechnology, Technical University of imenaw, Mmenaw, Gamany, ® Lesya Ukrainka
[East European National Universiny, Lutsk, Livaine

The aim of this study is fo detect the effects of Cgy fullerenes, which possess
pronounced antioxidant properties, in comparison with the actions of the known
exogenous antioxidants N-acetyloysteine (MAC) and B-Alanine in terms of exercise
tolerance and contractile property changes of the m. triceps surae (TS) during
development of the muscle fatigue in rats. The electrical stimulation of the TS muscle
during four 30 min series in control rats led to total reduction of the muscle contraction
force. Furthermore, the effects of prior intraperitoneal (i.p.) or oral GggFAS application
and preliminary i.p. injection of NAC or p-Alanine on muscle contraction force under
fatigue development conditions is studied. In contrast to control rats, animals with
CgoFAS, NAC, or B-Alanine administration could maintain a constant level of muscle
effart over five stimulation series. The accumulation of secondary products and changes
in antioxidant levels in the muscle tissues were also determined after the fatigue tests.
The increased levels of lactic acid, thiobarbituric acid reactive substances and H;Os
after stimulation were statistically significant with respect to intact muscles. In the
working muscle, there was a significant (o < 0.05) increase in the activity of endogenous
antioxidants: reduced glutathione, catalase, glutathione peroxidase, and superoxide
dismutase. Treated animal groups showed a decrease in endogenous antioxidant
activity relative to the fatigue-induced animals (P < 0.05). Oral GgpFAS administration
clearly demonstrated an action on skeletal muscle fatigue development similar to the
effects of i.p. injections of the exogenous antioxidants NAC or p-Alanine. This creates
opportunities to oral use of CggFAS as a potential therapeutic agent. Due to the
membranotropic activity of Ggg fullerenes, non-toxic CggFAS has a more pronounced
effect on the prooxidant-antioxidant homeostasis of muscle tissues in rats.

Keywords: Cgp fullerene, skeletal muscles fatigue, electrical stimulation, oxidative stress markers, antioxidant
system

Abbreviations: CgpFAS, pristine Cgy fullerene aqueous colloid selution; CAT, catalase; GPx, glutathione peroxidase; GSH,
reduced glutathione; HyO;, hydrogen peroxide; NAC, antioxidants N-acetyleysteine; SOD, superoxide dismutase; TBARS,
thiobarbituric ackd reactive substances; TS, . triceps surae.
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INTRODUCTION

Fullerenes are a new kind of organic compounds, consisting
of carbon atoms with very attractive photo-, electrochemical
and physical properties that can be used in many biological
fields, which make fullerenes potential therapeutic agents for a
wide range of applications in nanomedicine (Anilkumar et al.,
2011; Dellinger et al., 2013; Castro et al., 2017). With respect
to its electron donor and acceptor capability fullerenes can be
effective antioxidants and radical scavengers (Bosi et al,, 2003;
Bakry et al, 2007). It was shown that under the influence
of light, fullerene acts as a prooxidant (Kamat et al, 2000),
generating singlet oxygen (Bosi et al, 2003), which can be used
in photodynamic therapy of cancer and other diseases. Some
fullerene derivatives exhibit inhibitory activity against human
immunodeficiency virus reverse transcriptase and hepatitis C
virus RNA polymerase (Mashino et al., 2005 Nakamura and
Mashino, 2012), and can stabilize immune effector cells to
prevent or inhibit the release of proinflammatory mediators,
making them potential candidates for a variety of diseases, such
as asthma, arthritis, and multiple sclerosis (Dellinger et al., 2013).
Thus, fullerenes and their derivatives are excellent candidates for
multiple functionalization.

It is known, that muscle fatigue is accompanied by ionic
changes in action potentials (Allen et al., 2008) along with various
metabolic disturbances in skeletal muscles, when reactive oxygen
species (ROS) are formed (Halliwell and Gutteridge, 1989), excess
lactic acid (LA) (Sahlin et al, 1987), and lipid peroxidation
(Venditti and Di Meo, 1997). With excessive accumulation
of these substances, oxidative stress occurs, which leads to
significant functional disorders since various components of cells
may be damaged. The damage could include changes in protein
structures, nitrogenous bases, and destruction of membranes
(Powers and Jackson, 2008). Muscle cells contain endogenous
cellular defense mechanisms in the form of enzymatic and non-
enzymatic antioxidants that can partially eliminate ROS (Sen
et al, 1994; Banerjee et al, 2003). A changes in the level of
enzymes (30D GPx, and CAT) under loading was observed in
both animals and humans (Sen, 1995). During exhausted loads,
the amount of SOD increased in skeletal muscle (Powers et al
1999), whereas the level of GPX activity had not changed (Brady
et al, 1979) or was increased (Powers et al, 1999). Similar
phenomena were observed concerning CAT activity when no
changes were observed during exercise (Powers et al., 1994a), and
there was an increase in activity under certain loads (Ji and Fu,
1992). Thus, the understanding of the mechanisms involved in
the process of increasing antioxidant enzymes during exhaustive
exercise has yet to be under debate.

Intense muscle loading contributes to rise of oxidative stress in
muscle tissue (Powers et al, 1999). The presence of ROS inhibits
the tricarboxylic acids cycle and disrupts the mitochondria
electronic transport chain (Janero and Hreniuk, 1996). With
intense physical activity, the rate of hydrolysis of ATP may exceed
the rate of its resynthesis, which leads to a decrease in ATP and
the formation of muscle fatigue effects (Graham et al, 1978;
Sahlin, 1985). However, the synthesis of ATP during training can
be supported by antioxidants supplementation, which accelerate

the process of muscle recovery after fatigue. There are evidences
demonstrated a moderately beneficial effect of NAC (Supinski
et al.,, 1997; Sandstrom et al., 2006) and p-Alanine (Stout et al.,
2007; Ghiasvand et al, 2012; Summermatter and Handschin,
2012; Schnuck et al, 2016) supplementation for exercise with
a substantial contribution from oxidative metabolism. It was
shown unspecific antioxidant activity of NAC with increase
GSH synthesis and reduce muscle-derived ROS levels during
contraction (Sandstrom et al,, 2006). Another study suggested a
delay accumulation of lactate during exercise and increasing time
to exhaustion under f-Alanine supplementation (Summermatter
and Handschin, 2012). In our previous study, we showed a
facilitation effect of water-soluble Cgp fullerenes on the removal
of some symptoms of skeletal muscle fatigue (Prylutskyy et al,
2017). S0, we consider that because of novel field of Cgy fullerenes
application (muscle fatigue) it was important to assessed the
adequacy and efficiency of Cgg fullerene protective properties
against oxidative damage in comparison with the action of known
antioxidant NAC and p-Alanine. It was hypothesized that due
to its unique chemical structure and bioactivity a water-soluble
Cgp fullerenes would have predominant influence on prooxidant-
antioxidant homeostasis of rat muscle tissue. In our the previous
work we detected the effect of the Cgy fullerenes in the short-
term period after intramuscular injection (Prylutskyy et al.,
2017), in this study we determined the most optimal way of
its application and investigated the effect of Cgp fullerenes after
preliminary administration, which implies its preventive use in
case of muscular fatigue.

MATERIALS AND METHODS

Material Preparation and

Characterization

A highly stable CgFAS at a maximum concentration of
0.15 mg/ml was prepared as described earlier (Scharff et al., 2004;
Ritter et al., 2015). Briefly, for the preparation of CgpFAS we used
a saturated solution of pristine Cgp fullerene (purity =>99.99%)
in toluene with a Csp 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 ultrasonic bath. The procedure was continued until the
toluene had completely evaporated and the water phase became
yellow colored. Filtration of the aqueous solution allowed to
separate the product from undissolved Cag fullerenes.

DLS Measurements

Measurements of the hydrodynamic size distribution for Cgg
fullerenes in agueous solution were performed by dynamic
light scattering (DLS) on a Zetasizer Nano-Z590 (Malvern,
Waorcestershire, United Kingdom) at room temperature. A DLS
instrument equipped with a HeNe laser (max 5 mW) operating
at a wavelength of 633 nm was used. The measurements were
performed ata 907 scattering angle. The autocorrelation function
of the scattered light intensity was analyzed with Static Light
Scattering software.
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Zeta Potential Measurements

Zeta potential measurements for CgpFAS were carried
out on a Fetasizer Nano-Z590 (Malvern, Worcestershire,
United Kingdom) at room temperature. The results were
evaluated using the Smoluchowski approximation, which is
known to be valid only for spherical-like particles.

Procedure and Experimental Groups
Experiments were performed on male Wistar rats weighing 280-
350 g with ages ranging from 4 to 6 months. The animals
were purchased from a state-controlled animal farm through the
common animal facility of Bogomoletz Institute of Physiology
(Kyiv). The experimental animals were housed in Plexiglas cages
(four rats per cage) and kept in an air-filtered and temperature-
controlled (20-22°C) room. The rats received a standard pellet
diet and water ad libitum. The present study was approved by the
Ethics Committee of the Institute and performed according to the
European Communities Council Directive of November 24, 1936
(86/609/EEC).

All animals were randomly divided into 7 groups: 1st -
fatigue-induced animals (# = 6); 2nd - vehicle-injected [fatigue-
induced rats with a preliminary intraperitoneal (Lp.) injection
of 0.3 ml of saline solution, # = 6]; 3rd - CeFAS-injected [F-
injection; fatigue-induced rats with a preliminary ip. injection
of 0.3 ml (0.14 mg'kg) of CxnFAS, n = 6]; 4th = animals with
oral administration of CegFAS [F-drinking; fatigue-induced rats
with a preliminary (within 5 days, 0.225 mg/kg per day) oral
introduction of CgpFAS, n = 6]; 5th = NAC-injected (fatigue-
induced rats with a preliminary Lp. injection of 150 mg'kg
of NAC dissolved in saline solution, n = 6); 6th - f-Alanine-
injected (- Al-injection; fatigue-induced rats with a preliminary
ip. injection of 110 mg/kg of p-Alanine dissolved in saline
solution, # = 6); and 7th - intact animals (rats were used only
for biochemical studies, n = 6).

It should be noted that the toxicity of the pristine Cg
fullerenes is strictly dependent on their size (the degree of
aggregation in the water). In our previous works (Prylutska
et al, 2009, 2017; Tolkachov et al., 2016), we investigated in
detail the in vitro toxicity of CE0FAS. We can conclude that at
a maximum concentration of 0.15 mg/ml, C60FAS (the diameter
of nanoparticles is up to 50 nm) does not exhibit any genotoxicity
and cytotoxicity to various types of cells, including human
ones. [t is important to note that the doses of CgpFAS used
in this study do not present any acute or subacute toxicity
in animals: they were significantly lower than the maximum
tolerated dose of pristine Cgp fullerene, which was found to
be 5 g/kg both for oral or ip. administration to rats (Gharbi
et al, 2005). Toxic or lethal effects were not observed in the
studies of the impact of Cgy fullerenes after oral administration
to rats at a total dose of 2 g/kg for 14 days (Mori et al,
2006). Moreover, according to our previous data (Tolkachov
et al., 2016) CgoFAS at the concentrations up to 24 pg/ml does
not manifest any in vitro toxic effect on human mesenchymal
stem cells. CspFAS (0.1 mgfml) does not induce DNA strand
breaks in the human lymphocytes as revealed by the comet
assay (Prylutska et al, 2017). Finally, the authors (Swidwiiska-
Gajewska and Czerczak, 2016) state that oral exposure of pristine

Cgp fullerene nanoparticles does not lead to major adverse
effects because they were not mutagenic and genotoxic in
experimental research. The pristine Cgo fullerene is characterized
by low toxicity and it does not pose a risk in the occupational
environment.

Fatigue of the TS of rat was induced by electrical stimulation
of n. tibialis. CegFAS, NAC, p-Alanine or saline solution were
administered 1 h prior to electrical stimulation. After the
experiment, the TS of all animals in all groups were removed for
biochemical analysis.

The animals were anesthetized with ketamine (100 mg/kg
“Pfizer”, United States) combined with xylazine (10 mg/kg,
“Interchemie;” Holland), tracheostomized and artificially
ventilated (out of necessity). The left and right TS muscles
were separated from the surrounding tissue, their tendons were
detached at the distal insertions, and a small bone chip from
the heel was left behind. The n. tibialis was separated from the
tissue and cut proximally, and all branches of the nerve, except
nerves innervating the TS, were cut. This nerve was mounted on
a bipolar platinum wire electrode for electrical stimulation. The
hindlimb muscles and nerves were covered with paraffin oil in
a pool formed by the skin flaps. The ECG and heart rate were
continuously monitored. Pools with mineral oil were maintained
at 37-38"C using radiant heat. The TS muscle was connected via
the Achilles tendon to the servo-control muscle puller. A linear
motor under servo-control was used as the muscle puller. The
muscle tension was measured by semi-conductor strain gauge
resistors glued on a stiff steel beam mounted on the moving
part of the linear motor. The stiffness of the puller exceeded
0.06 N/mm, whereas the time constants of the length transients
did not exceed 60 ms.

To induce muscle fatigue, a series (30 min duration) of
intermittent high-frequency electrical stimulations was used
(Figures 1A-D), separated by rest intervals of 15 min. Four
stimulation series were used for the rats in group 1, and 5
stimulation series were used for the other groups of animals.
Each series consisted of trains of 0.2 ms rectangular pulses at a
rate of 40 571 at a 12.4 s duration, and the series were separated
by 5 s intervals of rest (Figure 1D, in a circle). The stimulus
current was set to 1.3-1.4 times higher than the motor threshold.
At the end of the 12.4 s stimulation, the muscle was stretched,
and the changes in length had a bell-shaped form (one period
of 4 Hz sinusoidal signal with corresponding phase locking)
with a 3.5 mm amplitude and 2 s duration (Figure 1D, bottom
row in a circle). The muscle reaction to the stretching appeared
to be a tension increase after continuous stimulation. These
stretches were applied before the post-stimulation twitches to
remove, or at least diminish, the after-effects remaining from
continuous stimulation (Kostyukov et al., 2000). The command
signal to the muscle puller was derived from a DAC and was
adjusted by a scaling amplifier and low-pass filter (0-100 Hz). In
parallel, two analog signals (muscle tension and length) and pulse
signals (stimulation pulses) were sampled via corresponding
ADC channels. The signals were collected by PC using an input-
output interface device (CED Power 1401) with 12-bit resolution.

Data acquisition was performed using the program “Spike2”
(CED). Input signals were digitized at rates of 5 kHz (muscle
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FIGURE 1 | Strength of the m. fricaps swee (T5) contractions duning consacutive (HW) series of 30-min intermittent stimulations of the n. thislis; the rat belongs o
the fatigue-induced group of animals (group 1) (A-D). The Sth individual tetanic contraction of TS5 in the IV stimulation series is presented in a circle at a higher time

scale on (D). P — muscle force (MNewion, M), st — stimulation mark, L — musdse length (stretching, mmj.

tension) and 1 kHz (other signals). Data analysis, including
statistical treatment and graph plotting, was performed using the
program Origin 8.0 (OriginLab Corp., United States).

Biochemical Experiment

After acute exercise, the excised muscles (soleus and
gastrocnemius) were rapidly dissected, free of fat and tendons
were removed, and the muscles were divided into several portions
and stored in liquid N;. For GSH (reduced glutathione) analysis,
the tissue samples were transferred to a medium containing 1N
perchloric acid (1:10 w/v) and homogenized with a motor-driven
Potter-Elvehjem glass homogenizer. Resultant homogenate was
centrifuged at 10,000 g for 10 min (4°C). GSH content was
measured spectrophotometrically (Sedlak and Lindsay, 1968).
For the activities of enzymes, H>(O: and lipid peroxidation
assays, the muscle samples were thawed and homogenized in
50 mM phosphate buffer with 2 mM EDTA (pH 7.4) at 4°C (1:9
wiv). The homogenates were then centrifuged then for 15 min
at 15,000 g (4°C), and the post-mitochondrial supernatant was
stored at —70°C.

Oxidative damage in tissue was measured using a TBARS
assay. TBARS were isolated by boiling tissue homogenates
for 15 min at 100°C with thiobarbituric acid reagent (0.5%
2-thiobarbituric acidf10% trichloroacetic acid/0.63 M/dm’
hydrochloric acid) and measuring the absorbance at 532 nm.
The results were expressed as nM TBARS/mg protein using
£ =156 x 10° dm®/M/cm (Buege and Aust, 1978). The data
on ROS formation were obtained from dichlorofluorescein
(DCF) fluorescence. The tissue homogenates were loaded
for 20 min at 37°C with non-fluorescent probe (2,7'-
dichlorodihydrofluorescein  diacetate, DCFHDA) which is
known to be decomposed in cells to give dichlorofluorescein
upon oxidation by ROS, primarily hydroperoxide and
superoxide anion. The final concentration of DCFH-DA
was 10 pM. DCF formation was followed at the excitation
wavelength of 488 nm and emission wavelength of 525 nm for
30 min by using a Hitachi F-2000 fluorescence spectrometer.
The rate of DCFH-DA conversion to DCF was linear for
at least 60 min, corrected with the autoxidation rate of

DCFH-DA without protein. All assays were carried out in
duplicates. Fluorescence was expressed as arbitrary fluorescence
units.

H3 05 concentration in the tissue homogenates was measured
using the FOX method, which is based on the peroxide-mediated
oxidation of Fe*¥, followed by a reaction of Fe’* with xylenol
orange (o-cresolsulfonephthalein 3',3"bis[methylimino] diacetic
acid, sodium salt). This method is extremely sensitive and used to
measure low levels of water-soluble hydroperoxide present in the
aqueous phase. To determine the H>0; concentration, 500 pL
of the incubation medium was added to 500 pL of assay reagent
(500 pm ammonium ferrous sulfate, 50 mm H,50;, 200 pm
xylenol orange, and 200 mm sorbitol). The absorbance of the
Fe3+-xylenol orange complex (Asgp) was detected after 45 min.
Standard curves of H;0; were obtained for each independent
experiment by adding variable amounts of H>0; to 500 pL of
basal medium mixed with 500 L of assay reagent. The data were
normalized and expressed as pm H>0; per mg protein (Wolff,
1994).

Catalase activity was measured by decomposition of H;0;,
which was determined by a decrease in absorbance at 240 nm
(Aebi, 1983).

Reduced glutathione was determined using Ellman’s reagent.
One milliliter of supernatant was treated with 0.5 ml of Ellman’s
reagent (5.5 -dithio-bis-nitrobenzoic acid in abs. ethanol) and of
0.4 M Tris HCI buffer with 2 mM EDTA, pH 8.9. The absorbance
was read at 412 nm in a spectrophotometer (Sedlak and Lindsay,
1968).

Manganese-superoxide dismutase (Mn-50D) activity was
estimated by the method of Misra and Fridovich (1972), which
is based on the inhibition of autoxidation of adrenaline to
adrenochrome by the SOD contained in the examined samples.
The mitochondrial samples were preincubated at 0°C for 60 min
with 6 mM KCN, which produces total inhibition of Cu, Zn-S0D
activity. The results were expressed as the specific activity of the
enzyme in units per mg protein. One unit of SOD activity was
defined as the amount of protein causing 50% inhibition of the
conversion rate of adrenaline to adrenochrome under specified
conditions.
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The activity of selenium-dependent GPx was determined
according to the method of Flohé and Giinzler (1984). Briefly,
the reaction mixtures consisted of 50 mM KPOy (pH 7.0), 1 mM
EDTA, 1 mM NaN;, 0.2 mM NADPH, 1 mM GSH, 0.25 mM
H:0;, and 226 Ufml glutathione reductase, and the rates of
NADPH oxidation followed at 340 nm.

Lactic acid was determined in muscle tissue after
deproteinization with 6% (wt/wt) perchloric acid by sitting
the tissue on ice for 15 min and then centrifuging the tissue
at 14000 ¢ for 5 min The supernatant was neutralized
with 5 M K;CO;, clarified again to remove potassium
perchlorate, and stored at =70°C. The assay mixtures contained
glycine/EDTA/hydrazine hydrate buffer (pH 9.5), 0.05 mM
NAD, 10 units of lactate dehydrogenase, and sample (100 pl),
and the mixtures were incubated at 37°C for 20 min. The LA
concentration was determined spectrophotometrically at 340 nm
in a 1.0-ml total reaction volume (Hohorst, 1970).

Protein concentration was estimated with the Bradford
method using bovine serum albumin as a standard. All chemicals
were purchased from Sigma, Fluka and Merck and had the
highest available purity.

Statistical Analysis

In the electrophysiological study, each stimulation series was
averaged (100 stimulations in one series). The average value of the
first series was set to 100%, and the other series were normalized
in relation to this and presented graphically for one of hindlimb.
During experiments, it was found that till the moment of a
drastic decrease of TS contraction force control animals maintain
a certain force level of muscular contraction only during three
series of electrical stimulation. To confirm the muscle fatigue
factor, data from four stimulation series were taken for the study.
Some animals from groups 3=6 to maintain a certain force level
of muscular contraction until 5=6 series of electrical stimulation.
Therefore, for further analysis, data from the first 5 series were
taken.

Mean values (mean + SD) of the TS muscle strength after
CeoFAS, NAC, p-Alanine, saline solution induction or without
any induction were compared using two-way statistical analysis
of variance (ANOVA). The factors of variation included two
conditions: time and the effects of the CgoFAS (NAC, p-Alanine
or non-injected). A Bonferroni post hoc analysis was used
to determine the differences between groups. The level of
significance was set at P < 0.05.

Biochemical data are expressed as the means + SEM for
each group. The differences among experimental groups were
detected by one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test. Values of P < 0.05 were
considered significant.

RESULTS

It has been established that the size of water-soluble Cgy fullerene
particles directly correlates with their cytotoxicity and biological
properties (Lyon et al, 2006; Prylutska et al., 2009; Song
et al,, 2011; Lalwani and Sitharaman, 2013; Zhang et al., 2015).

Depending on the size, water-soluble Cgp fullerene particles can
penetrate through the plasma membrane into the cell or be
adsorbed on the surface of the membrane (Foley et al.,, 2002;
Schuetze et al, 2011; Franskevych et al,, 2017). In this regard,
the main advantage of using pristine Cgy fullerenes as powerful
antioxidants (Gharbi et al., 2005; Prylutska et al., 2008) is their
ability to be localized preferentially to mitochondria, which
generates a substantial amount of cellular ROS (Foley et al., 2002;
Youle and Karbowski, 2005). Thus, since the size of Cgp fullerene
particles and stability of their aqueous solution (the degree of
aggregation in water) may influence their bioactivity, the DLS and
zeta potential studies of CgnFAS were performed.

DLS and Zeta Potential Studies

The DLS results for investigated CgpFAS clearly demonstrate
that there was a monomodal nanoparticle size distribution in
a (15-30) nm range, ie., these nanoparticles in particular have
specific bioactivity. This result is similar to our previous probe
microscopic data, which directly correlate with Cgy fullerene
biocactivities (Prylutska et al., 2014; Skamrova et al., 2014).

The magnitude of the zeta potential is related to the stability of
colloid dispersions because it determines the degree and nature
of the interaction between the particles of the dispersal system.
The value of zeta potential for CgyFAS was equal to =23 mV,
which agrees well with our previously published data (Riter
et al, 2015). A high negative charge for colloid nanoclusters (or,
more strictly, the electrostatic repulsion between the negatively
charged nanoclusters) seems to play a significant role in the
stabilization of CgoFAS (ie., it disfavors the aggregation and
makes the solution electrically stable).

Electrophysiological Experiments

As a result of intermittent high-frequency electrical stimulation
(30 min duration, 40 Hz) of TS muscle in the rats of the
first and second groups during four series, the reduction of
the force contraction was recorded until the muscle ceased to
demonstrate clear contractions. Figure 1 shows an example
of the TS force response changes in one animal of the first
group during fatigue development. In this case, the dynamics
of changes in muscle force reflected fatigue development and a
drop in amplitude in single contractions. In the first series of
stimulations, a gradual reduction of TS activity level was observed
over 30 min. In the second series of stimulations, which were
started after a 15 min rest, the amplitudes of tetanic contractions
were somewhat recovered; however, they did not reach the
initial level, continuing to decrease. Within the third series of
stimulations (after 90 min of electrical stimulation), an abrupt
drop in the muscle force was observed. Within this time interval,
the maximum significant strength level decrease (P < 0.05) was
observed with respect to the first series of stimulations (Figure 2).
After another interruption between stimulations, the isometric
muscle force contraction continued to decline without further
recovery. At the same time, such a decrease in muscle force
response was statistically significant (P < 0.05) within the IV
series of stimulations with respect to that one in the I, 11, and
111 series (Figure 2). Note that statistically significant differences
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(P > 0.05) in the strength of muscle contractions between rats in
groups 1 and 2 were not found.

For assessments of the effectiveness of administration method
of the CgpFAS under conditions of fatigue stimulation it was made
a comparison of the changes in the force levels developed by
muscles in animals with Cgy fullerene i_p. injection (F-injection)
and in animals that drank Cgp fullerene for 5 days (F-drinking)
(Figure 3). The analysis did not reveal any significant differences
in the muscle strength after studying the effects of these
substance administration methods on muscle fatigue (F-injection
vs. F-drinking). In this case, under conditions of both F-injection
and F-drinking, the muscle maintained the same constant force
level during the first series of fatigue stimulation (30 min). In
animals with a Cgp fullerene ip. injection during the third series
of stimulations, the force level was slightly higher compared
to the group of animals that drank CspFAS. Under conditions
of further fatigue stimulation (V' series) with F-injection and
F-drinking, the difference in the level of the developed effort
decreased (Figure 3). Thus, the absence of statistically significant
differences (P > 0.05) made it possible for us to conduct
further analyses of fatigue development using only F-drinking
administration, since it is non-invasive and potentially more
practical for future application.

Further analysis suggested the force fatigue contractions
on the background of a separate action of CggFAS attach be
compared to exogenous antioxidants NAC and B-Alanine
(Figure 4). The data obtained in these experiments
(Figures 4B,F) indicate that a reduction in the developed
force in the animals of the F-drinking, the NAC-injected and the
fi-Al-injected group was slower compared to fatigue-induced
or vehicle-injected animals. Significant differences (P < 0.05)
in muscle strength changes between control animals (groups 1
and 2) and experimental rats (groups 4-6) appeared after the

second stimulation series. In groups 4=6, the muscle maintained
a constant level of developed effort through the whole fatigue
stimulation, which was demonstrated using native records of
its force characteristics (Figures 4A,C,E). The animals of the
F-drinking group held a stationary level of force longer than
the NAC-injected and p-Al-injected animals. The dynamics
of the force changes was similar in almost all animals of this
group (Figure 4B). In the NAC-injected animals during the III
series, there was decrease in the muscle strength amplitude along
with further stabilization, but these effects were not significant
(Figure 4C). It should be noted that in two animals of this
experimental group, recovery of the muscle contraction force
level to the force level at the initial fatigue stimulation stages
occurred (Figures 4C,D). At the same time, in the F-drink
group during the V series of fatigue stimulation, muscle strength
recovery was also observed, and in some animals, its increase
was recorded (Figure 4B). In the p-Al-injected group, the
developed force was maintained at a steady-state level within
each series of stimulations (Figure 4E). At the end of the I series
of stimulation, there was a slight decrease in muscle force with
some recovery in the I1I series of stimulations. However, during
further stimulation (V series), the level of the muscle force was
slightly lower compared to previous series (Figure 4E). In this
case, in all animals of this experimental group a similar change in
muscle force was observed (Figure 4F).

To compare the action of the CgFAS and antioxidants on
the force of contractions during fatigue development, a statistical
analysis was performed (Figure 5). In NAC-injected animals,
during the initial series of stimulation, there was maintenance
of the force at a constant level followed by some decrease. The
characteristics of fatiguing muscle contractions were somewhat
different in the F-drinking group. In these experiments, the
level of muscle force, after some initial reduction in the I series

Frontiers in Physiology | wwaw frontiersin.ong

May 2018 | Violume 8 | Article 517



92

Verashchaka et al.

Cgg Fullerenss Diminish Muscle Fatigue

A o N B
Z Fullerene 204
&~ .
c
2 5 min 1.5
2
O 1.04
e
Q
S 0.54
g st » 0.0
IS IFEEEARIARTELEN d cp——
= L E | it v
Cc D¢
o= 1N
5 NAC | § 2.0
= 5 min .T-u
° i 1.5
2 5
3 £ 101
-
2 8 0.5
B 2o
: 2 0 0‘ e —
= o | 1l v
E iN F§
= B-Alanine = 20
c 5 min
9 1.51
g
-
o 0.5
Q
[72]
3 AEIIITINIITITIINEEETL]  CELETLEIATILLLIA ARITEDY 0.0 =
= : I n
Time (min) Stimulation series
FIGURE 4 | Strength of the muscle contractions after preliminary oral administration of CsoFAS and injection of NAC and -Alanine. (A,C,E) Protocol of registration
of the muscle contractions after preliminary CgoFAS oral administration, NAC- and g-Alinjection, respectively; (B,D,F) — results of six fatigue tests in the groups of
animals with preliminary CgFAS oral administration, NAC- and g-Al-injection, respectively. |, lll, and V — senes of electrical fatigue stimuations, P — muscle force
(Newton, N), st - stimulation mark, L — muscle length (stretching).

of stimulations, was further recovered and almost reached the
control values. In the f-Al-injected group, a gradual decrease of
the muscle force was observed. However, it should be noted that
there was no significant difference in the muscle force for series
conducted within the same animal group, as well as between
groups (NAC-injected, F-drink, -Al-injected) (Figure 5).

Biochemical Experiments

After the fatiguing tests, accumulation of secondary products
and changes in antioxidant levels in the muscle tissues were
determined (Figure 6). The obtained data clearly demonstrate
the increased level of metabolic product (LA), markers of
peroxidative and oxidative stress (TBARS, H>0O,) and ROS
formation after stimulation that indicates the occurrence of
muscle fatigue (Figure 6). This increase was statistically
significant with respect to the intact muscles (“norm”) and
consisted of 61% for ROS formation, 78% for TBARS, 115%
for H,0,, and 198% (P < 0.05) for LA. In turn, in
response to these changes in the working muscle, there was
a significant (P < 0.05) increase in endogenous antioxidant
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FIGURE 5 | Averaged characteristics (mean + SD) of normalized (with respect
to the average values in the first stimulation series) values of the musde
strength after preliminary CeoFAS oral administration, NAC- and g-Al-injection.
Values of six animals in each group were averagad by stimulation senes. Note
the absence of significant differances between the data obtained in the rats of
thase groups. |, lll, and V - a series of electrical fatigue stimulations.
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activity, including GSH (71%), CAT (18%), GPx (28.5%), and
30D (34%).

In animals that drank CgFAS, ROS formation and
concentrations of TBARS, H;O, and LA were significantly
lower at 24.1, 36.1, 27.8, and 13.1% (P < 0.05), respectively,
compared to the “fatigue” group. Similar changes in the level of
these marker concentrations were also observed in the NAC-
injection and p-Al-injection groups. A similar dynamic has been
revealed in changes in the activity of antioxidant enzymes. Under
conditions of fatigue development, the level of GSH, CAT, GPx,
and S0D activity significantly increased by 71.4, 18.6, 28.5, and
34.2% relatively to the “norm,” respectively. The animal groups
F-drinking, NAC-injection and p-Al-injection showed a decrease
in endogenous antioxidants activity relative to the “fatigue”
group (P < 0.05). Furthermore, in rats that drank CgpFAS, the
activity levels of GSH, CAT, and GPx were smaller.

DISCUSSION

In this study, we compared the effects of an aqueous colloid
solution of pristine Cgy fullerene with the action of the NAC

and f-Alanine on exercise tolerance and contractile properties
of rat TS during development muscle fatigue. This experimental
approach allowed us to analyze and compare the characteristics
of the force parameter changes of muscle contraction under
conditions with the same fatigue stimulation pattern applied
after oral introduction of CenFAS or separate Lp. injections of
CgpFAS, NAC and p-Alanine. The results showed a statistically
significant reduction in muscle force in all animals without prior
administration of CgpFAS, NAC, and p-Alanine (Figure 2). To
maintain the normal functional and physiological state of the
muscle during the dynamic work performance, the duration of
its recovery and active rest are very important factors (Harris and
Sale, 2012). An insignificant decrease in the muscle contraction
force compared to the control occurred in animals that drank
CeoFAS and in both NAC- or p-Al-injected rats (Figure 5).
This outcome supported our previous finding that fullerene can
lower the effects of fatigue development and promote force
maintenance at a constant level (Prylutskyy et al., 2017). At the
same time, in most animals of the F-drinking group, there was
a recovery of the force level after some decrease, whereas in the
NAC- and p-Al-injected groups, only an insignificant decline
occurred (Figures 4B,D,F). A definite recovery of the contractile
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ability was noticed in only two animals from the NAC-injected
group (Figure 4D). These data on the effects of CgpFAS as a
potent antioxidant under fatigue development conditions are in
accordance with the data that were obtained earlier (Prylutskyy
et al., 2017). In this case, one can speak about the predominant
influence of Cgp fullerene on muscle strength characteristics
during fatigue development compared to the action of other
investigated exogenous antioxidants, such as NAC or f-Alanine.

In our study, we showed that fatigue stimulation in the
working muscle led to an increase in the metabolic products
(LA) and the intensification of the oxidative processes, a namely
a significant increase in ROS formation and lipid peroxidation,
which occurs simultaneously with an increase in CAT and GSH
activity in both fast and slow twitch muscles fibers relative to
the intact muscle (Figore 6). The increased LA level further
reduced the pH, which could induce various biochemical and
physiological effects during muscular contractions, including
glycolysis, phosphofructokinase, and calcium release (Wang
et al., 2012). Therefore, LA is an important marker for evaluate
the degree of fatigue of a living organism. In the group of animals
that drank CgpFAS, attenuation of oxidative stress was observed
(i.e., a decrease in ROS generation and TBARS concentration).
This outcome was confirmed by the data obtained earlier on
the effects of Cgp fullerenes for the prooxidant-antioxidant
homeostasis of rat muscle tissue (Prylutskyy et al, 2017).
Similar changes in the number of metabolites and peroxide
oxidation markers were observed in the NAC-injected and
fi-Alanine-injected groups. It has been supported that f-Alanine
supplementation increases carnosine levels and decreases lactate
responses after high-intensity exercise in rat muscles (Culbertson
et al., 2010). In skeletal muscles, carnosine acts as a pH buffer and
functions as an antioxidant (Boldyrev et al., 1993), which suggests
that there is a potential role for carnosine for reversing or limiting
the effects of oxidative stress and cellular senescence. Therefore,
it cannot be excluded that the f- Alanine intake results in decrease
of lactate and H¥-ion production. The skeletal muscles from
MNAC-injected rats showed a low content of TBARS, suggesting
a reduced muscle fiber disruption due to cell membrane lipid
peroxidation as compared with non-injected rats. This protective
effect of NAC is due to direct scavenging of ROS and GSH
synthesis enhancement (Aruoma etal,, 198%; Supinski etal,, 1997;
Sen and Packer, 2000).

The important role of GSH in protecting against exercise-
induced oxidative stress has been demonstrated in several studies
(Sen et al, 1994; Leeuwenburgh et al, 1997). The increased
amount of GSH in the stimulated muscle (without the CggFAS,
NAC, or p-Alanine administration and after their application)
indicates compensatory activation of the endogenous GSH
antioxidant system on the action of the stimulus (Figure 6E).
In some studies, it has been shown that during intense loads,
there is a significant decrease in GSH content in m. soleus and
an increase in GSH content in m. deep vastus lateralis (DVL), but
did not alter GSH status in the liver or plasma (Leeuwenburgh
et al., 1997). Although other studies indicate an increase in the
concentrations of GSH and GSSG in m. solewus, less in DVL and m.
superficial vastus lateralis (SVL). However, the GSSG/GSH ratio
does not change significantly because GS3G can be reduced to

GSH by glutathione reductase. Furthermore, exercising skeletal
muscles appear to increase GSH import from plasma (Ji et al,
1992) as well as the synthesis of GSH in the liver from endo-
or exogenous amino acids, which adds most of the circulating
GSH (Meister and Anderson, 1983), that ensures plasma GSH
homeostasis despite enhanced tissue GSH use. Our experiments
showed an increase in GSH activity during fatigue and a decrease
in GSH under the actions of CggFAS, NAC, or p-Alanine. This
outcome is consistent with the data of other authors who have
shown that the use of NAC, in particular, decreases exercise-
induced GS88G, and blood lipid peroxidation in rats (Sen et al,
1994) improves muscle contractile functions as well as reduces
low frequency fatigue in the diaphragm muscle (Shindoh et al,,
1990} and human leg muscles (Reid et al., 1994).

An increase in the level of H;0; activity during muscle
contractions led to an increase in the CAT enzyme concentration
(Figure 6F). These data also support studies performed earlier
in rats (Ji and Fu, 1992; Hollander et al, 1999). It was shown
that CAT activities were significantly elevated after exhaustive
exercise with or without hydroperoxide injection in muscle and
not in liver (Ji and Fu, 1992). Previously, it was reported that
after the acute stage of the exercise, CAT was significantly higher
in #i. soleus than in DVL and SVL. Furthermore, the exercise at
moderate intensities elicited significant increases in CAT activity
in DVL (]i et al., 1992). However, some studies have reported no
changes in muscle CAT with training (Powers et al., 1994a; Radik
et al., 1995), and a few studies even reported a decrease in CAT
activities in m. soleus of the adult and old rats (Leeuwenburgh
et al., 1994). In our study, during fatigue under NAC or f-Alanine
treatment, the effects of CAT activity decreased with respect to
“fatigue,” but exceeded the control values. However, in animals
that drank CepFAS, CAT activity remained at the control level,
which indicated that there was a greater compensatory effect of
Cep fullerenes.

An increase in the concentration of oxidative process markers
led to an increase in the activity of GPX in the working muscle
(Figure 6G). However, with using of NAC and p-Alanine,
the activity of this enzyme decreased relatively to “fatigue”
and in the group of F-drinking, it was practically restored to
normal. Data about GPX activity remain controversial Powers
et al. (1994a) showed an increase in GPX activity in red m.
gastrocnemius after endurance training in rats, whereas m. soleus
and white m. gastrocmemius revealed no training effect. The
magnitude of the GPX increase was directly related to exercise
duration but independent of intensity. Thus, the GPX activity
has demonstrated variable responses to acute exercise for various
types of skeletal muscles. For example, GPX activity increased
the next day after running on the treadmill until exhaustion
in the m. soleus of rats, but not in m. ribialis (Radik et al,
1995). In our study, the activity level of GPX under fatigue
conditions in the F-drinking group may indicate that CeoFAS, by
affecting endogenous antioxidants, prevents fatigue in an actively
contracting muscle better than NAC and p-Alanine.

It has been proved that Cgp fullerenes normalize cellular
metabolism and nervous processes by increasing resistance to
stress, increase the activity of enzymes and regenerative capacity
of tissues, and also exhibit pronounced anti-inflammatory and
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antiallergenic effects (Cataldo and Da Ros, 2008) and effectively
regulate the ATPase activity of actomyosin (Andreichenko et al.,
2013). It has been experimentally found that Cep fullerenes and
their derivatives may be auxiliary agents in complex therapy
due to their ability to intensify the protective functions of the
immune and antioxidant systems of the body (Ashcroft et al.,
2006; Didenko et al., 2013; Halenova et al., 2016). In this regard,
the above electrophysiological and biochemical results suggest a
real perspective for the use of water-soluble pristine Cgq fullerenes
as potential agents for improving the efficiency of human skeletal
muscle functioning by modifying ROS-dependent mechanisms
that play an important role in the development of muscle fatigue.

It was shown that under intense loads in skeletal muscles,
the activity of SOD increases (Ji and Fu, 1992; Ji er al, 1992;
Lawler et al, 1993). We investigated the isoenzyme located
in the mitochondria and Mn”~ contained in the active center
(Weisiger and Fridovich, 1973). Under the conditions of the
fatigning tests, the activity of Mn-30D increased, and after
application of the test substances, it decreased approximately
to same level, insignificantly exceeding the control walue.
These results were confirmed by the data of Radik et al
(1995), where it was shown that in rats after the exhausted
treadmill run, the immunoreactive content and activity of both
isoenzymes of SOD (Mn-S0D and Cu, Zn-S0D are found in
the cytoplasm, in erythrocytes and liver (McCord and Fridovich,
1969) increased in the m. soleus and m. tibialis immediately after
the run. In animals that had been previously injected by the
antioxidant, attenuation of oxidative stress was observed (ie.,
a decrease in TBARS concentration). An increase in Mn-SOD
was noted even in 1 day after the load in hepatic tissue
(Radik et al, 1996). Additionally, it was shown that during
intense swimming training, myocardial and diaphragmatic SOD
were induced im rats (Powers et al, 1993, 1994b). Ohishi
et al. (1997) showed that an adequate physical endurance
load increases both the activity and the content of Mn-SOD
and that untrained rats are very sensitive to oxidative stress
during exercise. Mn-SOD is a reliable indicator of physical
condition. It is concluded that the muscles can react to the
load in such way to reduce the damage that results from the
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Abstract: The biomechanical parameters of muscle soleus contraction in rats and their blood bio-
chemical indicators after the intramuscular administration of water-soluble Cgy fullerene at doses of
0.5, 1, and 2 mg/kg 1 h before the onset of muscle ischemia were investigated. In particular, changes
in the contraction force of the ischemic muscle soleus, the integrated power of the muscle, the time to
achieve the maximum force response, the dynamics of fatigue processes, and the parameters of the
transition from dentate to smooth tetanus, levels of creatinine, creatine kinase, lactate and lactate
dehydrogenase, and parameters of prooxidant-antioxidant balance (thiobarbituric acid reactive
substances, hydrogen peroxide, and reduced glutathione and catalase) were analyzed. The positive
therapeutic changes in the studied biomechanical and biochemical markers were revealed, which
indicate the possibility of using water-soluble Cgg fullerenes as effective prophylactic nanoagents to
reduce the severity of pathological conditions of the muscular system caused by ischemic damage to
skeletal muscles.

Keywords: Cgg fullerene; muscle soleus of rat; ischemia; biomechanical and biochemical parameters

1. Introduction

Among the muscle pathologies that develop in skeletal muscles in various injuries,
ischemic injuries account for more than 35% of the total number of injuries to the mus-
culoskeletal system. Ischemic reperfusion injuries of skeletal muscles after acute arterial
occlusion, in many cases, are the cause of severe pathologies and mortality [1]. Ischemic
tissue damage is a cascade of biochemical reactions that are initiated under conditions of
hypoxia after a few minutes of ischemia as a result of insufficient blood supply [2]. The
ischemic cascade usually continues for 2-3 h after ischemia, but can last for several days,
even after normal blood flow has been restored [3]. At the same time, with ischemia lasting
3 h or more, both muscle necrotic changes and nervous degradation occur. The amount
of necrosis in the muscle tissue can be up to 60% [4]. In addition, with ischemic reperfu-
sion, the expression of adhesive molecules on the endothelium is increased. Activated
neutrophils attracted to the site of injury release free radicals [2]. The last ones provoke
vasoconstriction, which is a characteristic manifestation of ischemic damage. In addition,
ischemia—reperfusion injury of skeletal muscles is one of the main causes of post-traumatic
pathologies after surgical procedures [5,6]. The main goal in the treatment of muscle is-
chemia is the rapid restoration of blood flow in the damaged areas. However, such therapy
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often leads to a new pathophysiological process-reperfusion injury, which can also cause
significant damage to the muscle tissue. The rapid establishment of the severity of ischemic
injury is critical for further therapy; however, there are currently no accurate diagnostic
tests to achieve this goal [7]. Literature data indicate that during reperfusion, free radicals,
together with calcium activated caspases and calpains, can lead to apoptosis and damage
to the DNA and mitochondria, resulting in additional loss of muscle functions [8,9]. So,
the interaction of the hydroxyl radical with the hydrogen atoms of the methyl groups of
polyunsaturated fatty acids initiates the peroxidation of the membrane lipids, which in
turn leads to increased permeability of the cell membranes [2].

It is known that Cgp fullerenes efficiently capture and inhibit free radicals in in vivo
and in vitro systems [10-12]. Whether the double chemical bonds in the structure of Cgg
fullerene are electron-deficient determines its ability to attach up to six electrons [13]. In
our previous work, it was shown that the administration of biocompatible water-soluble
Cgp fullerenes [14] after the initiation of ischemic damage to the skeletal muscle leads
to a significant positive therapeutic effect [15]. At the same time, it was revealed that
the administration of Cg fullerenes directly into the damaged muscle complicates their
steady distribution over the tissues and, thus, reduces the antioxidant effect of the drug.
In this case, the time elapsed after the initiation of ischemia before the administration of
the therapeutic drug is of great importance, as the beginning of the ischemic cascade of
muscle tissue damage occurs already in the first seconds after reperfusion [16]. All of this
served as the basis for further investigation of the effect of Cgy fullerene aqueous solution
(CgoFAS) on the dynamics of the contractile process of muscle soleus in rats against the
background of ischemic pathology when administered intramuscularly 1 h before the
initiation of ischemia, depending on the dose (protective effect).

2. Results and Discussion
2.1. Characterization of CegFAS

The monitoring of the Cgp fullerene morphology in an aqueous solution is important
for controlling the particle size distribution profile, which may influence the CgFAS
bioactivity and toxicity [17-20]. The prepared CggFAS was characterized by atomic force
microscopy (AFM) and scanning tunneling microscopy (STM).

The study of the Cgp fullerene films deposited from an aqueous solution revealed
a high degree of molecule dispersion in the solution. It turned out that the prepared
CgpFAS contained both single Cgy fullerene and its labile nanoaggregates with a size of
1.3-35 nm. The majority of Cg molecules were located chaotically and separately along
the surface (see the objects with a height of ~0.7 nm in Figure 1), or in the form of bulk
clusters consisting of several tens of Csp molecules [21] (objects with a height of 1.3-2 nm in
Figure 1. Such an arrangement of Cgy molecules formed because of electrostatic repulsion
between them; the zeta potential value was —25.3 mV at room temperature [22], indicating
a high solute stabilization.

2.2, Biomechanics of Injured Muscle Contractions

After the initiation of ischemic damage, the contraction force of the rat muscle soleus,
caused by 6 s non-relaxation stimulation pools, decreased to 28 £ 2% of the control values
at the first contraction and to 9 = 1% at the tenth (Figure 2). The decrease in the integrated
power of the muscle contraction was 39 £ 2% of the control values at the first contraction
and 6 + 2% at the tenth, respectively. The time to reach the maximum force response
increased from 451 + 5 ms at the first contraction to 978 £ 7 ms at the tenth. Thus, a sharp
decrease in the force activity of the muscle was observed at the first contractions with a
progressive decrease in biomechanical parameters. This confirms the literature data that in
the process of ischemia—reperfusion, a significant decrease in the force of the contraction
of skeletal muscle occurs. The progressive decrease in the force response lasts at least 5
days, after which the recovery process takes place [23,24].
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Figure 1. (a) Atomic force microscopy (AFM) and (b) scanning tunneling microscopy (STM) images
of the Cgg fullerene nanoparticles on the mica and gold surfaces, respectively, and their profiles along
the marked lines. Cg fullerenes were precipitated from CgFAS with a 0.15 mg/mL concentration.

The use of CgFAS injections increased the muscle force response as follows: at a
dose of 0.5 mg/kg of CgFAS, 58 &+ 1% and 51 + 1% of the control values on the first and
tenth contractions, respectively; at a dose of 1 mg/kg of C,FAS, 78 £ 2% and 56 + 2%,
respectively; and at a dose of 2 mg/kg of CgFAS, 79 &+ 1% and 58 £ 1%, respectively. Ata
dose of 0.5 mg/kg of CgFAS, the integrated power of the muscle contraction was 54 £ 2%
of the control values at the first contraction and 52 + 2% at the tenth, respectively. After
increasing the doses of CggFAS, this parameter was 76 = 1% and 55 £+ 1% at 1 mg/kg and
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contraction

78 £ 2% and 59 £ 2% at 2 mg/kg, respectively. The time to reach the maximum force
response increased from 373 £ 3 ms at the first contraction to 755 £ 6 ms at the tenth at
a dose of 0.5 mg/kg CgFAS; from 343 + 4 ms at the first contraction to 457 £+ 6 ms at
the tenth at a dose of 1 mg/kg of CgFAS; and from 291 =+ 5 ms at the first contraction to
399 + 7 ms at the tenth at a dose of 2 mg/kg of C¢oFAS.

It is important to note that after the administration of CgFAS, the force response
of the ischemic muscle did not decrease by more than 50% of the control values, even
with the tenth act of contraction. At the same time, the CgFAS dose increasing from 1 to
2 mg/kg did not lead to significant therapeutic effects. Thus, the data obtained indicate
a significant positive trend in the use of CgoFAS for prophylactic purposes. Based on the
data obtained, it can be concluded that pretraumatic administration of CgoFAS at a dose of
1 mg/kg reduces the severity of ischemic damage in the muscle by 60-75%. A decrease in
the CgpFAS dose leads to a decrease in the therapeutic effect, while its increase does not lead
to a significant increase in the biomechanical parameters. In addition, it should be noted
that the use of Cg, fullerene therapy did not eliminate the developing fatigue processes in
the ischemic muscle; the integrated muscle power decreased with each subsequent pool of
the stimulation signal. Therefore, the next stage of the study was to investigate the nature
of the muscle response during prolonged fatigue stimulation. At this stage, we applied
only one, the most optimal, dose of CgFAS of 1 mg/kg.

1N

a b Ssl d

AR A

250
12345678910 12345678910

Figure 2. The force of contraction of the rat muscle soleus, caused by 10 (indicated 1,2, . .. , 10) consecutive 6 s non-relaxation
pools of stimulation: ischemic muscle without CgFAS (control: native muscle) (a); administration of C¢oFAS 1 h before
muscle ischemia at doses of 0.5 (b), 1 (¢), and 2 mg/kg (d). Integrated muscle power, calculated area under the force curve,
as a percentage of control values (e). Time to reach the maximum force response (f).

It has been shown that ischemia—reperfusion increases the degree of fatigue processes
development and reduces the force of muscle contraction to 40% after 1 h of ischemia
and to 70% after 3 h. Recovery of the muscle force response was observed only at the
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end of the second week after ischemia—reperfusion [6]. Registration of the contraction
force of the ischemic muscle soleus of a rat with 1 Hz stimulation for 1800 s (Figure 3b,c)
revealed a decrease in the integrated muscle power (Figure 3d), which was 35 & 4% of the
control value. Intramuscular injections of CggFAS changed this parameter to 67 &+ 4%. The
time for the decrease in the force response by 50% and 25% from the initial values was
940 £ 11 s and 1580 £ 18 5, respectively, without Cgp fullerene therapy, and 1430 £ 17 sand
1690 £ 14 s, respectively, with the administration of CgpFAS (Figure 3e). The maximum and
minimum recorded contraction forces of the ischemic muscle throughout the entire duration
of stimulation were 1.8 = 0.3 N (3.1 = 0.4 N in control) and 0.18 £ 0.01 N (29 £ 0.4 N in
control), respectively (Figure 3f). When CggFAS was injected, this indicator was 25 £ 04 N
and 0.6 + 0.1 N, respectively, which shows its 52% therapeutic effect at the stages of
maintaining maximum force responses during the development of fatigue processes.
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Figure 3. Registration of the force of contraction of the muscle soleus of the rat with the use of 1 Hz stimulation with a
duration of 1800 s: control, native muscle (a); ischemic muscle without the administration of CggFAS (b); administration of
CieoFAS (1 mg/kg) 1 h before muscle ischemia (c); integrated muscle power, presented as a percentage of the control values
(d); the time of the decrease in the force response by 50% and 25% of the initial values (tsy and tys) (e); and maximum (fia)
and minimum (., ) fixed forces of muscle contraction throughout the entire duration of stimulation (f). * p < 0.05 relative

to the control group; ** p < 0.05 relative to the ischemia group.

In the process of skeletal muscle functioning, the most important quality indicator
of its work is the rate of occurrence of smooth tetanic contraction (a state of continuous
muscle tension after complete summation of single contractions). Even minimal changes in
the structure of the impulses generated by motor neurons, damage to myocyte membranes,
development of the inflammatory process, changes in muscle stiffness, electrical properties
of membranes, and the duration of hyperpolarization significantly change the time of
occurrence of smooth tetanic contractions [25,26]. In addition, during muscle activity, its
individual motor units generate non-fused tetanic contractions, which are characterized
by variable strength and varying degrees of fusion. The synchronization of this process
depends on many factors and is also a vulnerable link in the development of pathological
processes in the muscle [27,28]. Therefore, the next stage of the study was to investigate the
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biomechanical markers of the appearance of smooth tetanic contractions in the ischemic
muscle soleus of the rat.

The smooth tetanic contractions (maximum force response) appeared in 3450 & 12 ms
and reached 70 + 8 mN after using stimulation pools of increasing frequency (Figure 4).
The ischemically damaged muscle throughout the entire stimulation pool did not reach the
stage of smooth tetanic contraction. The maximum force of a single contraction increased
from 24 & 2 mN to 37 &= 3 mN. The minimum value of the force response in one spike
of the dentate tetanus decreased to 12 + 1 mN. It should be noted that a decrease in this
parameter to zero leads to the appearance of smooth tetanus. Preliminary injections of
CgoFAS changed the biomechanical parameters of ischemized muscle soleus transition from
dentate to smooth tetanus, which appeared after 4950 £ 32 ms and reached 58 £ 2 mN. It
should be noted that the injection of C¢oFAS eliminated both the abrupt decrease in the
force of contraction and the fluctuation component of the contractile process. Thus, the
preventive effect of C4FAS injection on the biomechanical parameters of the transition of
ischemic muscle from dentate to smooth tetanus was 68 =+ 4% of the control values.
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Figure 4. Biomechanical parameters of muscle soleus transition from dentate to smooth tetanus after using increasing
stimulation with a maximum frequency of 30 Hz for 6 s: mechanograms of the native muscle contraction, control (a); fmax is
the maximum force of a single contraction, fuy is the minimum value of the force response in one spike of the dentate
tetanus (a decrease in this parameter to zero leads to the appearance of smooth tetanus) (b); and changes in the parameters
fmax (c) and £, ;. (d) for each of the single contractions before the transition of the force response to smooth tetanus when an
increasing stimulation signal is applied.

2.3. Blood Biochemical Indicators of Rats with Injured Muscle

The analysis of the biochemical composition of the blood of rats during the develop-
ment of ischemia—reperfusion reflected the changes occurring in the damaged skeletal
muscle and made it possible to evaluate the therapeutic effect of the applied drug on the
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pathological process. The biochemical indicators of the development of fatigue processes
selected by us for the study, such as creatinine, lactate dehydrogenase (LDH), lactate (LA),
and creatine kinase (CK) are also indicators of physiological disorders in the muscle tissue
due to the development of ischemic damage (Figure 5).
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Figure 5. Biochemical indicators (creatinine, lactate dehydrogenase (LDH), lactate (LA), and creatine kinase (CK)) in the
blood of rats after 1 Hz stimulation of the ischemic muscle soleus for 1800 5. * p < 0.05 relative to the control group; ** p < 0.05
relative to the ischemia group.

The change in the level of creatinine, a product formed in the muscles during the
destruction of intramuscular structures, made it possible to assess the level of damage to
the myocytes during prolonged contractions. This indicator increased from 50 = 2 uM /L in
the control to 25,750 + 51 uM /L after muscle ischemia. The administration of CgyFAS prior
to muscle ischemia reduced this indicator to 122 £+ 2 uM/L. In our opinion, the decrease in
the creatinine fraction was due to the Cgp molecules that protect the membranes of skeletal
muscle cells from nonspecific free radical destruction, effectively absorbing the reactive
oxygen species (ROS).

The level of changes in LDH, an enzyme that generates lactic acid, made it possible
to assess the muscle performance after ischemia. The change in the level of this enzyme
from 220 + 8 units /1 in the control to 1115 £+ 22 units /1 after ischemia is evidence of the
development of significant muscle dysfunctions associated with the development of the
inflammatory process. An increase in the LDH fraction in the blood is the result of both the
physiological destruction of the myocyte walls caused by their performance [29] and an
increase in LA content during prolonged muscle activation. Preliminary administration of
CgpFAS reduced the LDH level to 442 + 11 units/l. A decrease in this enzyme upon the
administration of CgFAS may indicate both a decrease in mechanical damage to muscle
fibers and in LA concentration in the muscular system in general.

In active muscle, most metabolic and biochemical processes occur under anaerobic
conditions; the muscle uses a significant amount of mitochondrial enzymes and, as a result,
a large amount of LA accumulates in it, which cannot be oxidized during prolonged muscle
stiimulation. An increase in the level of lactic acid in active muscle indicates that the level of
its entry into the cell exceeds the level of its oxidation and excretion. In the control values,
the LA level was 11 + 2 mM/mL. After ishimization, its value increased to 27 + 3 mM/mlL.
CepFAS injections reduced the LA level to 17 £ 1 mM,/mL. Thus, pre-Csp fullerene therapy
led to a decrease in the LA level by almost 50%.

CK is an enzyme found in high concentrations in the skeletal muscle. The release
of this enzyme from the cells and, accordingly, an increase in CK activity in the blood
are observed after mechanical damage to the muscles. The increase in the CK fraction
in the blood during the induction of ischemia from 560 £+ 13 units/] in the control to
2830 + 22 units/1 is the result of the rapid physiological destruction of the myocyte walls,
which intensifies during active prolonged non-relaxation muscle contraction. The CK level
decreased significantly (more than three times) and reached 820 £ 23 units/| after the
application of CgpFAS. CK is an enzyme from the energy supply system of musculoskeletal
cells that catalyzes the transfer of a phosphate group from ATP to a creatine molecule with
the formation of a high-energy compound creatine phosphate, which is used by the body
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as an energy substance when physical activity increases. A change in its concentration is
one of the known markers of the pathological processes in the muscle and characterizes
the depletion of the cell’s energy reserves. So, it was shown that during 3 h of ischemia-
reperfusion of muscle soleus the depletion of ATP reserves was about 95%, and glycogen
was depleted by 88% [6]. From a functional point of view, these data indicate that a large
amount of high-energy phosphate compounds is consumed by an ischemic-damaged
muscle cell so as to maintain homeostasis and, as a consequence, metabolic disorders
occur, leading to a significant increase in ischemic muscle fatigue. Thus, preliminary
injections of CgFAS significantly increase the energy capabilities of actively contracting
ischemic muscle.

The pathological inflammatory processes that occur immediately after ischemia-
reperfusion are a source of ROS and contribute to the intensification of lipid peroxidation
processes [8]. This interferes with the adequate performance of muscle work and signifi-
cantly increases the duration of the recovery period. During reperfusion, oxygen entering
the tissues initiates the oxidation of xanthine and hypoxanthine by xanthine oxidase, which
leads to the formation of a large amount of superoxide anion radical and hydrogen perox-
ide. Hydrogen peroxide is converted to hydroxyl radicals by the reduction of metal ions.
Mitochondria damaged by ischemia can produce more electrons because of their “leakage”
from the electron transport chain. These electrons are involved in the formation of the
superoxide radical anion. In addition, during ischemia—reperfusion, the expression of ad-
hesive molecules on the endothelium increases. Activated neutrophils attracted to the site
of injury also release free radicals and provoke vasoconstriction, which is a characteristic
manifestation of ischemic damage [2-5]. As a result of biochemical tests, the increased level
of peroxidation markers and oxidative stress (catalase (CAT), hydrogen peroxide (H;0;),
and thiobarbituric acid reactive substances (TBARS), and the reduced glutathione (GSH))
after muscle ischemia, as well as their significant decrease after CgFAS injections before
muscle ischemia (Figure 6), were revealed.
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Figure 6. Levels of catalase (CAT), hydrogen peroxide (H504), and thiobarbituric acid reactive substances (TBARS) in rat
blood after 1 Hz stimulation of the ischemic muscle soleus for 1800 s. * p < 0,05 relative to the control group; ** p < 0.05
relative to the ischemia group.

So, the CAT activity increased from 0.9 + 0.1 pM/min/mL in the control to
5.1+ 0.3 pM/min/mL after muscle ischemia, and decreased to 2.1 + 0.1 pM/min/mL
with Cgp fullerene therapy. The HzO: level was 5.4 + 0.4 pM/mL during ischemia
(0.8 £ 0.1 uM/mL in the control) and 2.2 + 0.2 uM/mL after the administration of CggFAS.
The GSH concentration was 8.3 £+ 0.6 mM/mL with ischemia (1.8 £ 0.1 mM/mL in the
control) and 3.9 + 0.2 mM/mL with CgFAS injection. Finally, the TBARS level was
9.8 + 1.0 nM,/mL with ischemia (2.3 £ 0.2 nM/mL in the control) and 5.8 & 0.5 nM/mL
with the administration of CggFAS.

Thus, there is a clear tendency towards a decrease in the described biochemical
parameters by about 45-60% with the prophylactic use of CggFAS. We suppose that Cgy
fullerenes can affect the activity of endogenous antioxidants, preventing the onset of



Int. |. Mol. 5o 2021, 22, 6812

106

Yof13

dysfunction in the active muscle and, thus, maintaining it within the physiological norm
during the entire process of its contraction.

In summary, oxidative stress causes cellular damage in ischemic pathology. The
mediators of oxidative stress are ROS, including superoxide anion radical, hydroxyl radical,
singlet oxygen, and hydrogen peroxide, which damage cellular targets such as DNA,
proteins, and lipids [30]. After ischemia, a sequential chain of pathophysiological cascades
occurs, including massive intracellular release of Ca?s, disruption of the mitochondrial
electron transport chain, release of neutrophils, acute inflammatory reactions, and the
formation of free radicals, which, in turn, enhance apoptotic or necrotic cell death. The
endogenous antioxidant defense system of the body, at the beginning of the development
of the ischemic cascade, can neutralize only a small amount of ROS by enzymatic and
non-enzymatic pathways [31].

The chemical structure of Cgy fullerene with an abundance of conjugated double bonds
and low-lying lower unoccupied molecular orbitals makes it very susceptible to free radi-
cals. Thanks to this, Cg fullerene can react with many ROS without losing its antioxidant
properties [32]. The protective effect of Cgp fullerene on the absorption of superoxide anions
does not lead to an increased production of hydrogen peroxide [33]. Cgp fullerene promotes
cell survival by altering the cellular redox state and enzyme activity [34]. Cg fullerene
reduces lipid peroxidation by actively absorbing ROS [35]. Cg fullerenes can penetrate
the cell membrane and localize in the mitochondria [36,37], which are the source of ROS
during the development of ischemic cell damage. Finally, the obtained above results are
also confirmed by the previously obtained data on the effect of water-soluble Cgp fullerenes
on the functions of the antioxidant systems of the body in inflammatory and pathological
processes [38—41]. They indicate that the development of medical nanotechnology based on
water-soluble Cgp fullerenes, considering their powerful antioxidant properties, opens up
new possibilities in the treatment and prevention of ischemic damage to skeletal muscles.

3. Materials and Methods

To obtain CgyFAS, a method was used that is based on the transfer of Cgy molecules
from toluene to water, followed by sonication [42,43]. Briefly, a saturated solution of
pure Cgp fullerene in toluene (purity >=99.5%), where its concentration corresponds to a
maximum solubility of ~2.9 mg/mL, was mixed with the same volume of distillate in
an open beaker. The formed aqueous phases was subjected to ultrasound (frequency
8 Hz, duration 8 h). The obtained CgFAS at the maximum concentration of Cgy fullerene
0.15 mg/mL remained stable for 18 months at a temperature of +4 °C.

AFM and STM were performed to determine the size of the Cgp fullerene particles in
aqueous solution. Measurements were done with the “Solver Pro M” system (NT-MDT,
Moscow, Russia). A drop of investigated solution was transferred on the atomic-smooth
substrate to deposit layers. Measurements were carried out after complete evaporation of
the solvent. For AFM studies, a freshly broken surface of mica (SPI supplies, V-1 grade)
was used as a substrate. Measurements were carried out in a semicontact (tapping) mode
with AFM probes of the RTPESPA150 (Bruker, Billerica, MA, 6 N/m, 150 kHz) type. STM
studies were performed with the Au (111) surface obtained after annealing the substrates
of Au/mica (Phasis, Switzerland) in a gas burner flame (propane—butane). The typical
tunneling current and voltage values were 0.027-0.1 nA and 0.1-1 V, respectively.

The experiments were performed on male Wistar rats aged 3 months, weighing
170 £+ 5 g. The study protocol was approved by the bioethics committee of 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 Ne 3446—IV 21.02.2006, Kyiv, on the Protection of
Animals from Cruelty during medical and biological research.
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Fifty rats divided into five groups (10 animals each) were used in the study—the
control group (native muscle; n = 10); the ischemia group without CgpFAS administration
(ischemic muscle; n = 10); and the group where CgpFAS was administered once intramus-
cularly 1 h before muscle ischemia at doses of 0.5 (n = 10), 1 (n = 10), and 2 mg/kg (n = 10),
respectively.

It should be emphasized that during the experiments, the control group of ischemic
animals received injections of saline with the same dose as CgoFAS (1 mg/kg: n = 10). How-
ever, the results obtained did not reveal significant differences in the studied biomechanical
and biochemical parameters in this group and in the group of ischemic animals without
CgpFAS administration. It is also important to note that, in accordance with our previous
study, the maximum tolerated dose of CgpFAS was 721 mg/kg for i.p. administration to
mice [22].

Anesthesia of the animals was performed by the intraperitoneal administration of
nembutal (40 mg/kg). Standard preparation of the experiment also included the cannu-
lation (a. carotis communis sinistra) for the therapeutic administration of the drug and
pressure measurement, tracheotomy, and laminectomy at the lumbar spinal cord level. For
muscle ischemia, the branch of the femoral artery of the animal, which provides blood
supply of the experimental muscle, was dragged by ligatures. The duration of ischemia was
3 h. Muscle soleus of the rats were released from the surrounding tissues and their tendons
were cut across in a distal part. The ventral roots were cut in places of their exit from the
spinal cord for the modulated stimulation of efferents in L4-15 segments. Filaments of
the ventral roots were cut and fixed on stimulating electrodes, and a special device was
used for cyclic sequence distribution of electrical signals via the filaments. Stimulation
of the efferents was performed by electric impulses with a frequency of 1 to 50 Hz, and
the duration of each pulse was 2 ms, formed by using a pulse generator. A control of
the external load on the muscle was carried out with the help of an original mechanical
stimulator [44]. In the process of analyzing the obtained results, the next parameter was
used, namely the integrated muscle power (calculated area under the force curve), which
is an indicator of the general performance of the muscle with the applied stimulation
poals. The development of the muscle contractile activity was assessed using the method of
calculating time intervals when 50% and 25% of the levels of force responses were reached
during stimulation.

The level of enzyme content in the blood of the experimental animals (creatinine,
LDH, LA, CK, TBARS, H;O,, GSH, and CAT), as markers of muscle injury [45,46], was
determined using clinical diagnostic equipment, namely a haemoanalyzer [15].

Statistical processing of the results was performed using methods of variation statistics
using software Original 9.4. At least six repetitions for each measurement were conducted.
Data are expressed as the means £ SEM for each group. The differences among the
experimental groups were detected by one-way ANOVA followed by Bonferroni’s multiple
comparison test. Values of p < 0.05 were considered significant.

4. Conclusions

Thus, it was shown that the pretraumatic administration of water-soluble Cgy fullerenes
{nanoparticles with size of 0.7-35 nm) at a dose of 1 mg/ kg reduces the severity of ischemic
damage in the rat muscle soleus by 60-75%. In particular, intramuscular injection of CggFAS
produces a 52% therapeutic effect at the stages of maintaining maximum force responses
during the development of fatigue processes. The preventive effect of CspFAS injections on
the biomechanical parameters of the transition of ischemic muscle from dentate to smooth
tetanus is about 68% of the control values. Finally, the administration of CgoFAS before
muscle ischemia significantly reduced the blood biochemical parameters of the rat (by
about 45-60%), which indicates the promise of its use for prophylactic purposes.
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Abstrach The widespread use of glyphosate as a herbicide in agriculture can lead to the presence of
its residues and metabolites in food for human consumption and thus pose a threat to human health.
It has been found that glyphosate reduces energy metabolism in the brain, its amount increases in
white muscle fibers. At the same time, the effect of chronic use of glyphosate on the dynamic
properties of skeletal muscles remains practically unexplored. The selected biomechanical
parameters (the integrated power of muscle contraction, the time of reaching the muscle contraction
force its maximum value and the reduction of the force respense by 50% and 23% of the initial
values during stimulation) of muscle socleus contraction in rats, as well as blood biochemical
parameters (the levels of creatinine, creatine phosphokinase, lactate, lactate dehydrogenase,
thiobarbituric acid reactive substances, hydrogen peroxide, reduced glutathione and catalase) were
analyzed after chronic glyphosate intoxication (oral administration at a dose of 10 pg/kg of animal
weight) for 30 days. Water-soluble Cee fullerene, as a poweful antioxidant, was used as a therapeutic
nangagent throughout the entire period of intoxication with the above herbicide (oral
administration at doses of 0.5 or 1 mg'kg). The data obtained show that the introduction of Ca
fullerene at a dose of 0.5 mg/kg reduces the degree of pathological changes by 40-45%. Increasing
the dose of Ce fullerene to 1 mg/kg increases the therapeutic effect by 55-65%, normalizing the
studied biomechanical and biochemical parameters. Thus, Cen fullerenes can be effective
nanotherapentics in the treatment of glyphosate-based herbicide poisoning.

Keywords: glyphosate; Ce fullerene; muscle seleus of rat; biomechanical parameters; bloed
biochemical parameters

1. Introduction

Glyphosate (IN-(phosphonomethyl) glycine) is a non-selective herbicide most
commeonly used for weed conirol. Among herbicides, it ranks first in the woerld in
production. Many agricultural crops are genetically engineered to tolerate glyphosate.
This significantly increases the effectiveness of weed control in these crops. The effect of
glyphosate on a plant is due to the fact that it inhibits the components of the enzyme

It J. Mol 5¢i. 2021, 27, 4977 hitps:ffdoiorg/10.3390/ijms22094977
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system of the shikimate pathway of biosynthesis of benzoic aromatic compounds [1].
Animals do not have such an enzyme system and therefore this herbicide is considered to
be relatively harmless to them. The half-lethal dose (LDw) of glyphosate is =5 kg/kg of rat
body weight with a single administration [1].

In recent years, there has been a growing worldwide concern about the possible
direct and indirect health effects of the widespread use of glyphosate. In 2015, the World
Health Organization reclassified glyphosate as likely carcinogenic to humans [2]. There is
considerable controversy regarding its carcinogenicity and toxicity, with very different
opinions of the scientists and regulatory bodies involved in the glyphosate study. One of
the key aspects of this controversy is the extent of pathological changes in laboratory
animals that are caused by glyphosate [3]. The most convincing data indicate that
glyphosate causes hemangiosarcomas, tumors and malignant lymphomas, renal and liver
adenomas, nervous and miotic disorders of a wide spectrum of severity [3].

Glyphosate also causes numerous morphological, physiological and biochemical
disorders in the cells and organs of animals, including mammals. It worsens the condition
of the gastrointestinal tract: a violation of its contractile function is observed already at a
concentration of 3 mg/L; the violation of meofility continues after the remowval of
glyphosate from the incubation solution [4]. The use of glyphosate as a herbicide in
agriculture can lead to the presence of its residues and metabolites
(aminomethylphosphonic acid) in food for human consumption and thus pose a threat to
human health. The authors [5] found that glyphosate reduces energy metabolism in the
brain, its amount increases in white muscle fibers.

At the same time, the effect of chronic use of glyphosate on the dynamic properties
of skeletal muscles remains practically unexplored. It was shown that the activity of
acetylcholinesterase (AChE) did not change in the muscles and brain of animals exposed
to glyphosate during the first 96 h. On the contrary, the expression of this enzyme in
muscle tissue changed [6]. The consequence of these pathological processes is disorders
in the dynamics of contraction of the muscular system of varying severity. The results [7]
show that glyphosate intoxication increases energy expenditure to maintain homeostasis.
In particular, there was a decrease in the level of glycogen and friglycerides in all organs
and an increase in lipid peroxidation (LPO).

The mechanisms for the toxicity of glyphosate-based drugs are complex. Itis difficult
to separate the toxicity of glyphosate from the toxicity of the drug as a whele, or to
determine the contribution of surfactants to the overall toxicity. As a result, the treatment
of poisoning occurs for a long time, symptomatic and ineffective [8].

Studies of the effect of a glyphosate-based herbicide on AChE enzyme activity and
oxidative stress at concentrations of 0.5-10.0 mg/T for 96 h followed by an equal recovery
period indicate the presence of LPO and AChE inhibition. The results also showed an
increased level of thiobarbituric acid reactive substances (TBAES) at all tested herbicide
concentrations, which remained elevated even after a recovery period [9]. According to
the authors, the triggering mechanisms of the onset of these pathological cascades are
associated precisely with the formation of a large number of free radicals. They initiate
LPO, cause direct inhibition of mitochondrial enzymes of the respiratory chain and their
ATPase activity, inactivation of glyceraldehyde 3-phosphate dehydrogenase and
membrane sodium channels.

The ability of Ceo fullerenes to inactivate free radicals was described back in 1991 [10].
One Cw molecule simultaneously captures 34 methyl radicals, effectively inactivates the
superoxide anion radical and hydroxyl radicals in vitro system, protecting cell
membranes from oxidation [11]. It is assumed that biocompatible and water-soluble Ceo
fullerenes [12] can be considered as powerful scavengers of free radicals during the
development of ischemia and fatigne processes in skeletal muscle [13,14]. In our previous
works on in vivo models, it was shown that the usage of safe doses of water-soluble Ca
fullerene at the initiation of various pathologies leads to significant positive therapeutic
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effects, in particular, during acute liver injury, colorectal cancer, obesity, acute cholangitis
and hemiparkinsonism [15-20].

Based on the above data, the purpose of this work was to estimate the therapeutic
effect of water-soluble Cw fullerene, as a powerful antioxidant, on the development of
muscle pathologies in rat skeletal muscle caused by chronic glyphosate intoxication.

2. Results and Discussion
2.1. AFM Analysis

It is known that the size of Cw fullerene particles in aqueous solution strongly
correlates with their spedific biological properties and toxicity. So, the antibacterial
activity of Cw fullerene is connected with its ability to undergo aggregation [21]; the
macrophage apoptosis induced by aqueous Cw fullerene aggregates changes the
mitochondrial membrane potential [22]; the respiratory toxicity and immunotoxicity of
Ceo fullerenes in mice and rats after nose inhalation strictly depends on their nano- and
micro-size [23]; depending on the size Ce fullerenes can inhibit BKc: but not Kv channels
in pulmonary artery smooth muscle cells [24], penetrate through plasma membrane inside
the cell [25] or be adsorbed on the surface of the membrane [26]. Therefore, the size effect
of Cw fullerene particles in aqueous solution is considered now to be very important.

The atomic force microscopy (AFM) study of Ce fullerene films deposited from an
aqueous solution revealed a high degree of molecules dispersion in solution. It turmed out
that Cw fullerene aqueous solution (C«FAS) contains both single Cw fullerene (see the
objects with a height of ~0.7 nm in Figure 1a) and its labile nanoaggregates (objects with a
height of 1.4-60 nm in Figure 1b). The majority of C«w molecules were located chaotically
and separately along the surface, or in the form of bulk clusters. Thus, C«FAS is a
polydisperse colloid nanofluid. This result is in a good agreement with our previous probe
microscopic data [27,28].

~0.7nm ~14nm ~2nm

0 1 2 um



w

I. Sci. 2021, 22,4977

113

4 0f 13

~15nm ~4nm ~3nm ~2nm ~60nm

0 I 2 3 um

b

Figure 1. AFM images (tapping mode) of Ce fullerene nanoparticles on the mica surface (concen-
tration 0.15 mg/mL) (a) objects with a height of ~0.7 nm (b) objects with a height of 1.4-60 nm.

In addition, the stability of the used CwFAS was evaluated by the zeta potential meas-
urement. This value was shown to be =30.3 mV at room temperature. Such a high (by
absolute value) zeta potential for the CwFAS indicates its high stability (low tendency for
nanoparticle aggregation over time) and suitability for further biological research.

2.2. Biomechanical Analysis

In the process of analysis of the force curves obtained during stimulation of muscle
soleus by 5 s pools for 1500 s after chronic intoxication of animals with glyphosate for 30
days, serious disorders in muscle dynamics are visible (Figure 2). The integrated power
of muscle contraction during the whole period of stimulation decreased to 41 = 3% of the
control values (Figure 3). A significant reduction in the force response ended in complete
muscle rigidity after 1200 s. However, in animals treated with CwFAS, this parameter was
57 £ 2% and 68 = 4% at doses of Ce fullerene 0.5 and 1 mg/kg, respectively. It should be
noted that in this case, the muscle responded with a contractile response throughout the
stimulation period, not falling below 30% of the limit (Figures 2 and 3). The time of reduc-
tion of the force response by 50% and 25% from the initial values increased from 103 =11
s and 790 = 17 s after glyphosate poisoning to 760 +8s and 1213+ 14 s and 940+ 21 sand
1820 = 24 s after therapeutic use of C«FAS at doses of 0.5 and 1 mg/kg, respectively. The
maximum and minimum recorded forces of muscle contraction throughout stimulation
were 0.81 =0.10 N and 0.30 £ 0.05 N after glyphosate poisoning, 1.65+020 Nand 1.72 =
020 N and 2.67 £ 0.30 N and 2.93 = 0.30 N after therapeutic use of C«FAS at doses of 0.5
and 1 mg/kg, respectively (Figures 2 and 3).
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Figure 2. Curves of the generation of the contraction force of muscle soleus rat after chronic intoxi-
cation with glyphosate for 30 days: (a), (b), (c) and (d)—the curves of muscle contraction for 1500 s
with the administration to the animals of glyphosate, glyphosate and CsFAS at doses of 0.5 and 1
mg/kg, respectively, and with the administration to the animals of distilled water (control group);
(e) mechanograms of single contractions; (f) an example of calculating the time of the onset of a
muscle response. S is the integrated power of muscle contraction throughout the entire period of
stimulation; Sz is the integrated power in a single contraction; Fuin is the minimum value of force
generation in a single contraction; t= and txs are the time of decreasing the maximum force re-
sponse to 50% and 25% of the initial amplitude of muscle force; t: and t: are the time of the onset of
the muscle response and the force reaching its maximum value in a single contraction.
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Figure 3. Parameters of contractile activity of muscle soleus rat after chronic intoxication with
glyphosate for 30 days: (a) integrated power of muscle contraction throughout the entire period of
stimulation (S1), presented as a percentage of control values; (b) time of decreasing the force re-
sponse by 50% (two) and 25% (tzs) from the initial values; (c) maximum (Fu.. ) and minimum (Fain)
fixed forces of muscle contraction throughout the entire duration of stimulation. 1—control group
(native muscle); 2—the glyphosate group; 3—the glyphosate+Ce fullerene (0.5 mg/kg) group; 4—
the glyphosate + Cso fullerene (1 mg/kg) group; * p < 0.05 relative to the control group; ** p < 0.05
relative to the glyphosate group.

A decrease in the strength activity of a muscle during glyphosate poisoning can be
explained by a violation of energy metabolism. So, in a study [29], the authors found that
a high concentration of the herbicide led to a significant decrease in the energy reserve in
the muscles, showing an unfavorable sublethal effect on energy metabolism and, conse-
quently, on the dynamic properties of the muscular system in general. The recorded sig-
nificant positive therapeutic effect of C« fullerene may be associated exclusively with its
antioxidant properties, which reduce the degree of damage to cell membranes. To confirm
this, we analyzed the biomechanical parameters of single muscle contractions (Figure 4).
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Figure 4. Parameters of single contractions of muscle soleus rat after chronic intoxication with
glyphosate for 30 days, caused by 5 s stimulation with a frequency of 50 Hz: (a) integrated muscle
power (S2), calculated from the total area of the force curves as a percentage of the control values;
(b) time to reach the maximum force response; (¢) minimum (F=:x) fixed force of muscle contrac-
tion; (d) time of onset of muscle response to stimulation. 1—control group (native muscle); 2—the
glyphosate group; 3—the glyphosate+Cs fullerene (0.5 mg/kg) group; 4—the glyphosate+Ce full-
erene (1 mg/kg) group.

The dynamics of the contractile component is determined by the sensitive mecha-
nisms of interaction of motor neuron pools with actin and myosin myofilaments. The in-
fluence of pathological factors on these processes leads either to a complete dysfunction
of this process, or to its desynchronization. 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 (CNS). The nature and level of such dysfunctions is directly re-
lated to the level of development of pathological processes in both muscle and nervous
tissue. The results of studies [30] show that the effect of the glyphosate-based herbicide
affects the CNS of rats, possibly altering the neurotransmitter systems that regulate loco-
motor activity.

The experiment made it possible to trace the therapeutic effect of C4#FAS on different
regions of the generation of the force response of the rat muscle after chronic intoxication
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with glyphosate (Figure 4). A change in the time the force reaches its maximum level is
one of the most important parameters of the kinetics of skeletal muscle contraction. This
component of muscle dynamics is especially important in controlling hand contraction in
humans. Pathological processes occurring in the nervous or muscle tissue lead to its in-
crease, which complicates, and in some cases completely blocks the possibility of accurate
positioning of the joint with the damaged muscle [31]. After taking glyphosate for 30 days,
this parameter increased significantly. It should be noted that this increase was progres-
sive with growing in the number of contractions: from 470 = 27 ms with the first confrac-
tion to 954 + 33 ms with the last contraction (in control, 250 +11 ms). These values changed
significantly after the therapeutic use of CaFAS: with a dose of Cen fullerene of 0.5 mg/kg,
this time was 430 + 22 ms and 650 + 29 ms, respectively, and with a dose of 1 mg/kg—367
+ 19 ms and 543 = 24 ms, respectively (Figure 4). Thus, the protective effect of CaFAS was
more than 30% in the first and more than 65% in the second cases.

To understand the features of muscle dynamics during the development of a patho-
logical process, it is important to analyze the rate of processing of stimulation pools ema-
nating from the CINS into the mechanical component of contraction and the possibility of
modifying the kinetics of contraction under the influence of pathological changes. A
change in the time of the onset of muscle response after nerve stimulation is one of the
most important parameters of the kinetics of skeletal muscle contraction. Analysis of the
data obtained showed a significant increase in this parameter after glyphosate poisoning
from 175 * 22 ms with the first contraction to 298 + 27 ms with the last compared with the
control —102 = 8 ms_ CwF AS therapy at a dose of Cen fullerene 0.5 mg/kg reduced this time
to 132219 ms and 184 = 17 ms during the first and last muscle contractions, respectively,
and with a dose of Ce fullerene 1 mg/kg—to 120 + 20 ms and 165 + 14 ms, respectively. It
should be noted that significant decrease in this indicator under the action of both doses
of Cen fullerene (Figure 4): the protective effect of CuFAS was more than 65% in the first
case and more than 75% in the second case.

A change in the level of minimum force of muscle contraction generation is an indi-
cator of significant changes caused by pathological processes in the myocyte. This indica-
tor is not associated with neuropathic damage and its analysis gives an idea of violations
of the force generation system within the muscle fiber. When performing fairly simple
single-joint movements, this marker is the main indicator of muscle dysfunction, the phe-
nemenelogical analysis of which makes it possible to establish the presence of causal re-
lationships between the levels of decrease in the biomechanical activity of muscles and
the development of the pathological process [32]. With a constant level of the minimum
force of more than 2 N in the control, its drop with the use of glyphosate ranged from 1.3
+0.1 N to zero. CwFAS therapy increased the level of the minimum force of muscle con-
traction to (14-09) = 0.1 I at a dose of Ce fullerene 0.5 mg/kg and up to (1L7-14) £ 0.1 N
at a dose of Cw fullerene 1 mg/kg, respectively. In this case, the protective effect of CwFAS
was more than 50% in the first case and more than /5% in the second case.

All these changes ultimately lead to a change in the overall strength activity of the
muscle, which can be quantified by the value of the integrated power. A change in this
parameter can be associated with disorder in both neural component and muscular com-
ponent of the studied pathology [33]. With chronic use of glyphosate, the integrated
power decreased from 41 + 3% to zero. CaFAS therapy brought this level to 63 £ 3% —47
% 5% at a dose of Ca fullerene 0.5 mg/kg and 80 £ 6%—54 = 2% at a dose of Cw fullerene
of 1 mg/kg, respectively. The protective effect of C«wFAS was more than 50% in the first
case and more than 60% in the second case.

2.3. Biochemucal Analysis

Analysis of biochemical markers of rat blood, in particular creatinine, creatine phos-
phokinase (CPK), lactate (LA) and lactate dehydrogenase (LDH), makes it possible to as-
sess the physiological changes occurring in skeletal muscle and the effect of a therapeutic
drug on pathological processes in it. Studies have shown that the levels of the selected
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markers have a pronounced tendency to increase in the blood of rats intoxicated with
glyphosate and decrease during CaFAS therapy (Figure 5).
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Figure 5. Biochemical parameters of rat blood (CPK, LDH, creatinine and LA) after chronic
glyphosate intordcation for 30 days. 1 —control group (native nmscle); 2—the glyphosate group;
3—the glyphosate+Can fullerene (0.5 mg/kg) group; 4—the glyphosate+Ces fullerene (1 mg/kg)
group; ™ p =< 0.05 relative to the control group; ™ p < 0.05 relative to the glyphosate group.

The change in the concentration of CPK, an enzyme from the energy supply system
of musculoskeletal cells, from 756 + 26 U/L in the norm to 1950 = 33 UL after glyphosate
intoxication, in our opinion, may be the result of destruction of myocyte walls caused by
the influence of the herbicide, with partial release of intramyocytic enzymes into the ex-
tracellular space. With the use of CwFAS, the CPK level decreased by 232 +3% and 31.7 =

% at doses of Cw fullerene 0.5 and 1 mg/kg, respectively (Figure 5).

Analysis of changes in the level of LDH made it possible to assess the overall health
of the injured muscle. The increase in the LDH level after administration of glyphosate
increased from 254 + 13 U/L (normal) to 659 = 26 U/L and is evidence of the development
of significant dysfunctions of the neuromuscular drug and, as a consequence, the devel-
opment of fatigue processes. After therapeutic use of CwFAS, the LDH level decreased by
27 £3% and 31 £ 2% at doses of Cw fullerene 0.5 and 1 mg/kg, respectively.

The change in creatinine level from 50 = 2 uM/L in the control to 196 £ 4 pM/L with
chronic intake of glyphosate confirms previously obtained data that increased serum cre-
atinine level is an important factor for predicting the severity of glyphosate poisoning [34].
CwFAS therapy led to a significant decrease in its levels to 157 £ 3 uM/L and 112 +4 pM/L
at doses of Cw fullerene 0.5 and 1 mg/fkg, respectively. In our opinion, the decrease in the
creatinine fraction in this case is caused by the antioxidant properties of Ce fullerene, its
ability to reduce inflammatory reactions and protect the membranes of skeletal muscle
cells from nonspecific free radical destruction by efficient absorption of free radicals [35].

Contraction of skeletal mscles leads to the accumulation of LA and H+ ions and,

ccordingly, to acidification of the intra- and extracellular media, which reduces the pro-
duction of ATP and suppresses the activity of Na®, K*~ATPase. This leads to a delay in the
generation of action potentials and reduces muscle activity. Pathological processes in the
myocyte increase this imbalance towards acidification of the medium and, thus, the LA
lewvel is an important marker for assessing the degree of muscle activity. Analysis of the
LA level showed its increase from 10 = 1 mM/mL (normal) to 19 = 2 mM/mL after using
glyphosate. The use of CaFAS therapy reduced its level to 16 = 2 mM/mL and 14 £ 1
mM/mL at doses of Ceo fullerene 0.5 and 1 mgfkg, respectively.

Glyphosate is an endocrine disruptor in chronic ingestion, exhibiting high cytotoxd-
city. The previously obtained results [36] show that it affects survival due to deregulation
of the cell cycle and metabolic changes that can alter mitochendrial exygen consumption,
increase free radical levels, damage DINA, cause hypoxia, accumulation of mutations and,
ultimately, cell death It was also shown that after exposure to the herbicide for § days at
a concentration of 0.95 mg/L, there was an increase in the amount of TBARS in muscle and
brain tissues. An increase in reduced glutathione (GSH) level also indicated a compensa-
tory response of the body against toxic conditions. Oxidative stress that arose during the
period of exposure to the herbicide was probably caused by increased LPO [30]. Thus, a
change in the level of endogenous antioxidants is an important marker that determines
the degree of physiological disorders in muscle cells during glyphosate intoxication.
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Figure & shows the results of measurements of indicators of pro- and antioxidant bal-
ance in the blood of experimental rats. The data obtained indicate increased levels of pe-
roxidation and oxddative stress as well as endogenous antioxidants with the use of the
herbicide. The increase in these biochemical markers compared to control values was 218
= 19%, 251 £ 14%, 250 = 19% and 250 + 24% for TBARS, hydrogen peroxdde (H:0z), GSH

2 2 2

and catalase (CAT) activity, respectively.
3
- 3 al x 4 . 4 . 3
e 1 1 - 4
. 31 p & B4 T
1 1 drde
2 4 4 4 4
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Figure 6. Indicators of pro- and antioxddant balance (CAT, H:0:, TBARS and GSH) in the blood of
rats after chronic intesdcation with glyphosate for 30 days. 1—control group (native muscle); 2—
the glyphoesate group; 3 —the glyphosate+Cea fullerene (0.5 mg/kg) group; 4—the glyphosate+Ca
fullerene (1 mg/kg) group; ™ p < 0.05 relative to the control group; ™ p < 0.03 relative to the glypho-
sate group.

]
Hz0z, |.i¢||'ml
GSH, mMiml

[X]

CAT, pMimin/ml
TB.!RS nM.'ml

The level of these markers decreased sign.iﬁca.ntlv after therapeutic use of CwFAS. So,
the TBARS level decreased to 170 £ 11% and 120 + 8% of the control values, H:Ox2—160
14% and 114 = 11%, GSH—150 + 12% and 128 + 9%, CAT activity— 140 + 14% and 119 =
10% at doses of Ce fullerene 0.5 and 1 mg/kg, respectively.

Summarizing, the proposed therapy with the use of low doses of water-soluble Ceo
fullerenes, possessing membranotropic [25,37] and powerful antioxidant properties [38],
leads to positive biomechanical and biochemical changes in the character of contractile
processes in the skeletal muscles of rats with chronic glyphosate intoxication.

3. Materials and Methods

To obtain CwFAS (maximum concentration 0.15 mg/mlL), a method based on the
transfer of these carbon molecules from toluene to water followed by sonication was used
[27,39]. The prepared CwFAS was stored at a temperature of +4 °C for 12 months.

The AFM (Solver Pro M system, NT-MDT, Moscow, Russia) was performed to deter-
mine the size of Caw fullerene particles in the prepared aqueous solution. A drop of inves-
tigated solution was transferred on the atomic-smooth substrate to deposit layers. Meas-
urements were carried out after complete evaporation of the solvent. For AFM study, a
freshly broken surface of mica (SPI supplies, V-1 grade) was used as a substrate. Measure-
ments were carried out in a semicontact (tapping) mode with AFM probes of the
RTPESPA150 (Bruker, 6 Nfm, 150 kHz) type.

The zeta potential was measured to assess the stability of the prepared CwFAS using
the Zetasizer Nano-Z590 technique (Malvern, Worcestershire, UK).

The experiments were performed on male Wistar rats aged 3 months weighing 170 =
5 g. The study protocol was approved by the bioethics committee of Taras Shevchenko
MNational 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 No3dde—IV
21.02.2006, Kyiv, on the Protection of Animals from Cruelty during medical and biological
research.

In total, 40 rats divided into four groups (10 animals each) were used in the study.
Glyphosate was administered daily at a dose of 10 pg/kg of animal weight orally using a
metal catheter for 30 days (1 = 10). The animals of the control group (n = 10) were injected
with an equivalent volume of distilled water for 30 days. CwFAS was administered at
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doses of 0.5 (n=10) and 1 mg/kg of animal weight (i = 10) immediately after administra-
tion of the herbicide for 30 days. Measurements of the studied parameters (see below) in
all groups were performed on the 31# day after the start of the experiment.

It should be noted that the use of selected doses of CwFAS are based on previous
experimentally established data, which showed a high protective effect of water-soluble
Cen fullerenes [13,14,19]. Additionally, it should be noted that the doses of Cw fullerene
used in our experiments are significantly lower than the LDs value, which was 600 mg/kg
body weight when administered orally to rats [40] and 721 mg/kg when administered
intraperitoneally to mice [25].

Anesthesia of animals was performed by intraperitoneal administration of nembutal
(40 mg/kg). Preparation of the experiment included the cannulation (a. carotis commmunis
sinistra) for the therapeutic administration of the drug and pressure measurement, trache-
otomy and laminectomy at lumbar spinal cord level. Muscle soleus of rat was released
from the surrounding tissues. Its tendon was cut across in distal part, which was con-
nected to the force sensors. For modulated stimulation of efferents, the ventral roots were
cut at the points of their exit from the spinal cord. Stimulation of efferents was performed
by electrical pulses lasting 2 ms, generated by the generator, through platinum electrodes.
The control of the external load on the muscle was performed using a system of mechan-
ical stimulators. Perturbation of the load was carried out by a linear electromagnetic motor
[41].

The choice of muscle soleus for this study is due to the fact that this muscle contains
the maximum number of slow fibers, which is important for accurate and high-quality
fixation of fast-acting processes, occurring in the anterior front of the tetanus, in pathol-
ogy.
& To induce nuscle contraction, a stimulation signal with a frequency of 50 Hz and a
duration of 5 s was used without a relaxation period. The total duration of stimulation
was 1500 s. The current strength, at which the muscle began to contract, was considered a
threshold, and further stimulation was performed with a current strength of 13-14
thresholds.

To record the force of skeletal muscle contraction, we used the original strain gauge
that consists of force and length sensors, a synchronous pulse generator and a thermal
control system [13].

In the process of analyzing the obtained results, the following parameter was used:
the integrated power of muscle contraction (calculated area under the force curve), which
is an indicator of the overall performance of the muscle with the applied stimulation pools.
The development of muscle contractile activity was assessed by calculating the time of the
decrease in the force response by 50% and 25% of the initial values during stimulation.
We also analyzed the time to reach the maxdimum value of the muscle contraction force
and the delay in the onset of the muscle response.

The level of enzymes content in the blood of experimental animals (creatinine, CPK,
LA, LDH, TBARS, Hx0:, GSH and CAT), as marker of muscle injury [42], was determined
using clinical diagnostic equipment—a haemoanalyzer [13].

Statistical processing of results was performed by methods of variation statistics us-
ing software Original 9.4 We conducted at least six repetitions for each measurement.
Data are expressed as the means = SEM for each group. The differences among experi-
mental groups were detected by one-way ANOVA followed by Bonferroni’s multiple
comparison test. Values of p = 0.05 were considered significant.

4. Conclusions

The obtained results indicate that the therapeutic administration of water-soluble Ceo
fullerenes at a dose of 0.5 mg/kg reduces the degree of pathological changes in rats caused
by chronic glyphosate intoxication by 40—45%. Increasing the dose of water-soluble Ca
fullerenes to 1 mg/kg increases the therapeutic effect by 55-65%, normalizing the studied
biomechanical and biochemical parameters. Considering the fact that poisoning with
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glyphosate compounds has a lethality of up to 20% and there is currently no antidote to
them, and the basis for the treatment of systemic toxicity is deactivation and aggressive
supportive therapy [34], the proposed Cw fullerene therapy of this type of intoxication
opens up new prospects for clinical frials.
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Abstract

Functional biomechanical parameters of muscle solens contraction in rats as well as selected blood biochemical parameters
were studied during the first 3 days of post-traumatic syndrome progression caused by the destruction of muscle cells by
compression. Single admimstration of the antioxidant C, fullerene and the selective agomist of TRPMS channels menthol
were used as therapeutic agents. Injection of Cg, fullerene at a concentration of 1 mg/kg into the damaged muscle improved
its contractile function by 25-28%. The use of combined injections of Cg fullerene and menthol (at the concentration 1 mg/
kg) improved this index by additional 27-39% and simultancously stabilized the decrease in muscle strength observed
throughout the experiment. A tendency towards a decrease in the indexes of the above described biochemical parameters
by 10=-15% were found with the therapeutic administration of Cg fullerene. With combined injections of Cg, fullerene and
menthol, the above described biochemical parameters decreased by an additional 17-24%. The synergism between the action
of menthol and C,, fullerene on the post-traumatic recovery of skeletal muscle function opens up new perspectives for the
clinical application of this combination therapy.

Keywords Rat muscle soleus - Muscle injury - Cg; fullerene - Menthol - TRPMS channel - Biomechanical and biochemical

Abbreviations GSH Reduced glutathione
Cy Cyp fullerenes LA Lactate
CgFAS Cip fullerene agueous solution LDH Lactate dehydrogenase
CAT Catalase ROS Reactive oxygen species
Cs Crush syndrome TBARS Thiobarbituric acid reactive substances
CPK Creatine phosphokinase TRP channels  Transient Receptor Potential channels
H,0, Hydrogen peroxide
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Introduction

Despite the high medical and social significance of skel-
etal muscle injuries, there are quite a few chinical options
for their treatment. Timely therapy, especially at the early
stages of such pathology, can optimize the regeneration
and healing of the damaged skeletal muscles and help
prevent the risk of some serious post-traumatic complica-
tions while accelerating full muscle recovery. The reaction
of the skeletal muscle tissue to the action of the harmful
factor(s) has a distinct phase character and 15 mamfested
by alteration (stage of inflammation), exudation (release
of fluid and blood cells from blood vessels into tissues
and organs) and proliferation (recovery phase). In parallel
with muscle tissue disorders there is a complex of vascu-
lar changes in the form of short-term spasm, arterial and
venous hyperacmia. The occurrence of an inflammatory
reaction is a consequence of the appearance of a large
number of free radical agents in damaged tissues, which
trigger a cascade of pathological processes resulting pri-
marily in altered integrity of cell membranes. It is well
established that free radicals, particularly superoxide and
hydroxyl radicals, are the main factors in the process of
muscle tissue damage. Thus, they initiate lipid peroxida-
tion, cause direct inhibition of mitochondrial enzymes of
the respiratory chain and ATPase activity, inactivation of
glyceraldehyde-3-phosphate dehydrogenase and mem-
brane sodium channels (Cuzzocrea et al. 2001). Biocom-
patible and bioavailable carbon nanoparticles C,;, fuller-
enes (Cg,) (Halenova et al. 2020; Prylutska et al. 2007) can
act as powerful scavengers ol free radicals (Eswaran et al.
2018; Gonchar et al. 2018) induced by ischemia-reperfu-
sion injury (Amani et al. 2017; Matvienko et al. 2017).
However, our earlier studies (Nozdrenko et al. 2017) were
related to relatively mild muscle pathologies. Muscle
mjury with rupture of muscle tissue 1s a severe pathology
complicated by pronounced pain symptoms. Therefore,
the use of Cg; therapy, in our opinion, is not a sufficiently
comprehensive approach for an adequate model of the
forthcoming study.

The ability to perceive temperature stimuli provides a
basis for the formation of adaptive responses aimed at the
active elimination of the pathological process. In recent
decades, several members of the superfamily of Transient
Receptor Potential (TRP) channels have been identified as
specific thermoreceptors. Accumulating evidence indicates
their potential participation in a number of physiological
processes that contribute to the alleviation of pathological
conditions (Nilias et al. 2007; Zholos et al. 2011). Thus, it
has been established that menthol increases muscle endur-
ance during exercise, reducing levels of lactic acid and
triglycerides in the blood by activating TRPMS channels,
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and thus improving energy metabolism of skeletal mus-
cles (Chen 2018 et al.). Long-term studies have shown
that therapeutic use of a menthol-containing drug signifi-
cantly reduces time for return to sports activity in athletes
with injuries of varying severity (Isbary et al. 1983). Posi-
tive effect of menthol on the rate of the strength recovery
of muscles contraction of the athlete’s lower body after
physical exertion was established (Gillis et al. 2020). In
the context of muscle trauma, it 15 especially relevant
that TRPMS agonist can normalize blood circulation by
exerting dual effect on vascular tone = vasorelaxation of
constricted blood vessels and vasoconstriction of blood
vessels at rest (Johnson et al. 2009).

Based on these observations, the aim of this work was
to investigate the possibility of a synergistic effect of the
therapeutic action of Cg, as an antioxidant and menthol as an
activator of TRPMS channels, on post-traumatic restoration
of the functioning of the muscle soleus in rats.

Materials and methods

To obtain the Cg, fullerene agueous solution (C,FAS)
we used a method based on the transfer of these carbon
nanostructures from toluene to water, followed by sonica-
tion (Ritter et al. 2015; Scharil et al. 2004). The obtained
CgoFAS is a typical colloid solution that contains both sin-
gle Cgy (=0.72 nm) and their nanoaggregates with a size of
1.2=100 nm (Prilutski et al. 1998). CFAS was stable at
4°C for 18 months.

50 male Wistar rats aged 3 months weighing 170+5 g
were used in the experiments. The study protocol was
approved by the Bioethics Commission of ESC “Institute of
Biology and Medicine”, Taras Shevchenko National Univer-
sity of Kyiv in accordance with the European Convention for
the Protection of Vertebrates animals used for experimen-
tal and other scientific purposes™ and norms of biomedical
ethics in accordance with the Law of Ukraine Ne3446—IV
21.02.2006, Kyiv, “On protection of animals from cruel
treatment” during medical and biological research.

The animals were anaesthetized by intraperitoneal admin-
istration of nembutal (40 mg/kg). Muscle injury was induced
by squeezing the muscle for | min with a clamp at a pressure
of 3.5 kg per cm® (Souza et al. 2013). The applied crush syn-
drome (C5) led to the systemic manifestation of pathological
changes due to destruction of muscle cells, particularly, the
release of muscle cell components (creatine kinase, lactic
acid, myoglobin) into the extracellular environment, which
served as a marker of muscle injury.

Preparation of the experiment included cannulation (a.
carotis communis sinistra) for the pharmacological drugs
administration and measurement of blood pressure, tracheot-
omy and laminectomy at the level of the lumbar spinal cord.
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The rat muscle solenws was separated from the surrounding
tissues. In the distal part. its tendon part was cut transversely.
For modulated stimulation of efferents in segments L7-51,
the ventral roots were cut at the points of their exit from
the spinal cord. Stimulation of efferents was performed by
clectrical pulses lasting 2 ms, generated by a pulse generator
through platinum electrodes. Control of the external load
on the muscle was performed using a system of mechanical
stimulators. Perturbation of the load was carried out by a
linear electromagnetic motor (Nozdrenko et al. 2018).

To induce muscle contraction, a three-component stimu-
lation signal with a frequency of 1 Hz was used, cach lasting
10 min with a relaxation period between pools of 100 s. The
strength of the current at which the muscle began to contract
was considered as threshold. further stimulation was per-
formed at strength of 1.3=1.4 threshold.

CgoFAS and menthol were administered sequentially
mtramuscularly at a concentration of 1 mg/kg body weight
immediately after initiation of muscle injury. It is important
to note, that accordingly our previous study, the maximum
tolerated dose of CgFAS 1s 721 mg/kg for ip. administra-
tion to mice (Prylutska et al. 2019).

To record the force of skeletal muscle contraction, we
used a custom made strain gauge, which included force and
length sensors, a synchronous pulse generator and a thermal
control system (Nozdrenko et al. 2017).

Integrated muscle power, which is an indicator of the gen-
eral performance of the muscle during the application of
stimulation pools, was caleulated as the area under the force
curve. The analysis of this parameter made it possible to
assess the mechanisms of the formation of muscular activity
at the equilibrium state in the “force—external load™ system,
which is a physiological analogue of the performance of the
muscular system as a whole. Mechanograms were analyzed
on days 1, 2, and 3 after muscle injury.

The development of muscle contractile activity was
assessed by the method of calculating time intervals during
which 50% and 25% of the initial levels of force responses
were reached during muscle stimulation.

The level of biochemical changes in the blood of experi-
mental animals {creatinine, creatine phosphokinase (CPK),
lactate (LA), lactate dehydrogenase (LDH), thiobarbitu-
ric acid reactive substances (TBARS). hydrogen peroxide
(H,0,), reduced glutathione (GSH) and catalase (CAT)),
as markers of muscle injury, was determined using clinical
diagnostic equipment—a haemoanalyzer (Nozdrenko et al.
2017).

Statistical analysis

ods of variation statistics using OriginPro 2020 (v. 9.7)
(OriginLab, Northampton, MA. USA). At least six replicates

were performed for each measurement. Data are expressed
as the means + SEM for each group. The differences among
experimental groups were detected by one-way ANOVA fol-
lowed by Bonferroni's multiple comparison test. Differences
at p < 0.05 were considered significant.

Results and discussion
Biomechanics of injured muscle contractions

Applied crush syndrome (CS), as a factor of muscle injury,
caused a significant decrease in the force response of the
muscle with progressive temporal symptoms (Fig. 1). Thus,
force responses to a stimulus showed sharp decrease in force
activity of the muscle already in the first seconds of stimu-
lation with progressive decrease in the maximum force to
21+ 1% of initial values on the first pool of stimulation,
17+ 1% and 9+ 1% during the second and third pools,
respectively (n= 10). The decrease 1in integrated muscle con-
traction power was 53+ 2%, 424 1%, and 23+ 1% (n=10)
in the first, second, and third stimulation pools, respectively
(Fig. 1). The time to reach 50% and 25% of the initial level
of force response was 156+ 35 and 401 + 2 s during the first
stimulation pool, 143 £ 3 and 376 £ 3 s during the second
and 12242 and 311 +2 s (n=10) during the third stimu-
lation pool. Thus, there are progressive fatigue processes
of the mmjured muscle and insufficient relaxation time for
its adequate functioning. It is important to note that the
intact muscle under these conditions does not change its
strength characteristics during stimulation for several hours
(Nozdrenko et al. 2017).

The use of Cg; injections increased the muscle strength
response on average by 9-12% during the first stimulation
pool. During the second and third stimulation pools, the
muscle strength response did not significantly increase and
averaged 5-7% of the control values (Fig. 1, injury +Cg).
Menthol (M) injections alone did not result in any significant
changes in muscle dynamies (Fig. 1. injury + M)).

The use of combined injections of Cg, and menthol
showed a significant increase in muscle strength during all
three sumulation pools. The integrated power increased
by 58+ 1%, 42+ 2% and 36+ 2% during the first, second
and third pool, respectively (n=10). The time to reach 50%
and 25% of the initial level of force response increased by
almost 50% in each of the three stimulation pools (Fig. 1,
injury + Cgq+ M).). It is also important to note the absence
of a sharp decrease in the maximum force of contraction
during the first seconds of stimulation: the decrease in force
oceurred smoothly and monotonously during all three stimu-
lation pools.

Next we analyzed the changes in muscle dynamics on
days 1. 2, and 3 after muscle injury. The decrease in the
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Fig.1 Curves of the generation of the contraction force of the muscle
solews 5 h after the initiation of wraumatic injury caused by a three-
component stimulaton pulses applied at 1 He, 600 s duration each
with a relaxation period between pools of 100 s: a, b, c—three con-
secutive pools of stimulation; S is the integrated power of muoscle
contraction; Fp, —curve of the maximum force response of the mus-

integrated power of muscle contraction was by 46 + 1%,
314 1% and 15+ 1% (n=10) of the control values on days
1. 2, and 3 after muscle injury. respectively. The time of the
reduction in the maximum power indicators by 50% was
10042, 78+ 1 and 54+ 2 5 (n=10), and by 25%—121+1,
107+1 and 78 +2 s (mn=10) by 1. 2 and 3 days after the
injury, respectively (Fig. 2). A temporal analysis of the heal-
ing of muscle solens injury showed that complete muscle
regeneration occured 3-5 days after the injury (Hurme et al.
1991).

The use of Cyy injection significantly improved the
dynamics of the contractile process of the damaged muscle.
Thus, the decrease in the integrated power was by 63 +2%,
58+2% and 42+ 2% (n=10) of the maximum values of
the force on days 1, 2, and 3 after the injury. which was
27-30% less than for the injured muscles without treatment.
The time to reach the maximum power indicators of 50%
of the level from the initial values was 256+ 11, 321 +9
and 211 +5 s (n=10), and 25% of the imtal level—325+9,
301 +7and 276+ 6 s (n=10) on days 1, 2 and 3 after the
injury, respectively, which was by 30-32% more compared
to the injured muscle in control (Fig. 2). Thus, these data
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cle (N): tg and ty;—time of the decrease in the maximum strength
response o 50% and 25% of the initial amplitade of force of mus-
cle contraction, respectively; “injury +Cg” and “injury +Cg,+ M™
indicate treatments by injections of Cg, and Cg, with menthol (M),
respectively

mdicate a significant positive dynamics of the therapeutic
administration of CgFAS. However, it should be noted that
this therapy alone did not lead to significant biomechamcal
changes regarding the nature of the contractile processes.
We suppose that inactivation of the produced free radicals
by Cg, reduces the level of injury severity in the muscle
by 25-30%, which, although it is a positive aspect of this
therapy, does not ensure a significant progress in the process
of complete recovery of muscle function.

Menthol injections into the injured muscle did not show
much positive therapeutic results in improving its dynamic
response (data not shown). However, combined treatment
with menthol and Cg, resulted in the decrease of the inte-
grated power by 79+2%, 63+ 2% and 49+ 2% (n=10) of
the maximum response on days 1. 2 and 3 after the mjury,
which was by 40-45% less than for the damaged muscle in
control and by 17% less compared to the Cg, therapy alone.
The time to reach the maximum of force indicators by 50% of
the mitial values was 325 +3, 321 24 and 3003 5 (n=10),
and by 25%—300+ 3, 296 +4 and 290+ 4 s (n=10) on days
1. 2 and 3 after the injury, respectively (Fig. 2). which was
by 42-45% less relative to the damaged muscle in control
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Fig.2 Biomechanical parameters of muscle fatigue of posttraumatic
muscle solews after using therapeutic agents: S—imegrated power of
muscle contractions; Ly, and L,s—the time o reach 50% and 25% of
the initial muscle force of contraction, respectively; “injury + Cgy”

and by 19-21% less relative to the Cg, therapy alone. It is
important to note the significant difference in curves of force
response after using Cgg with menthol. A rapid drop in the
maximum force response during the first 300 s (half of the
muscle stimulation time) was up to 40% of the initial val-
ues. In the case of the Cg therapy, a gradual decrease of the
maximum force of contraction is observed throughout the
entire period of stimulation. A possible reason for this may
be both a greater number of metabolic components in muscle
fibers and stabihization of acidity in the mntracellular space.
It should also be noted that the use of the combined therapy
did not eliminate the developing of fatigue processes in the
muscle: the integrated muscle power decreased with each
subsequent pool of stimulation (Fig. 2).

Next we analyzed the ability of the injured muscle to
maintain maximum force during a 6 s period of muscle stim-
ulation at 50 Hz. Figure 3 shows the curves of ten consecu-
tive force responses of the injured muscle soleus 5 h after
mitiation of the injury. Decrease in the force of contraction
during the first five consecutive contractions was replaced by

and “mjury + Cgy+ M indicate treatments by injections of Cyy and
Cgpy with menthol (M), respectively: 1, 2, 3—I1, 2 and 3 sequential
stimulation pool; a, b, c—power responses on days 1, 2 and 3 after
muscle injury; *p<0.035; ¥*p <0.05 relative W injury group

almost complete muscle nigidity during the last stimulation
pools. A rapid decrease in the force of contraction during the
first simulation and fluctuating force responses at the last
stages of contraction are also notable.

Injections of C; eliminated both the abrupt decrease
in the contraction force and the fluctuation component
of the contractile process (Figs. 3. 4). However, the inte-
grated power of muscle contraction continued to decrease
throughout the duration of stimulation with a shight increase
of 12 4+ 3% from the values of the injured untreated muscle.
Menthol injections alone did not improve muscle dynamics
studied with this protocol (data not shown). However, using
combination of Cgy and menthol resulted n an increase of
the integrated power was by 29+ 2% of the values of the
injured muscle (Fig. 4). Reduction in the maximum force
response was evident during each of ten consecutive contrac-
tons. Cg; and menthol treatment increased this parameter
during the first stages of contraction only. The decrease of
time reqguired for foree to reach its maximum level was par-
ticularly notable after the combined therapy: from 1.3 s for
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Fig.3 Curves of 10 consecutive force responses of the injured mus-
cle solews w0 a simulation signal with a frequency of 50 Hz of 6 s
duration (without a relaxation period) in control (left panel) and afier
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Fig.4 Biomechanical parameters of 10 consecutive force responses
of injured muscle solews to stimulation at 50 Hz for a 6 s period
(without a relaxation period) in control (traces marked “injury™) and
after using therapeutic agents: “injury + Cgy” and “injury + Cgy + M

the injured muscle (control) to 0.5 s after the injection of Cg,
and 0.3 s for its combined injection with menthol (Fig. 4).
Analysis of these parameters on days 1, 2 and 3 after
muscle injury showed a significant effect of the therapy on
cach of the studied biomechanical markers (Fig. 4). In the
injured muscle, a decrease in the value of the mechanical
response of the muscle to the stimulation was observed with
an increase in the time after the injury. This is due to the
progressive development of inflammatory processes after
the initiation of the injury. After using of both Cy, and Cg,
with menthol the increase of integrated power was by 55,
57, and 59% on days 1. 2 and 3 after the injury, respectively.
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injury+C, +M

using the therapeutic agents 5 h after the initiation of muscle injury:
“injury + Cgy" and “injury +Cg,+M” indicate treatments by injec-
tions of Cyy and Cy, with menthol (M), respectively

injury+C,,+M

indicate treatments by injections of Cgy and Cgy with menthol (M),
respectively; a, b, c—curves of maximum strength responses on days
1.2, and 3 afier muscle injury, respectively: *p < 0L.05; **p <0.05 rel-
ative o the injury group

The increase of maximum force response was by 42+ 2%,
464 3%, and 158 +3% (n=10) on days 1, 2, and 3, respec-
tively, after injection of Cg; and by 62 + 1%, 66+ 2% and
724 3% on days 1, 2 and 3, respectively (n= 10) after injec-
tions of Cgy with menthol.

Blood biochemical indicators of rats with injured
muscle

Analysis of the selected biochemical blood markers
indicative of the guality of skeletal muscle functioning,
in particular changes in the levels of creatinine, creatine
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Fig.5 Changes in the levels of creatinine, lactate dehydrogenase
(LDH), creatine phosphokinase (CPK) and lactate (LA) in the blood
of rats after muscle injury: “injury +Cae” and “injury + Cag+M”

phosphokinase (CPK), lactate (LA), and lactate dehydroge-
nase (LDH) 1n the blood of rats (Fig. 5). provides opportuni-
ties to assess the physiological changes in muscle and the
therapeutic effect of the applied drugs on pathological pro-
cesses. Previous studies have shown that all these markers
have a pronounced tendency for elevation with increase in
time after initiation of injury that indicates the super-intense
for muscular system level of physiological work that 1s fol-
lowed by the development of muscle fatigue.

One of the known markers of muscle fatigue 15 a change
in the concentration of CPK. an enzyme involved in the
encrgy supply, which catalyzes the transfer of a phosphate
group from ATP to creatine with the formation of a high-
energy compound creatine phosphate. After intensive func-
tioning or mechanical damage of the muscles, the release
of the enzyme from the cells and increase in CPK activ-
ity in the blood are observed. Increase in CPK blood frac-
tion (Fig. 5) from 500 Units/l in control to 2380, 2422, and
2943 Units/] on days 1, 2, and 3 after the injury. respec-
tively, 1s the result of destruction of myocyte walls caused
by muscle injury (Gibala et al. 1995) with partial release of
intramyocytic enzymes into the extracellular space. After
injection of C FAS, the CPK level decreased by 9.3, 9.3,
and 10.4% (p<0.03) on days 1, 2, and 3, respectively. Com-
bined administration of Cg;FAS and menthol decreased the
CPK level by 16.4, 16.8 and 17.5% (p <0.03), which is evi-
dence of the direct synergistic action of these agents. It 1s
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indicate treatments by injections of Cg, and Cy, with menthol (M),
respectively; *p<0.05; ** p<0.05 relative to the njury group

important to note that the use of menthol injections alone did
not produce sigmificant differences 1in any of the biochemical
markers compared to the injured muscle.

Changes in LDH. the enzyme that catalyzes oxidation
of lactic acid (the end product of glucose metabolism in
cells during prolonged physical exertion), provide the means
to assess the general state of functionality of the damaged
muscle after 1ts prolonged activity. Increase in LDH level
from 200 Units/1 (normal) to 860, 1180, and 1198 Units/l
on days 1. 2, and 3. respectively after muscle ijury (Fig. 5)
is evidence of the development of significant dysfunction of
the neuro-muscular system and, as consequence, the devel-
opment of fatigue processes. After the injection of Cg FAS,
LDH level decreased by 4.7, 5.2 and 5.1% (p < 0.05) on days
1. 2 and 3 after the injury, respectively. Combined admin-
istration of CggFAS and menthol decreased the level of the
enzyme by 29.7, 19.5 and 18.3% (p <0.05), which is also
significantly higher than with Cg, therapy alone.

Changes in the level of creatinine, a product formed in
muscles during the destruction of intramuscular structures,
allowed us to assess the level of damage to myocytes. Fig-
ure 5 shows that this index increased from 50 pM/ in con-
trol to 240, 2562, and 297 pM/1 on days 1. 2. and 3 after
the injury, respectively. Injections of Cg, as in the analysis
of its effect on the above described markers, did not show
pronounced changes in creatinine content: creatinine level
decreased by 5.3, 5.1 and 4.8% (p<0.05) on days 1, 2, and
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3 after the injury. respectively. However, combined admin-
istration of CgpFAS and menthol caused a marked decrease
of creatinine level by 26.2, 27.4 and 26.7% (p < 0.05) that is
significantly more than with Cg, therapy alone. It is likely
that a decrease in the creatinine fraction after combined
therapy by C )FAS and menthol is caused by the protec-
tive effect of menthol at the early stages of pathological
process development by reducing inflammatory reactions,
which then made 1t possible for Cgy to show 1ts antioxidant
properties and protect the membranes of skeletal myocytes
from nonspecific free radical damage by neutralisation of
free radicals.

During the development of inflammatory reactions cas-
cade after injury significant depletion of cellular energy sub-
stances, especially ATP, occurs, this leads to a disruption
of homeostasis and a loss of ion gradients across the cell
membranes. This, in turn, results in the accumulation of LA
and HY ions, and, accordingly, acidification of the intra- and
extracellular media (Hagberg et al. 1985). A decrease in ATP
production suppresses the activity of the Na™, K*-ATPasc,
which leads to increase in the concentration of intracellular
Na™ and, as a consequence, intracellular Ca™* {Ivanics et al.
2000). The increased content of K¥ ions causes a delay in
the generation of the action potential and. accordingly, its
propagation along the T-tubules (Jones 1996). Thus, 1onic
changes impair the muscle’s ability to respond to electrical
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Fig.6 Indicators of pro- and antioxidant balance in the blood of mats
after induction of muscle injury (catalase (CAT) activity, hydrogen
peroxide (H,0,), thiobarbitric acid reactive substances (TBARS),
and reduced glutathione (GSH) concentrations): “injury +Cgy" and
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impulses, and lead to a decrease in muscle strength. There-
fore. LA 1s an important marker for assessing the degree of
performance of the injured muscle. Analysis of the LA level
showed its increase after injury from 10 mM/ml in control
to 23, 24, and 26 mM/ml on days 1, 2, and 3, respectively.
The use of Cg, therapy reduced its concentration by 48.5,
46.2 and 47.7% (p < 0.05) on days 1, 2, and 3, respectively.
However, combined therapy using administration of both
CgoFAS and menthol practically did not reduce the LA level:
the decrease in its level was no more than 3% of the level
with Cg, therapy alone. Thus, under the conditions used for
muscle injury development Cg, is able to significantly reduce
the LA level in the active muscle without additional activa-
tion of TRPMS channels.

With the development of muscle pathology, a change in
the level of antioxidants is an essential criterion that deter-
mines the level of physiological disbalance. The results of
tests show the level of accumulation of the secondary prod-
ucts of lipid peroxidation in the blood of rats after indue-
tion of muscle imjury (Fig. 6). The data obtained indicate an
increased level of peroxidation and oxidative stress TBARS
(thiobarbituric acid reactive substances) and H,0, (hydro-
gen peroxide) after stimulation of the injured muscle. These
markers increased on the second and third days after the
mitiation of mjury and compared to the intact muscle were
235%, 308% and 423% (p <0.05) for TBARS and 451%,
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“mjury + Cgo+M” indicate treatments by mjections of Cg, and Cg,
with menthol (M), respectively; *p<0.05; **p<005 relative o
injury group
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522% and 617% (p <0.03) for Hy0, on days 1. 2, and 3,
respectively. After administration of Cg,FAS, TBARS con-
centration slightly decreased compared to the damaged mus-
cle without therapy: 202%, 281%, and 367% (p<0.05) on
days 1, 2, and 3, respectively. Thus, the therapeutic effect of
CFAS for this marker was no more than 11%. The decrease
in the level of H,0, after administration of C, FAS was no
more than 14% (Fig. 6).

The therapeutic effect of CgFAS and menthol combined
treatment on TBARS was 31%, 43% and 57% (p<0.05), and
on Hy0,—47%, 49% and 51% {p<0.05) on 1, 2 and 3 days,
respectively, which was more than twofold higher than the
therapeutic effect of C FAS alone. It should be noted that
the most pronounced therapeutic effect was observed on
the 3rd day after muscle injury. Analysis of the levels of
the endogenous antioxidants showed a significant increase
in GSH (reduced glutathione) levels—301%, 390% and
421% (p<0.05) and activity of antiperoxide enzyme CAT
(catalase)—4T71%, 527% and 578% (p <0.05) on days 1, 2
and 3, respectively. GSH activity slightly decreased by 9%,
11% and 12% (p < 0.05), respectively, after administration
of CgyFAS. The decrease in CAT indicators turned out to
be more effective and was 14%, 18% and 19% (p <0.05)
on days 1, 2 and 3, respectively. GSH level decreased by
almost 30% more than with Cg, therapy after injections of
CgyFAS and menthol: the therapeutic effect was 29%, 36%
and 41% (p<0.05) on days 1, 2 and 3, respectively. At the
same time, the level of CAT remained practically unchanged
compared to Cg, therapy—the difference was no more than
2-3% (Fig. 6).

Significant differences in the severity of injury and the
muscle group affected, as well as the nonspecificity of symp-
toms, complicate research aimed at identification of a suit-
able treatment for muscle injury. Therefore, it 1s important
to understand the cellular processes inherent to this type of
skeletal muscle injury and involved in their healing. The
most important of these processes is inflammation as a con-
sistent and sustained systemic response. The inflammatory
response depends on two factors, specifically the degree of
physical injury and the degree of muscle vascularization
during injury. However, long-term anti-inflammatory treat-
ment is not necessarily effective in accelerating healing, as
mdicated by various (Hurme et al. 1991). Due to a varety
of ethical factors, studies of the inflammatory response dur-
ing injury in humans are limited, but experimental animal
models provide sufficient information to study muscle dam-
age and regeneration. However, the methods currently used
to induce mechanical damage vary considerably in terms of
invasiveness, instruments used to induce injury, the muscle
group selected for injury and their contractile status, and the
effect on immune or cytokine responses. This complicates
the interpretation of the results of such studies.

The early recovery phase of mechanical muscle injury
is characterized by overlapping of inflammation process
and development of secondary imjury. Although neutrophil
infiltration has been proposed as one of the reasons for the
enhancement of inflammatory process, there is no clear evi-
dence to support this statement. The main role in the initia-
tion of inflammatory reactions is played by cascading, pro-
gressive increase in free radical components. Pathological
inflammatory cascading processes that occur immediately
after muscle injury are the source of free oxygen radicals and
contribute to the intensification of lipid peroxidation pro-
cesses (Davies et al. 1982). The presence of such metabolic
products interferes with the adequate performance of muscle
work and significantly increases the duration of their recov-
ery period. A decrease in the concentration of these oxygen
metabolites upon therapeutic administration of Cgg should
significantly improve the execution of motor commands of
the central nervous system by the muscular system and con-
tribute to a decrease in the level of pathological changes. In
our opinion, the ability of Cg, to effectively neutralize free
radicals (Ferreira et al. 2018; Vereshchaka et al. 2018), 1s
the main reason for the positive therapeutic results of the
treatments described in this study.

Muscle tssue damage, as well as mlense exercises,
induce oxidative stress in skeletal muscle and therefore can
alter the pro-antioxidant balance. Despite numerous stud-
ies have been done in this area, connections between free
radicals, antioxidant enzymes, exercises, and skeletal muscle
membrane injury remain controversial (Clanton et al. 1999;
Ji 1995). These discrepancies may be related to differences
in levels of tissue injuries, intensity and duration of muscle
work, and muscle fiber type. Each type of muscle fibers has
different metabolic characteristics and oxidative potential,
as well as the ability to provide antioxidant protection (-
et al. 1999). However, it remains indisputable that the pres-
ence of such metabolic products compromises the adequate
performance of muscle work and significantly increases the
duration of their recovery period.

It should be noted that during the development of inflam-
matory response of the muscle to traumatic injury in the
primary alteration zone, the metabolic rate is reduced due to
cellular dysfunctions, and in the secondary alteration zone 1t
15 increased due to the metabolism of carbohydrates (includ-
ing glycolysis of polysaccharides). Oxygen consumption and
carbon dioxide production are also increased:; oxygen con-
sumption exceeds the production of carbon dioxide, since
oxidation does not always take place until the final forma-
tion of carbon dioxide (violation of the Krebs cycle). This
leads to accumulation of under-oxidized metabolic products
in the inflammation zone, which can be inactivated by C,
optimizing the muscle recovery processes at this stage of the
inflammatory process.
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During intense physical activities, the flow of oxygen
through muscle cells is significantly increased. A high level
of oxygen uptake (up to 100-fold) can lead to excessive for-
mation of reactive oxygen species (ROS) and initiate the
destruction of functional myofibrils remaining after injury
(Ji 1995). In our study, the increased amount of GSH in
muscle (without and after therapeutic drugs administration)
indicates a compensatory activation of the endogenous anti-
oxidant system to the rapid inflammatory process initiated
by muscle injury. Under our experimental conditions, this
process is complicated by prolonged non-relaxation con-
tractions of the injured muscle. Many studies have shown
that under intense loads there is a significant decrease in
the amount of reduced GSH paralleled by an increase in
the concentration of its oxidative form (Lecuwenburgh et al.
1997). The described processes occur in the injured muscle
with progressive dynamics for at least three days, after which
tme a recovery period begins.

An increase in H,0, level in muscle injuries leads to
increase of CAT activity, which performs a protective anti-
oxidant role, catalyzing the decomposition of hydrogen per-
oxide into water and oxygen. These results are confirmed
both by our studies and by studies carried out earlier in
acute experiments on rats (J1 et al. 1992; Leecuwenburgh
et al. 1993). At the same time, some studies indicated the
absence of any changes in the concentration of CAT in mus-
cles during their motor activity, which can be explained by
the absence of decrease in this indicator with the applied
therapeutic injections in comparison with other markers
(Meydani et al. 1993).

After administration of Cg; into the injured muscle dur-
ing fatigue development, the CAT activity significantly
decreased compared to fatigue alone. It can be assumed that
Cgp. by affecting the content and activity of endogenous
antioxidants, prevent fatigue in actively contracting muscle
and. thus. contribute to the maintenance of 1ts normal physi-
ological state (Prylutskyy et al. 2017). However, it should be
noted that the level of pathological processes that arose at
the first stages of the development of muscle injury exceeded
the antioxidant capabilities of Cg.

The enhancement of the therapeutic effect of Cgg in the
presence of menthol can be explained by several mecha-
misms. Thus, studies have shown that menthol has a fast-
acting, short-term effect of reducing blood flow, which
reduces the level of inflammatory processes. In addition,
a single 8 h application of an occlusive patch that contains
3% menthol to treat mild and moderate pain associated with
mild and moderate muscle deformity in adult patients sig-
nificantly alleviates it compared to patients who received
placebo, which also affects the level of development of
the subsequent inflammatory process (Higashi et al. 2010;
Topp et al. 2011). It has been shown that with the inter-
nal use of menthol, there 15 an improvement 1in muscular
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performance, mediated by mechanisms associated with its
thermal. ventilation, analgesic and siimulating properties
(Stevens et al. 2017). Studying the local anaesthetic activ-
ity of menthol, the authors have documented its anaesthetic
activity in in vivo and in vitro systems (Galeotti et al. 2001).
It was also found that the local anaesthetic effect of menthol
can be mediated by blockade of sodium channels, which
is as cffective as the local anaesthetic lidocaine (Haeseler
et al. 2002). When an anaesthetic menthol balm 1s applied
to the skin over contracting muscles, the pressor response to
static muscle contractions is significantly reduced. This sug-
gests that topical application of menthol has an effect on the
responses caused by receptors located in the muscles (Ragan
et al. 2004). These facts indicate the ability of menthol to
promote the therapeutic properties of Cg, as an antioxidant
in severe pathological muscle injuries and, thus, to alleviate
the inflammatory process. In our opinion, Cy, can affect the
activity of endogenous antioxidants, preventing the onset of
dysfunction in the active muscle and. thus, maintaining it
within the physiological norm during the entire process of
muscle activation.

Morcover, we found that menthol can normalize vascular
tone (Johnson et al. 2009), which explains, at least in part,
the effectiveness of CryoDerm by its effect of TRPMS cold
receptors (https:fwww.cryoderm.comfindex. php?p=39213
3). There is also accumulating evidence showing the impor-
tant roles of several TRP subtypes. and notably TRPME
receptor, in inflammatory and immune cells (Parenti et al.
2016). For example, it was shown that icilin, another selec-
tive TRPMS agonist, reduced inflammation in mice with
DSS-induced colitis, likely by inhibiting neuropeptide
release (Ramachandran et al. 2013). Thus, TRPME agonists
are currently considered as novel therapeutic strategies for
alleviating intestinal inflammation (Chen et al. 2020). In
addition, TRPMS agonists could inhibit the synthesis of
pro-inflammatory cytokines in both human lymphocytes
and monocytes (Juergens et al. 2004).

Conclusion

Thus. it was found that injection of Cg; at a concentration
of 1 mg/kg into the damaged muscle of rat improved its
contractile function by 25-28%. At the same time, the use
of combined injections of Cg, and menthol (at the concentra-
tion 1 mgfkg) improved this index by additional 27-39% and
simultaneously stabilized the decrease in muscle strength
observed throughout the experiment. A tendency towards a
decrease in the indexes of the used biochemical parameters
(creatimine, CPK, LA, LDH, TBARS, H,0,, GSH and CAT)
by 10=15% were found with the therapeutic administration
of Cgy. With combined imjections of Cg, and menthol, these
biochemical parameters decreased by an additional 17-24%.
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The discovered positive changes in the biomechanical and
biochemical parameters of the functioning of the injured
skeletal muscle open up the prospect of using an aqueous
solution of Cg, in combination with menthol in low doses
(1 mgfkg) as effective combinational therapy capable of cor-
recting the pathological state of skeletal muscle following
its mechanical injury.
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Abstrack The development of an effective therapy aimed at restoring muscle dysfunctions in clinical
and sports medicine, as well as optimizing working activity in general remains an urgent task today.
Modern nanobiotechnologies are able to solve many clinical and social health problems, in particular,
they offer new therapeutic approaches using biocompatible and bioavailable nanostructures with
specific bioactivity. Therefore, the nanosized carbon molecule, Cgp fullerene, as a powerful antiosadant,
is very attractive. In this study, a comparative analysis of the dynamic of muscle soleus fatigue processes
in rats was conducted using 50 Hz stimulation for 5 s with three consisbent pools after intraperitoneal
administration of the following antioxidants: Cgp fullerene (a daily dose of 1 mg /kg one hour prior
to the start of the experiment) and N-acetyleysteine (NAC; a daily dose of 150 mg/kg one hour
prior to the start of the experiment) during five days. Changes in the integrated power of muscle
contraction, levels of the maximum and minimum contrachion force generation, time of reduction of
the contraction force by 50% of its maximum value, achievement of the maximum force response,
and delay of the beginning of a single contraction force response were analyzed as biomechanical
markers of fatigue processes. Levels of creatinine, creatine phosphokinase, lactate, and lactate
dehydrogenase, as well as pro- and antioxidant balance (thiobarbituric acid reactive substances,
hydrogen peroxide, reduced glutathione, and catalase activity) in the blood of rats were analyzed
as biochemical markers of fatigue processes. The obtained data indicate that applied therapeutic
drugs have the most significant effects on the 2nd and espedially the 3rd stimulation pools. Thus, the
application of Cgp fullerene has a (50-80)% stronger effect on the resumption of muscle biomechanics
after the beginning of fatigue than NAC on the first day of the experiment. There is a clear trend
toward a positive change in all studied biochemical parameters by about (12=15)% after therapeutic
administration of NAC and by (20-25)% after using Cgp fullerene throughout the experiment. These
findings demonstrate the promise of using Cgg fullerenes as potential therapeutic nanoagents that
can reduce or adjust the pathological conditions of the muscular system that occur during fatigue
processes in skeletal muscles.
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1. Introduction

Omne of the most important characteristics of the human muscular system, along with
the magnitude of force generated by skeletal muscles, is their ability to maintain the level of
effort generation that was given by the central nervous system (CNS5) over a period of time.
Muscle fatigue occurs when contraction-inducing factors continue to flow to the muscle
with constant intensity, and the level of strength generated by the muscle itself gradually
decreases. Currently, there is no single separate mechanism of muscle fatigue development,
and there is a set of mechanisms at different system levels [1]: in particular, disorders of the
CNS [2], dysfunction of peripheral nerves and neuromuscular junctions [3], physiological
reversible changes directly in the skeletal muscles [4,5] that perform the work.

Accumulated data evidence that disruption of the “excitation—contraction” coupling
is most likely localized in muscle fibers; this explains the fatigue-induced decrease in
maximum strength in humans, while central (neural) fatigue plays a greater role in the
event of an inability to continue sustained low-intensity contraction [6]. Based on data
from intact single muscle fibers, fatigue-induced impairment of “excitation-contraction”
includes: a decrease in the number of active cross-bridges due to the reduction of Ca?* ions
release; a decrease of myofilaments sensitivity to Caz*; reduction of the force generated by
each active cross-bridge.

Calcium ions play a critical role as initiators and preservatives of the cross-bridging
cycle in the formation of skeletal muscle strength. The authors of [7] presented a new
chemo-mechanical model for analyzing the role of Ca?* in muscle fatigue, as well as
predicting muscle fatigue. It is assumed that even minor disturbance of myocytes integrity,
imbalance of “Ca®*—muscle pathology” can play an important role in the rate and degree
of development of fatigue processes [7,5].

Deceleration of the contractile properties of skeletal muscles is one of the charac-
teristic signs of fatigue [9]. There are three factors that contribute to the loss of power
by mammalian muscles at physiological temperatures: a decrease in isometric strength,
which mainly indicates a decrease in the number of active cross-bridges, a slowdown
in the maximum speed of unloaded shortening, and an increase in the curvature of the
force-velocity ratio [9]. This last change is the main reason for the loss of muscle power
during the development of pathologies associated with changes in the integrity of the
myocyte membrane complex [10].

The dynamic of the contractile component is determined by subtle mechanisms of
interaction between motor neuron pools that occur in muscle via activated motor neuron
and activation of the interaction between actin and myosin filaments. Under isometric
conditions, the analysis of the recorded force developed by the muscle during frequency-
modulated stimulation of its nerve is a qualitative indicator of the level of myopathic
pathological processes [11]. Rapid processes of excitation of the contractile apparatus in
the process of long-term activation of the muscle fiber usually undergo a slow and steady
modification, which may partly be associated with phosphorylation of myosin light chains
located in the neck of the bridge. A slower process of dephosphorylation under conditions
of prolonged continuous activation of the muscle fiber causes stable phosphorylation of
myosin, which, apparently, increases the mobility of the bridges or changes their orienta-
tion [12]. Analysis of the amplitude-velocity changes in the force response (biomechanical
markers of the contractile process) of the activated muscle gives the possibility to assess the
level of influence of the developing pathology on these processes [13]. These processes play
an important role in precise positioning movements of the hand and fingers: even minor
disturbances in the control system of these movements lead to very serious physiological
problems [14].
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Literature data indicate that free radicals are an important pathogenic factor in the
process of muscle fatigue [15,16]. They include initiation of lipid peroxidation (LPOY), direct
inhibition of mitochondrial respiratory chain enzymes and ATTase activity, inactivation of
glyceraldehyde-3-phosphate dehydrogenase and membrane sodium channels, etc. [17,15].
One of the mechanisms by which free radicals cause tissue damage is the interaction of the
hydroxyl radical with the hydrogen atoms of the methyl groups of polyunsaturated fatty
acids. This process initiates POL, which, in furn, leads to the increase in permeability of
cell membranes [19].

The ability of the biocompatible Cgp fullerenes and their derivatives to inactivate the
reactive oxygen species (ROS) was first demonstrated by Krustic et al. [20]. Tt has been
established that pristine Cgy fullerenes have a dose-dependent protective effect against
oxidative-mediated muscle trauma [21,22]. Moreover, Cgg fullerene protects the rat’s liver
from ROS [23,24]. Given the accumulated data about the powerful antioxidant properties
of Cgy fullerenes [25], the purpose of this work was to conduct a comparative analysis
of changes in biomechanical and biochemical markers of muscle soleus fatigue processes
development in rats during long-term therapeutic use of Cgp fullerene and the well-known
antioxidant N-acetylcysteine (NAC) [26].

2. Materials and Methods
2.1. Preparation of CepFAS

For the preparation of Cg fullerene aqueous colloid solution (CgpFAS) at a maxi-
mum concentration of 0.15 mg/mlL, we used a saturated solution of pristine Cgy fullerene
(purity > 99.96%) in toluene with a Cgy molecule concentration corresponding to max-
imum solubility near 2.9 mg/mlL, and the same amount of distilled water in an open
beaker. The two phases formed were treated in an ultrasonic bath. The procedure was
continued until the toluene had completely evaporated and the water phase became yel-
low colored. Filtration of the aqueous solution allowed to separate the product from
undissolved Cgg fullerenes [27,25]. The prepared CgyFAS is stable within 12-18 months at
temperature +4 *C.

2.2, AFM and 5TM Analysis

The atomic force microscopy (AFM) and scanning tunneling microscopy (STM) were
performed to determine the size of Cgp fullerene particles (their aggregates) in an aqueous
solution. Measurements were done with the "Solver Pro M" system (NT-MDT, Moscow,
Russia). A drop of investigated solution was transferred to the atomic-smooth substrate to
deposit layers. Measurements were carried out after complete evaporation of the solvent.
For AFM studies, a freshly broken surface of mica (SPI supplies, V-1 grade) was used as
a substrate. Measurements were carried out in a semicontact (tapping) mode with AFM
probes of the RTPESPA150 (Bruker, 6 N/m, 150 kHz) type. 5TM studies were performed
with the Au (111) surface obtained after annealing subsirates of Au/mica (Phasis, Geneva,
Switzerland) in a gas burner flame (propane-butane). The typical tunneling current and
voltage values were (.027-0.1 nA and 0.1-1 V, respectively.

2.3. Animuals

Male Wistar rats (170 = 12 g, 2-month-old) were bred and housed in standard temper-
ature conditions (21-23 *C), a lighting (12/12 h light-dark cycle), at humidity (30-35)%. All
animals had unlimited access to chow and tap water. The study was carried out in strict
accordance with the European convention for the protection of vertebrate animals used for
experimental and other scientific purposes (Strasbourg, 1986) and was approved by the
Bioethical Committee of the ESC “Institute of Biology and Medicine” of Taras Shevchenko
National University of Kyiv, Ukraine.

Four experimental groups of animals (n = 7 in each group) were studied: after CgpFAS
and NAC administration, which were compared with the control group (“fatigue”, no drug
administration) and the intact group.
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Based on our previously obtained data [11,29], the research protocol involved in-
traperitoneal injection of CggFAS and NAC at a daily dose of 1 and 150 mg/ kg, respectively,
one hour before the experiment for 5 days.

It is important to note that water-soluble Cg, fullerenes at low concentrations did not
manifest any toxic effects as to normal cells [30,31]. Moreover, the selected dose of CgFAS
in pur experiments is significantly lower than the LDs; value, which was 600 mg/kg
body weight when administered orally to rats [23] and 721 mg/kg when administered
intraperitoneally to mice [31].

2.4. Biomechanical and Biochemical Analysis

The object of the study was the rat muscle soleus. In preliminary preparation for the
experiment, anesthesia was performed by intraabdominal injection of nembutal (40 mg/kg).
Standard preparation included cannulation (a. carotis communis sinistra) for pressure mea-
surement and laminectomy at the lumbar spinal cord level. Muscle soleus was released from
surrounding tissues, and their tendon parts were connected to force measurement sensors
in the distal part. To prepare for modulated efferent stimulation, the ventral roots in the
respective segments were transected directly at their exit points from the spinal cord.

The dynamic properties of muscle contraction were studied under conditions of muscle
activation using the method of modulated efferent stimulation [32]. Fatigue was induced
by successive stimulation impulses with a frequency of 50 Hz and a duration of 5 s each,
without a relaxation period between them. The sum of such stimulation signals was 500 s,
followed by 5 min of relaxation. The number of stimulation pools was three. The external
load on the muscle was controlled using a system of mechanostimulators. Changes in
contraction force were measured by strain gauges. During the analysis of the results, we
used the following quantitative parameters: integrated muscle power, levels of maximum
and minimum strength generation of contraction, time of reduction of the contraction force
by 50% of its maximum value, achievement of the maximum force response, and delay of
the beginning of single contraction force response.

The levels of creatinine, creatine phosphokinase (CPK), lactate (LA), lactate dehydro-
genase (LDH), thiobarbituric acid reactive substances (TBARS), hydrogen peroxide (H50,),
reduced glutathione (GSH), and catalase (CAT) activity as markers of muscle injury [33]
were determined in the blood plasma of experimental animals using clinical diagnostic
equipment—a haemoanalyzer [21].

2.5. Statistical Analysis

Statistical processing of the measurement results was performed by methods of vari-
ational statistics using the software Origin 9.4. Each of the experimental force curves
obtained in the work is the result of averaging 10 similar experiments. At least three
repetitions were performed for each biochemical measurement. Data are expressed as
means =5EM for each group. Differences from experimental groups were indicated by
one-way ANOVA described by Bonferroni's multiple comparison test. Values of p < 005
were considered significant.

3. Results and Discussion
3.1. Characterization af CgpFAS

The AFM images of the Cgp fullerene layers show casually placed point-shaped objects
up to 10 nm high, mostly 0.7-3.5 nm (Figure la). The height of the smallest objects
0.7 £ 0.2 nm) agrees well with the molecular diameter of Cgy fullerene, which allowed
them to be identified as individual molecules. Larger objects correspond to Cg fullerene
bulk clusters. We analyzed the statistics of the distribution of objects by height according to
data on 100 randomly selected molecules or clusters within a certain area of the surface.
Depending on the height, they were included in one of the size groups from 0.7 £ 0.2 nm
to 3.5 £ 0.2 nm, which corresponds to one to five diameters of the Cgy molecule. According
to statistics, the relative number of single Cgy molecules was 60%, clusters with a height of
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~1.3 nm—28%, and clusters of other size groups (~2.0 nm, ~2.8 nm, and ~3.5 nm)—4% each.
The clusters had symmetrical bell-shaped Z-profiles with sharp maxima in the middle. This
indicates that they were formed in solution long before application to the substrate.
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Figure 1. AFM image of Cg fullerene layer deposited from CggFAS on a mica substrate (a). The
values near the arrows indicate the height of the nanoobjects including single Cgg fullerene (~0.7 nm);
STM image of Cg, fullerene layer deposited from CgoFAS on an Au(111) substrate (b). Z-profile along
the dashed line marked on the STM image (c).

The STM method allowed us to more accurately determine the lateral sizes of ob-
jects. On STM images, the majority of objects also had a point-like shape and a height of
0.75 £ 0.15 nm or 1.3 = 0.2 nm (Figure 1b,c), which is consistent with the value of one or
two molecular diameters of Cgg fullerene. Among them, the relative part of the former was
~80%, and the width of their profiles at half height was 1.5-1.8 nm (Figure 1c). For STM,
the minimum possible tip radius is equal to the radius of its closest atom to the surface,
to which the width of the tunnel gap (~0.2 nm) should be added. Our STM probe was
made of an alloy of platinum and iridium, whose atomic radii are ~0.18 nm. Thus, Cgp
molecules, which can be modeled as spheres with a diameter of ~0.7 nm, will have a lateral
size of at least 0.7 + 2 x (0.2 + 0.18) = ~1.5 nm on STM images. This proves that the objects
visible in the images with a height of ~0.75 nm and a diameter of 1.5-1.8 nm are individual
molecules. Objects of greater height correspond to clusters of Cgp fullerene. Analysis of the
profiles showed that their shape is close to spherical. The existence of such aggregates in
aqueous solutions was predicted earlier theoretically [34].

Thus, the data of both methods (AFM and STM) indicate that Cgg fullerene was in the
non-aggregated or low-aggregated state in the studied solutions. The isolated arrangement
of Cgg molecules (clusters) is explained by the existence of electrostatic repulsion forces be-
tween them, namely they demonstrated a high negative surface charge (zeta potential value
was —25.3 mV at room temperature [31]), indicating a very low tendency for aggregation
in aqueous solution (i.e., a high solute stabilization).
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3.2, Biomechanical Analysis

Despite the emergence of new experimental approaches to the analysis of neuromus-
cular regulation processes at the microlevel, traditional electrophysiological models using
neuromuscular preparation in vivo are of paramount importance [4]. These studies should
be carried out not only for the purpose of a more accurate quantitative analysis of the
pathologies of muscle dynamics but also for a detailed study of the aggregation of the
central processes involved in the regulation of muscle contraction. Figure 2 shows the
change in contractile strength of rat muscle soleus after application of 50 Hz stimulation for
53 s in three successive pools for 500 s each with 5 min of relaxation between them after
CgoFAS and NAC administration during 5 days.
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Figure 2. Recording the contractile force of rat muscle soleus after application of 50 Hz stimulation
for 5 5 in three consecutive pools (1,2,3) for 500 s each with 5 min relaxation between them: native
muscle (control) and muscle after CggFAS (Cgp) and NAC administration during 1, 2, 3, 4, and 5 days.
S—integrated muscle power (calculated area under the power curve); Fmax and Fpjp—maximum
and minimum strength of a single contraction; Atj—the time to reach the maximum force of a single
muscle contraction; At,—time of muscle force response beginning; top—tme of decreasing the muscle

contraction force by 50% (Fsp) of the maximum value in the contraction pool.

Several basic biomechanical parameters were taken into consideration for analyz-
ing the miotic response of the studied muscle [35]. The presence of changes in each of
them indicates dysfunction of a certain link in the “excitabion-response of the muscle
preparation” chain.

Change in the integrated power of muscle contraction. Integrated power, as the calculated
area under the power curve (Figures 2 and 3), is an indicator of the overall performance of
the muscle with the applied stimulation pools [22]. The analysis of this parameter makes it
possible to evaluate the kinetics of the formation of muscle fatigue in the “force—external
load” equilibrium system.
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Figure 3. The integrated power of the rat muscle soleus (5, presented as a percentage of the maximum
values) (a) and the peak values of its contraction force (F, N) (b) after applying 50 Hz stimulation
for 5 s in three consecutive pools (1,2, 3) for 500 s each with 5 min relaxation between them: native
muscle (control); muscle after administration of CgyFAS (Cgp) and NAC for 1, 2, 3, 4, and 5 days. Fyp,y
and Frjn are the maximum and minimum forces of a single muscle contraction. * g < 0,05 compared
to control; ** p < 0L.05 compared to values in the NAC group.

The change in the integrated power of rat muscle solens (Figures 2 and 3) showed its
significant decrease already after 1st stimulation pool, which amounted to 58 £+ 4%. After
the relaxation period, the integrated power progressively decreased at the 2nd and 3rd
stimulation pool, which was 39 &+ 2% and 24 + 3%, respectively.

The use of MAC increased the value of this indicator to 77 £ 5%, 50 £ 5%, and
31 £ 3% at 1, 2, and 3 stimulation pools, respectively. Thus, the therapeutic effect of NAC
was 32%, 28%, and 25% at 1st, 2nd, and 3rd stimulation pools, respectively (compared to
control). Using of NAC injections during the next 4 days did not show significant changes
in integrated power.

Injection of CgFAS led to an increase in the level of this parameter to 82 + 4%,
66 = 5%, and 42 = 3% at 1, 2, and 3 stimulation pools, respectively. Thus, the protective
effect after the first injection of CgyFAS was 41 3= 3%, 69 = 6%, and 75 & 3% at 1st, 2nd, and
3rd stimulation pools, respectively (compared to control). There is a progressive increase in
the therapeutic effect of CgyFAS throughout the experiment. So, on the 5th day of CgyFAS
therapy, the indicators of integrated power were 8% = 3%, 77 = 3%, and 50 = 3% at the 1st,
2nd, and 3rd stimulation pool, respectively, which corresponds to an increase in its effect by
8%, 16%, and 19% compared to a single injection. It should be noted that a further increase
in the duration of CgFAS application did not lead to statistically significant changes in
muscle biomechanics and, therefore, is not presented in this work. In our opinion, this may
be due to the establishment of the maximum possible equilibrium concentration of Cgp
fullerene in the active muscle on the 5th day of its use.

Changing the generation levels of maximum (Fyygy) and mininmm (F ., ) contraction force.
The Fnax marker is an indicator of the general dysfunction of the muscular system, namely,
an indicator of a decrease in the maximum possible force response during the development
of fatigue (Figures 2 and 3). A change in this parameter can be associated with both the
development of fatigue processes in the neural component and the miotic components of the
studied pathology [36]. Its dysfunction, in our opinion, can also be due to a viclation of the
integrity of the signals that generate motor neurons into the synaptic current, which leads
to a violation of the summation of transmembrane currents in accordance with the internal
membrane properties. All this affects the pathological transformation of the sequence of
action potentials that trigger muscle contraction, causing a maximum force response.

The Fyin marker is an indicator of the maximum pathological changes during the
development of fatigue processes in each successive contractile act (Figures 2 and 3). While
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performing simple single-joint movements, this marker is the main indicator of muscle
dysfunction, the phenomenological analysis of which makes it possible to establish the
presence of causal relationships between the level of decrease in muscle biomechanical
activity, the main mechanical parameters of movements, and the level of development of
the pathological process. If there is a difference between the maximum and minimum force
response of an active muscle with a constant frequency stimulation signal, there are serious
difficulties in correcting the control of muscle strength by the CNS, which, in turn, makes
it difficult to correct the precise positioning of the joints, which is observed during the
development of muscle fatigue.

The analysis of the obtained mechanograms showed that the maximum force indicators
of contraction were 0.70 = 0.08 N, 0.42 £ 0,05 N, and 0.39 £ 0.05 N at 1st, 2nd, and 3rd
stimulation pools, respectively, in the conirol measurements (Figure 3). Thus, the decrease
in maximum strength was 40% and 55% of the initial values at the 2nd and 3rd contraction
pools, respectively.

The use of NAC did not significantly change the maximum contraction force of any of
the three studied stimulation pools during a five-day application.

Injections of CgyFAS resulted in a change in maximum contraction force to 0.81 = 0.10 N,
0.65 £ 0.05 N, and 0.63 &+ 0.05 N at 1st, 2nd, and 3rd stimulation pools, respectively, after
the first injection. Thus, the therapeutic effect of CgpFAS was 15%, 54%, and 63% at 1st,
2nd, and 3rd contraction pools, respectively. The therapeutic effect of CgFAS for five
days led to the following change in the above indicator: 0.82 £ 010 N, 0.75 = 0.05 N, and
0.64 £ 0.05 N at 1st, 2nd, and 3rd pools simulation, respectively. As noted, there is practi-
cally no difference in the maximum contraction force after using CgFAS at all stimulation
pools, in confrast to an almost 50% decrease in this indicator in the control values. Thus,
this therapy supports the stabilization of the mechanokinetics of the contractile process
during prolonged activations of the studied muscle.

The minimum indicators of the force response of the studied muscle showed its
decrease to 0.50 = 0.04 N, 0.21 = 0.03 N, and 0.14 £ 0.01 N at 1st, 2nd, and 3rd stimulation
pools, respectively, in control measurements (Figure 3). It should be noted that at the 3rd
contraction pool, the decrease in the minimum force was five times less than the initial
value, which indicates the presence of very significant fatigue processes in the muscle due
to an insufficient relaxation period.

Injections of NAC increased the minimum strength values, which were 0.57 £ 0.05 N,
041 = 005N, and 0.27 = 0.02 N at 1st, 2nd, and 3rd stimulation pools, respectively. Thus,
the application of NAC significantly corrected the minimum force of contraction only at
the 2nd and 3rd pool of contractions. At the same time, the five-day use of this drug did
not significantly increase the indicators of the minimum contraction force.

CgpFAS injections significantly changed the mechanokinetics of the contractile process:
the minimum force was 0.72 £ 0.05 N, 059 £ 0.06 N, and 0.51 £ 0.05 N at 1st, 2nd, and
3rd stimulation pools, respectively, after the first injection. On the 5th day of Cg»FAS
administration, these indicators were (.79 £ 0.06 N, 0,65 £ 0.05 N, and 0.59 + 0.05 M at 1st,
nd, and 3rd pools, respectively. Thus, the therapeutic effect of CgyFAS was 58%, 209%, and
421% after a single application and increased by (13-16)% after a five-day administration.
Thus, the maximum effects of CgnFAS application are observed at the 3rd contraction pool,
which, in turn, shows the strongest violations of contraction biomechanics during the
development of skeletal muscle fatigue.

Change in the time of contraction force decrease in muscle soleus by 50% of ifs maximum value
(tsp). We analyzed the time of decrease in rat muscle solens contraction force by 50% of its
maximum value in each of the three stimulation pools, which made it possible to assess the
development of fatigue in different time ranges (Figure 4). In fact, this parameter is a marker
of the “activation” of adaptive mechanisms that prevent the onset of progressive fatigue.
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Figure 4. Time of contraction force decreasing in miuscle soleis by 50% of its maximum value (tsg) in
each of the three pools of contractions (1,2,3) (a) and the time of reaching the maximum force of a
single contraction of the muscle (b) after using 50 Hz stimulation for 5 s in three consecutive pools
lasting 500 s each with 5 min relaxation between them: native muscle (control); muscle after injection
of Coy FAS (Cp) and NAC for 1, 2, 3, 4 and 5 days. * p < 0,05 compared to control; ** p < 0,05 compared
to MAC group.

In the control, this indicator was 210 £ 12 s, 190 £ 8 5, and 104 £+ 6 s at 1st, 2nd, and
3rd pools, respectively. According to the presented data, the most significant violations
(more than 200%) occur in the 3rd pool of the contractile process.

After NAC application, these values were 282 + 105, 275 + 7 5, and 180 + 7 5, which
is a significant indicator of the therapeutic effect of this drug on the studied marker (33%,
44%, and B1%, respectively). It should be noted that NAC produces the maximum effect at
the 3rd stimulation pool and, as in previous studies, does not change its effect during five
days of use.

The use of CggFAS changed the time of decrease in the contraction force of rat muscle
soleus by 50% of its maximum value, which was 380 + 14 5, 310 + 11 s, and 260 + 165 at 1st,
2nd, and 3rd pools, respectively, after the first injection. In percentage terms, these indexes
were 180%, 163%, and 260%, respectively. Use of CgFAS during five days increased these
indicators by {14-18)%.

Change in the time of reaching the maximum force response. High-frequency stimulation
of peripheral afferents that form monosynaptic contacts with a motor neuron causes an
effective summation of successive action potentials and a stable depolarization of the cell
membrane [37]. In this case, the impulse frequency is determined by the average level
of membrane depolarization and increases with a rise in stimulation frequency. With the
development of fatigue processes in the muscle, a characteristic adaptive decrease in the
time of stimulus conduction through the nervous tissue and an increase in the latent period
preceding the onset of muscle force generation become noticeable. A change in this indicator
is a characteristic marker of the presence of pathological processes in the neuromuscular
preparation associated with the triggering of the beginning of the interaction of the myocyte
actin-myosin complex [37]. Under the conditions of this experiment, the time to achieve
the maximum force response during the development of fatigue processes in the control
was 190 = 12 ms, 293 = 17 ms, and 419 = 27 ms at 1st, 2nd, and 3rd stimulation pools,
respectively (Figure 4).

After NAC injection, these values were 181 £ 15 ms, 208 = 12 ms, and 310 £ 11 ms,
respectively. Thus, the therapeutic effect was 5%, 30%, and 29%, respectively. As well as
the analogous markers, this indicator showed significant differences only at the 2nd and
3rd stimulation pool and did not change after five days of NAC use.
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The use of CgFAS changed this indicator by 108 = 125,152 £ 17 s5,and 191 £ 12 s
at 1st, 2nd, and 3rd pools, respectively, after the first injection. In percentage terms, these
values were 75%, 92%, and 119%, respectively. It is important to note that the five-day use
of CgyFAS did not significantly change this indicator, which may be due to the maximum
saturation of the active muscle with fullerene Cy; already on the first day of its use to
achieve the maximum strength response and establish the optimal concentration range.

Change in time delays the force response beginning af a single contraction. The time pa-
rameters of the conduction of stimulation pools along the axon do not remain constant
either with a change in the intensity of stimulation or in the relaxation time. The study
of changes in time delays in the conduction of impulses with an increase in the number
of stimuli allowed us to assess the level of pathological processes in the neuromuscular
preparation during long-term reactions of the muscular system. In a detailed analysis of the
development of pathological processes associated with the development of skeletal muscle
fatigue, it is necessary to use long-term stimulation pools that cause long-term transsynap-
tic activation of motor neurons [38]. At the same time, a characteristic adaptive decrease in
the time of stimulus conduction through the nervous tissue becomes noticeable, induced
by the development of fatigue processes. The change in this indicator is a characteristic
marker of the presence of pathological processes in the neuromuscular preparation after
using stimulation signals close to physiological parameters.

Figure 5 shows mechanograms of 10 contractions that were taken sequentially at
equal time intervals from each stimulation pool using 50 Hz stimulation for 5 s in three
consecutive pools, showing changes in the time of the beginning of rat muscle soleus force
response. In the control, the value of the time delay for the beginning of the force response
was (31-38) = 3 ms for 1-10 single contractions at the 1st stimulation pool and progressively
increased to (36—45) £ 2 ms, (42-74) & 4 ms at the 2nd and 3rd pools, respectively. Thus,
the increase in the time delay of force response beginning at the last contraction of the 3rd
stimulation pool was about 100%.

3
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Figure 5. Time delay of force response beginning of 10 single contractions in rat muscle soleus after
applying 50 Hz stimulation for 5 s in three consecutive pools (1, 2, 3) of 500 s each with 5 min of
relaxation between them: native muscle (control); muscle after injection of Cg FAS (Cypd and NAC for
1,2, 3, 4 and 5 days. * p < 0,056 compared to control; ** p < 0.05 compared to NAC group.
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These values were (35-34) = 1 ms, (36-43) =+ 2 ms, and (39-59) £ 4 ms, respectively, at
1st, 2nd, and 3rd stimulation pools after NAC injection. Thus, the therapeutic effect was
about 25% only in the 3rd stimulation pool. Five-day therapy with this drug did not show
significant differences.

The use of CgFAS also changed this indicator: (35-36) & 2 ms, (37-42) £ 5 ms, and
(39-48) = 5 ms, respectively, which amounted to about 54% of the therapeutic effect at the
3rd stimulation pool. Five-day use of CgFAS increased this indicator by another (8-12)%.

3.3. Biochemical Analysis

The change in the chemical composition of the blood during the development of
fatigue processes is a reflection of the biochemical shifts that occur in the skeletal muscle
during active work [39]. Therefore, the analysis of the biochemical composition of the
blood provides both a direct assessment of the biochemical changes that occur in the
muscle during prolonged contraction and the ability to evaluate the therapeutic effect of
the drug used on pathological processes. Selected for the study biochemical indicators such
as the levels of creatinine, CPK, LA, and LDH are markers of physiological disorders of
muscle tissue due to the development of fatigue and related dysfunctions of the muscular
apparatus (Figure 6).
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Figure 6. Biochemical indicators of the fatigue processes development in rat muscle soleus: the levels
of creatinine, CPK, LA, and LDH in the blood after application of three-component stimulation and
administration of CgFAS (Cgg) and NAC for 1, 2, 3, 4, and 5 days. * p <0.05 relative to intact group;
“* p < 0.05 relative to the fatigue group (without drugs).

A change in the level of creatinine, a product formed in muscles during the destruction
of intramuscular structures while prolonged active work, makes it possible to assess the
level of damage to myocytes during prolonged contractions. This indicator increased from
50 £ 2 uM in the intact group to 169 = 5 uM after the application of three-component
stimulation.

The use of NAC reduced this indicator to 152 & 2 uM after a single injection and
reduced its value by no more than 3% during five days of therapy with this drug.

The use of CgoFAS reduced this indicator to 122 &+ 2 uM after a single injection and
reduced its value by no more than 7% during a five-day therapy with this drug. A significant
decrease in the creatinine fraction (27% of therapeutic effect), in our opinion, is caused
by the protective effect of Cgg fullerenes, its molecules protect the membranes of skeletal
muscle cells from nonspecific free radical damage by actively absorbing free radicals.

CPK is an enzyme found in high concentration in skeletal muscle. With mechanical
damage that occurs during prolonged muscle activity, this enzyme is released from the cells
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with a further increase in its level in the blood. The increase in the CPK fraction in the blood
during the experiment from 960 + 13 Units/L in the intact group to 1280 + 22 Units,/L
is the result of a cascade physiological violation of the integrity of the walls of myocytes,
which increases with active long-term relaxation-free contraction.

Injections of NAC and CgyFAS led to a decrease in this enzyme to 1280 + 24 Units,/L
and 1092 + 27 Units/L, respectively, and a slight increase in the therapeutic effect of CgyFAS
(8%) was observed only by the 5th day of the experiment.

In an active muscle, most metabolic processes occur under anaerobic conditions, as a
result of which the muscle uses a large number of mitochondrial enzymes and, as a result,
there is an accumulation of a large amount of LA, which does not have time to be oxidized
during prolonged muscle stimulation [39]. An increase in the level of lactic acid in an
active muscle indicates that the amount of its entry into the cell exceeds the amount of
its oxidation and output. In the intact group, the LA level was 5.0 & 0.4 M. After fatigue
initiation, its value increased to 16 = 1 M.

Injections of NAC and CgoFAS reduced lactate levels to 13 =1 Mand 11 £ 1 M, respec-
tively. Five-day CgpFAS therapy reduced the LA level to 9.0 £ 0.5 M. Thus, CgFAS therapy
led to an increase in LA oxidation by almost 40% compared to the control (“fatigue”™), which
turned out to be more effective than NAC 35%.

The level of change in LDH, an enzyme that catalyzes the oxidation of lactic acid,
made it possible to assess the general state of muscle performance after the beginning of
fatigue. The change in the level of this enzyme from 210 = 11 Units/L in the intact group
to 540 + 12 Units /L after induced fatigue is evidence of the development of significant
muscle dysfunctions associated with an excess of fatigue pathogens.

Injections of NAC reduced the content of LDH to 490 &+ 11 Uniks /L and its value did
not change significantly during the five days of the experiment.

Injection of CgFAS reduced the level of LDH to 400 = 11 Units/L after the first
administration and to 380 & 11 Units/L on the 5th day of its use.

Inflammatory cascade processes that occur immediately after the initiation of fatigue
in the skeletal muscle are a source of ROS and contribute to the intensification of LPO
processes [7]. This prevents the muscles from adequately performing work and significantly
increases the length of the recovery period. The data obtained clearly demonstrate an
increased level of markers of peroxidation and oxidative stress (CAT, H20z, TBARS, and
GSH) after the beginning of muscle fatigue and their decrease due to the applied therapy
(Figure 7).

Thus, CAT activity increased from 0.9 = 0.1 mM/min in the intact group to
32 £ 01 mM/min after the development of muscle fatigue.

Injections of NAC and CgFAS reduced CAT activity to 2.7 = 0.1 mM,/min and
25 = 0.1 mM /min, respectively, during the course of the experiment.

The level of HyO5 was 3.1 & 0.2 mM during the development of fatigue (0.8 £ 0.1 mM
in the intact group) and 2.4 + 0.2 mM and 2.1 + 0.2 mM after the administration of NAC
and Cg,FAS, respectively, during the experiment.

The change in TBARS level was 5.8 &+ 0.2 uM during the development of fatigue
(2.5 £ 0.3 uM in the intact group) and 4.3 = (.1 pM and 4.1 £ 0.4 uM after administration
of NAC and CgoFAS, respectively, during the experiment.

The content of GSH was 5.7 + (.6 M during the development of fatigue (1.9 + 0.2 M
in the intact group) and 4.2 = 0.4 M and 3.8 = 0.4 after administration of NAC and CgpFAS,
respectively, during the experiment.

Thus, the above in vivo results demonstrate a positive cumulative effect on the resump-
tion of the contractile function of skeletal muscles with the therapeutic use of biocompatible
water-soluble Cgp fullerenes. This opens up broad prospects for their use in a complex of
rehabilitation procedures aimed at restoring motor activity, in clinical and sports medicine,
as well as for preliminary therapeutic procedures before work, associated with extreme
physical exertion. However, this requires further clinical trials (dose-effect).
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Figure 7. Indicators of pro- and antioxidant balance (CAT, H>O,, TBARS, and GSH) in the blood of
rats after application of three-component stimulation and administration of CgFAS (Cgp) and NAC
for 1,2, 3,4, and 5 days. * p < 0.05 relative to intact group; ** p < 0.05 relative to the fatigue group
(without drugs).

4. Conclusions

Thus, the obtained data indicate that the applied therapeutic drugs have the most
significant effects on the 2nd and especially the 3rd pool of skeletal muscle stimulation.
The use of CgFAS on the first day by (50-80)% has a stronger effect on the resumption
of muscle biomechanics after the beginning of fatigue than NAC, and its five-day use
additionally increases the therapeutic effect by (12-15)% for all studied biomechanical
markers, except for the time of reaching maximum force response. There is also a positive
therapeutic trend towards a decrease in all described biochemical parameters by about
(12-15)% after administration of NAC and by (20-25)% after using C¢oFAS. Five-day use of
NAC did not significantly change the studied parameters, while long-term use of CgoFAS
increased the therapeutic effect by about (7-9)%. This indicates the presence of a more
powerful compensatory activation of the endogenous antioxidant system by Cg fullerene
in response to prolonged muscle stimulation.

In summarizing, Cg fullerene can influence the activity of endogenous antioxidants,
preventing dysfunction in an active muscle and, thus, maintaining it within the physio-
logical norm throughout the entire process of its contraction. This provides the potential
possibility of using CgFAS as a therapeutic agent capable of reducing and correcting the
pathological conditions of the muscular system that occur during fatigue processes in the
skeletal muscles.
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Abstract: Biomechanical and biochemical changes in the muscle soleus of rats during imitation of hind
limbs unuse were studied in the model of the Achilles tendon rupture (Achillotenotomy). Oral admin-
istration of water-soluble Ca fullerene at a dose of 1 mgfkg was used as a therapeutic agent throughout
the experiment. Changes in the force of contraction and the integrated power of the muscle, the time
to reach the maximum force response, the mechanics of fatigue processes development, in particular,
the transition from dentate to smooth tetanus, as well as the levels of pro- and antioxidant balance in
the blood of rats on days 15, 30 and 45 after injury were described. The obtained results indicate a
promising prospect for Ca fullerene use as a powerful antioxidant for reducing and correcting patho-
logical conditions of the muscular system arising from skeletal muscle atrophy.

Keywaords: muscle soleus of rat; achillotenotomy; atrophy; Ce fullerene; biomechanical and
biochemical parameters of skeletal muscle contraction

1. Introduction

Functional unloading of mammalian skeletal muscles caused by partial immobiliza-
tion can cause their atrophy. In this case, the deepest atrophic changes are observed in the
muscle soleus—the key postural muscle [1]. Possessing a pronounced plasticity, the skeletal
muscle of mammals is able to rearrange its structural and metabolic profile, depending
on the nature of contractile activity and changes in external conditions [2]. Regular
strength training significantly increases the intensity of protein synthesis and, as a result,
leads to hypertrophy of muscle fibers [3]. Conversely, functional unloading leads to sup-
pression of protein synthesis and activation of proteolysis, which is reflected in a decrease
in the diameter of muscle fibers (atrophy) and loss of their strength of contraction [4].
Muscle atrophy caused by prolonged inactivity is associated with both suppression of the
intensity of protein synthesis and activation of intracellular proteolysis systems, which
has been found in numerous animals and human model studies [5]. It has been shown
that even short periods (5 days) of unuse of muscles can cause a significant loss of their
mass and strength of contraction as well as accompaniment of physiological molecular
rearrangements [6]. Both slow and fast fibers undergo atrophy; the largest fibers in an
individual muscle usually show the greatest atrophic response. Atrophy of muscle fibers
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plateau after about 14 days of immobilization or gravitational inactivity. The increase in
fatigue under these conditions reflects the loss of muscle and fiber mass. The glycolytic
capacity of muscles and muscle fibers continues after immobilization for 30-40 days [7].

Since the initial discovery of MuRF1 and MAFbx as two muscle-specific E3 ubiquitin
ligases, several additional mediators of muscle atrophy have been discovered, providing
new insights into how muscle atrophy occurs at the molecular level [8]. Traditionally, two
clinical models have been used to simulate unuse of the hind limbs in rats: Achilles tendon
rupture (Achillotenotomy, AT) and suspension of the hind limbs. Significant atrophy of
the gastrocnemius muscle occurs in both cases, starting at day 10 of the study. Degrada-
tion of the basement membrane of muscle fibers leads to impaired muscle contractility. A
significant decrease in the force of contractions of the gastrocnemius muscle, isometric
tetanic force and the rate of contraction after tendon rupture has been demonstrated [9].
Achilles tendon rupture and subsequent muscle atrophy leads to functional impairments,
which can also be caused by morphological changes in the muscle—tendon block. The
functional characteristics of the injured limb will be impaired regardless of the time that
has elapsed after the operation, and these impairments occur together with changes in the
morphology of the muscle—tendon. Disorders can persist for many years in the postoper-
ative period, although they can be more pronounced with high-speed activity [10] and
disrupt nonlinear processes in muscle biomechanics [11].

Selection of AT as a model for imitation of unuse of rats” hind limbs is based on its
weightier social significance. Acute rupture of the Achilles tendon is a common injury that
can lead to disability. Over the past decade, in the treatment of acute rupture of the Achil-
les tendon and the resulting atrophy of muscle groups, there has been a transition from
surgical treatment to non-surgical treatment. However, the optimal protocol for non-sur-
gical treatment is under development [12]. The problem of increasing the length of the
Achilles tendon after its rupture remains unresolved, which is associated with a decrease
in the volume of the calf muscles and a persistent deficit in plantar flexion strength after
surgical recovery. The deficit in muscle strength and volume is partially compensated by
hypertrophy: a deficit in muscle soleus volume from 11% to 13% and a deficit in plantar
flexion strength from 12% to 18% persist even after long-term follow-up [13]. Muscle at-
rophy, joint stiffness, osteoarthritis, infection, necrosis and ulceration of the articular car-
tilage are known complications caused by prolonged immobilization of surgically re-
paired Achilles tendon ruptures [14].

The main methods of treating such injuries, based on the surgical repair of tendon
ruptures, have a number of significant drawbacks [15]. Serious degradation of the mus-
cular apparatus always occurs during therapeutic procedures and the rehabilitation pe-
riod of recovery [16]. Thus, the development of a rehabilitation protocol is an essential
aspect of restoration of the pre-injury activity levels. Despite several available trials, which
compare different treatment regimens, there is still no consensus on the optimal protocol
[17].

Recently, the use of antioxidant therapy in the early stages of the development of
muscle atrophy demonstrates the promise of this approach. The authors of [18] showed
that the use of an antioxidant, curcumin, leads to a decrease in oxidative stress and the
activity of proteolytic pathways and, as a consequence, decreases the degradation of mus-
cle protein during the development of muscle atrophy. It has been shown that licorice
flavonoid oil that contains glabridin, and exhibits strong antioxidant properties, increases
muscle mass in mice with muscle atrophy. Oral administration of glabridin prevented
induced protein degradation in the tibialis anterior muscle of mice. This indicates that the
antioxidant glabridin is an effective food ingredient for preventing skeletal muscle atro-
phy [19]. At the same time, no advantages of oral administration of the studied additives
in collagen synthesis or improvement of the biomechanical properties of atrophied mus-
cles were found after 3 weeks of use while studying the effect of vitamin C on the healing
of the Achilles tendon in rats. Therefore, the search for an optimal antioxidant for the
treatment of muscular atrophy is still ongoing [20].
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It is known that Ceo fullerene is capable of inactivating methyl, superoxide anion and
hydroxyl radicals in in vivo and in vitro systems [21,22]. In our previous studies, it was
shown that administration of water-soluble Ceo fullerenes after initiation of ischemic dam-
age leads to significant positive therapeutic effects [23]. A positive trend has been shown
when using them for muscle injury [24], muscle dysfunction associated with pesticide poi-
soning [25], as well as the development of fatigue processes [26]. All these data stimulated
us to test water-soluble Cen fullerenes as potential therapeutic agents that reduce patho-
logical effects in the muscular system of rats during the development of AT-associated
dystrophy.

2. Materials and Methods

The experiments were performed on male Wistar rats aged 2 months weighing 200 +
6 g. 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 accord-
ance with the Law of Ukraine No3446-IV 21.02.2006, Kyiv, on the Protection of Animals
from Cruelty during medical and biological research.

Before the start of the study, rats underwent Achilles tendonomy —a cut of the Achil-
les tendon. The following groups of animals were studied: intact group of animals (n=7),
groups of animals on days 15, 30 and 45 after AT without administration of water-soluble
Can fullerenes (n=7 in each group) and with administration of water-soluble Cso fullerenes
(n =7 in each group). In preparation for the experiment, anesthesia of animals was per-
formed by intraperitoneal administration of nembutal (40 mg/kg). The standard prepara-
tion included the cannulation (a. carotis communis sinistra) for pressure measurement
and laminectomy at the lumbar spinal cord level. Muscle soleus of rat was released from
the surrounding tissues. Its tendon was cut across the distal part, which was connected to
the force sensors. For modulated stimulation of efferents, the ventral roots were cut at the
points of their exit from the spinal cord. Research of muscle contraction dynamics was
performed under the conditions of muscle activation using the method of modulated ef-
ferent stimulation [27]. Filaments of the cut ventral roots were fixed on the stimulating
electrodes and cyclic distribution of the stimulus sequence was performed. Stimulation of
efferents was performed by electrical pulses lasting 2 ms, generated by the impulse gen-
erator. The control of the external load on the muscle was performed using a system of
mechanical stimulators. The change in force was measured using strain gauges.

In the process of analyzing the obtained results, the integrated muscle power (calcu-
lated area under the force curve) was used as parameter, which is an indicator of the gen-
eral performance of the muscle with the applied stimulation pools [28]. The development
of muscle contractile activity was assessed by the method of calculating time intervals
when 50% of the levels of strength responses were reached during stimulation.

An aqueous colloidal solution of Cw fullerenes was obtained using the original ultra-
sonic technology [29,30]. At a maximum concentration of 0.15 mg/mL, it remains stable
for 18 months at a storage temperature of +4 °C.

The data of the authors [31] show that the time before the onset of atrophy caused by
muscle unloading is the most optimal for therapeutic intervention in preventing skeletal
muscle atrophy, which is associated with the redox balance. Based on this, the protocol of
our research assumed the initiation of the administration of water-soluble Ce fullerenes
immediately after the initiation of the injury.

Water-soluble Cso fullerene was administered orally at a dose of 1 mg/kg each day of
the experiment. An appropriate amount of the solution was poured into a rat drinker,
each of which was kept in a separate cage. Further feeding and watering of the animal
was carried out only after the emptying of the drinker.

It is important to note that the selected dose of water-soluble Cs fullerene in our ex-
periments is significantly lower than the LD value, which was 600 mg/kg body weight
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when administered orally to rats [32] and 721 mg/kg when administered intraperitoneally
to mice [33].

The level of enzymes content in the blood of experimental animals, namely, the thio-
barbituric acid reactive substances (TBARS), hydrogen peroxide (Hz0:), reduced glutathi-
one (G5H) and catalase activity (CAT)), as markers of muscle injury, was determined us-
ing clinical diagnostic equipment—a haemoanalyzer [25].

Single muscle fibers were isolated surgically using microsurgical instruments under
a binocular microscope. In each experiment, we removed the muscle soleus, which was
dissected in its thickest part (2/5 of its length from the proximal end). A Nikon inverted
microscope (x600) and a Panasonic video camera system were used to determine the di-
ameter of a single soleus fiber. Fiber diameter was determined using a calibration eyepiece
as the average of three measurements and, accordingly, the cross sectional area (C5A) was
calculated.

Each of the experimental curves shown in the figures is the result of averaging 10
similar tests. The same averaging proportions were used in each of the groups of animals
studied. Statistical processing of measurement results was performed by methods of var-
iation statistics using software Original 9.4.

Data are expressed as the means + SEM for each group. The differences among ex-
perimental 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. Dynamics of Muscle Soleus Contraction Force in Rats

On day 15 after AT initiation, the maximal muscle soleus contraction force of rats in-
duced by 6 s with nonrelaxation stimulation pools decreased to 58 + 2% in the first con-
traction and to 23 + 5% in the tenth, relative to the intact group. Thus, there was a sharp
decrease in muscle strength activity already at the first contractions with a progressive
decrease in the studied biomechanical parameters (Figures 1 and 2). On days 30 and 45
after AT, the maximal force response decreased to 79 £ 5% in the first reduction and 59 +
4% in the tenth and to 88 £ 7% in the first reduction and 78 £ 7% in the tenth, respectively.
After using Ceo fullerene therapy, these values were 65 + 6% in the first reduction and 45
+ 6% in the tenth, 84 + 7% in the first reduction and 77 + 3% in the tenth, 95 + 9% in the
first reduction and 91 £ 5% at the tenth on days 15, 30 and 45 after AT, respectively. The
therapeutic effect averaged 45-55%.

a b
50Hz 1s 1N
—
stimulation —

Figure 1. The force of contraction of the muscle soleus after AT in rats, caused by 10 consecutive 6 s
non-relaxation pools of stimulation: without Ce fullerenes administration (a); with Ca fullerenes
administration at a dose of 1 mg/kg (b). Native muscle-intact, hi—time of the maximum strength
response development, trrecovery time of strength parameters to their initial values, S—integrated
power of muscle contraction, calculated as the total area under the corresponding strength curve.
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Figure 2. Biomechanical parameters of muscle soleus after AT in rats at 10 consecutive 6 s non-relaxation
contractions: change in the maximum force response as a percentage of the values in the intact group (a);
integrated muscle power as a percentage of values in the intact group (b); time of development of the
maximum force response (c); recovery time of force parameters to their original values (d). Native mus-
cle-intact; 1,2,3-the values of the corresponding parameters on 15th, 30th and 45th days after AT, respec-
tively, without administration of C60 fullerenes (*p < 0.05 compare to the intact group at all 1, 2,...10
consecutive contractions); 4,5,6-the values of the corresponding parameters on 15th, 30th and 45th days
after AT, respectively, after using C60 fullerenes at a dose of 1 mg/kg (**p < 0.05 compared to the group
without the use of C60 fullerene at all 1, 2,...10 consecutive contractions).

The decrease in the integrated power of muscle contraction on the 15th day after ini-
tiation of AT was 41 + 2% after the first contraction and 22 + 4% after tenth, respectively,
relative to the intact group. On days 30 and 45, these indicators were 70 + 3% and 53 + 4%,
84 7% and 79 + 7% after first and tenth contractions, respectively. These indicators were
73 + 3% and 59 + 7%, 85 + 6% and 78 + 7%, 94 + 3% and 92 + 6% after the first and tenth
contractions, respectively, using Ceo fullerene therapy on days 15, 30 and 45 after AT. The
therapeutic effect averaged 35-40%.

3.2. Estimation of the Time to Reach the Maximum Force Response and Recovery of Muscle
Soleus Force Parameters in Rats

The time to reach the maximum force response is one of the most important biome-
chanical parameters, since its change significantly affects the quality of targeted move-
ments and the adequate implementation of motoneuronal pools. On the 15 day after AT
activation, an increase in this indicator was recorded from 961 + 5 ms after the first con-
traction to 1070 + 7 ms after the tenth, in comparison with the intact group (275 + 9 ms).
On days 30 and 45 after AT activation, these indicators were 570 + 11 and 660 + 14 ms, 400
+7 and 445 + 7 ms after the first and tenth contractions, respectively. After using Ceo full-
erene therapy, a correction of these parameters was recorded: 872 + 12 and 954 + 8 ms, 460
+13 and 524 + 12 ms, 336 + 14 and 378 + 12 ms after the first and tenth contractions on days
15, 30 and 45, respectively. The therapeutic effect averaged 50-60% on the 15th day after
AT and 20-25% after 45 days. This can be explained by the fact that pathological factors
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affecting the time to reach the maximum force response are on the first days after AT and
decrease their pathological effect with an increase in the time after the described injury.
The progressive decrease in the force response lasts at least 15 days, after which the re-
covery process takes place [34].

The recovery time of force parameters to their initial values is directly affected by an
increase in muscle stiffness and a change in the elastic properties of tendon components.
On the 15th day after AT activation, its increase was recorded as 1240 + 58 ms after the
first contraction and 1290 + 15 ms after the tenth in comparison with intact group (521
16 ms). On days 30 and 45, these indicators were 900 + 16 ms and 993 + 21 ms, 790 + 17 and
800 + 18 ms after the first and tenth contractions, respectively. Its slight growth with an
increase in the number of 6 s non-relaxation contractions against its significant decrease
with increasing of time after AT should be noted. With the use of Cso fullerene therapy, a
significant decrease in the recovery time of force parameters to the initial values was rec-
orded: 1123+ 19 and 1211 £+ 15 ms, 722 + 18 and 749 + 13 ms, 590 + 24 and 593 + 19 ms after
the first and tenth reduction on the 15, 30 and 45 days after AT, respectively. Thus, the
obtained data indicate a positive dynamic of the therapeutic use of water-soluble Ceo full-
erenes in a daily dose of 1 mg/kg, which leads to a decrease in the level of muscle damage
severity by an average of 25-35%.

3.3. Analysis of Fatigue Processes in the Muscle Soleus of Rats after AT Using 1 Hz Stimulation

Previously, an increase in the amount of intramuscular connective tissue due to
trauma was revealed, which, apparently, occurs simultaneously with muscle atrophy and
loss of muscle capillarity [35]. These factors are key to the onset of increased muscle fa-
tigue in the active muscle. Therefore, the next stage of our research was to analyze the
occurrence of the fatigue processes in the muscle soleus after AT upon application of stim-
ulation. Registration of the contraction force with the use of 1 Hz stimulation for 1800 s
showed a decrease in the integrated muscle power (Figure 3): it was 28 + 2%, 59 + 6% and
64 + 4% relative to the intact group on days 15, 30 and 45 of the experiment, respectively.
The use of water-soluble Ceo fullerenes improved this indicator to 61 + 2%, 78 + 4% and 88
+ 7% on days 15, 30 and 45 of the experiment, respectively. The therapeutic effect was
more than 50%, which may be due to the antioxidant properties of Ceo fullerenes to correct
fatigue processes in the active muscle [36].
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Figure 3. Biomechanical parameters of muscle soleus after AT in rat at 1 Hz stimulation for 1800 s:
without Ce fullerenes administration (a); with the use of Cw fullerenes at a dose of 1 mg/kg (b);
integrated muscle power (S), presented as a percentage of values in the intact group (c); time reduc-
tion of the force response by 50% from the initial values (ts0) (d). Native muscle-intact; 1,2-the
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corresponding values of the parameters without and with Ce fullerenes use, respectively. *p < 0.05
compare to the intact group; **p < 0.05 compare to the group without the use of Ce fullerene.

The time for force response to decrease by 50% of the initial values (ts) without Ca full-
erene therapy was 1020 + 42, 1310 + 65 and 1490 + 85 ms on days 15, 30 and 45 of the experi-
ment, respectively. After using of water-soluble Ce fullerenes this indicator was 1325 £ 72,
1680 + 77, and 1780 + 59 ms, respectively, which shows its 50% therapeutic effect at the stages
of maintaining the maximum force responses during the development of fatigue processes.

3.4. Analysis of the Occurrence of Smooth Tetanic Contraction of Muscle Soleus in Rats

The most important quantitative indicator of skeletal muscles work in the process of
functioning is the rate of smooth tetanic contraction occurrence. Even minimal physiological
or biochemical destructive changes in the structure of myocytes and motoneuronal pools,
changes in muscle stiffness and electrical properties of membranes or the duration of hyperpo-
larization significantly change the time of smooth tetanic contractions occurrence [37]. More-
over, during muscle activity, its individual motor units generate unfused tetanic contractions,
which are characterized by variable strength and varying degrees of fusion. The synchroniza-
tion of this process depends on many factors and is a vulnerable element in the development
of pathological processes in the muscle [38]. Therefore, the next step was to study biomechan-
ical markers of the appearance of smooth tetanic contractions.

Using of stimulation pools with increasing frequency (Figure 4), the smooth tetanic
contractions (maximum force response) appeared after 3450 + 12 ms and reached 97 + 8
mN (Figure 5). Muscle soleus after AT did not reach the stage of smooth tetanic contraction
throughout the experiment. The maximum force of a single contraction (fmax) was 43 £ 2,
67 £ 4, and 87 + 2 mN on days 15, 30 and 45 of the experiment, respectively. The use of
water-soluble Ce fullerenes increased these indicators to 72 £ 3,79+ 5, and 94 + 2 mN on
days 15, 30 and 45 of the experiment, respectively. The minimum value of the force re-
sponse in one tooth of dentate tetanus (fmin) slightly decreased to22+3,17+2and 51
mN on days 15, 30 and 45 of the experiment, respectively. It should be noted that a de-
crease in this parameter to zero leads to the appearance of smooth tetanus. The use of Ceo
fullerene changed the biomechanical parameters of the transition of muscle soleus from
dentate to smooth tetanus, which appeared 4350 + 32 and 3650 + 32 ms on days 30 and 45
after AT, respectively. All the described biomechanical parameters after the application of
Can fullerene showed positive therapeutic dynamics at the level of 23-29%.
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Figure 4. Mechanograms of the transition of muscle soleus after AT in rats from dentate to smooth
tetanus with the use of increasing stimulation with a maximum frequency of 30 Hz for 6 s: without
Ceo fullerenes administration (a); with Ca fullerenes administration in a daily dose of 1 mg/kg (b).
Native muscle-intact; fma is the maximum force of a single contraction, fmin is the minimum value
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of the force response in one tooth of the dentate tetanus; 1,2,3-the values of the corresponding pa-
rameters on 15, 30 and 45 days after AT, respectively, without Ce fullerenes administration; 4,5,6—
the values of the corresponding parameters on 15, 30 and 45 days after AT, respectively, with the
use of Cso fullerenes at a dose of 1 mg/kg.

Figure 5. Changes in fmx (a) and fmin (b) parameters of muscle soleus after AT for each of the single
contractions during the transition of the force response to smooth tetanus using an increasing stim-
ulation signal with a maximum frequency of 30 Hz for 6 s: 1,2,3—parameter values on days 15, 20
and 45 after AT, respectively, without Ce fullerenes administration; 4,5,6~the values of the param-
eters on days 15, 20 and 45 after AT, respectively, with the use of Cw fullerenes at a dose of 1 mg/kg.

3.5. Changes in the Body Weights of Animals and the Muscle Soleus, the Value of the Maximum
Strength of a Single Tetanic Contraction of an Isolated Muscle, Normalized to the Value of CSA,
after AT

The weight of rats of all groups slightly increased during the experiment; this change
was taken into consideration for further calculations (Table 1). The mass of muscle soleus
normalized to the body weight significantly decreased to 0.27 + 0.032 g on the 15th day
after AT and increased to 0.34 + 0.018 g on the 45th day (in comparison with intact group,
this value was 0.49 + 0.011 g). In the groups that received Ceo fullerene, these indicators
were .32 + 0.015, 0.35 + 0.023 and 0.39 + 0.054 g on days 15, 20 and 45 after AT, respec-
tively, which is on average 35-37% higher than in the previous group.

Table 1. Changes in the weight of the animals’ bodies and muscle soleus, the values of the maximum
strength of a single tetanic contraction of an isolated muscle (Po) and PoCSA on days 15, 30 and 45
after AT.

. Soleus Weight, Soleus Weight / PuCSA,
Group Rat Welght mg Rat weight Pt N/cm?
intact 205+8 102415 049:0011  8824+143 234:12
15 days 231+6* 634+18* 027+0032* 4325:161° 144+25*
30 days 2434 734+12° 030+0015* 6765+116% 17.6+73%
45 days 250+6* 864+15* 034+0018% 6933+141% 186+44*
LdaystCo'  upsnw 794+12*  032:0015* 6025+122* 181+12*
fullerene
days+Ca ) o 894+13" 035+0023* 7115+225* 192:11"
fullerene
Bdays+lwm: e 1054+19*  039:0054* 7825163 203+12*
fullerene

* p<0.05 compare to intact group; ** p < 0.05 compare to the group without C fullerene administration.
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The maximum strength of a single tetanic contraction (Po) (this value in the intact
group was 882.4 + 14.3 mN) decreased to 432.5 + 16.1, 676.5+ 11.6 and 693.3 + 14.1 mN on
days 15, 30 and 45 after AT, respectively. The use of Ce fullerene improved this indicator
to602.5+12.2,711.5+22.5 and 782.5 £ 16.3 mN on days 15, 30 and 45 after AT, respectively,
which showed an increase in the Po value by more than 30%. The most significant results
were shown by changes in the maximum strength of a single tetanic contraction (Pa),
normalized to the value of CSA. The decrease in PoCSA value to 144 +2.5,17.6 +7.3 and
18.6 + 4.4 Nfcm? on days 15, 30 and 45 after AT was 61.5, 75.2 and 78%, respectively, in
comparison with the value in the intact group (23.4 + 1.2 N/fem?). With the use of Ceo full-
erene, these indicators were 18.1+1.2, 19.2+ 1.1 and 20.3 + 1.2 N/cm? on 15, 30 and 45 days
after AT, respectively, which is more than 40% higher than in the previous group. Accord-
ing to the obtained data, it can be concluded that Ceo fullerenes administration in a daily
dose of 1 mg/kg reduces the level of destruction of muscle tissue by 30-35%.

3.6. Analysis of Blood Biochemical Parameters in Rats as Markers of Muscle Injury

Unused muscles atrophy is part of numerous pathologies in which the loss of muscle
mass ultimately leads to the depletion of the organism (cachexia). Whether it is caused by
muscle failure or disease, muscle loss results in weakness and metabolic co-morbidity.
Reactive oxygen species (ROS) are important regulators of cellular signaling pathways
that can accelerate proteolysis and suppress protein synthesis [39]. The authors of [40]
showed that increased production of ROS in skeletal muscles significantly contributes to
their atrophy caused by inactivity. Inflammatory cascade processes that occur immedi-
ately after AT are a source of ROS and contribute to the intensification of lipid peroxida-
tion (LPQ) processes. As a result of biochemical tests, we determined the levels of LPO
secondary products and antioxidants in the blood of rats after AT. The obtained data
clearly demonstrate an increased level of markers of peroxidation and oxidative stress
(CAT, HzOz, TBARS and GSH) after AT and their decrease after Cen fullerene therapy (Fig-
ure 6).
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Figure 6. Indicators of pro- and antioxidant balance (TBARS, H20s, CAT and GSH) in the blood of
rats after 1 Hz stimulation of muscle soleus for 1800 s on 15, 20 and 45 days after AT.* p <0.05 compare
to the intact group; ** p < 0.05 compare to the group without Cea fullerenes administration.

Thus, the CAT level increased from 0.9 + 0.1 uM/min/mL (in the intact group) to 3.5
+0.3,3.1 0.4 and 1.8 + 0.6 pM/min/mL on days 15, 30 and 45 after AT, respectively, and
decreased to 2.0 £ 0.4, 1.8 £ 0.1 and 1.3 + 0.5 pM/min/mL on days 15, 30 and 45 after AT
with the use of Ce fullerene therapy, respectively. The level of H20: was 2.8 £ 0.3, 2.5 +
0.3, and 2.3 £ 0.6 pM/mL on days 15, 30 and 45 after AT, respectively (in the intact group,
this value was 0.8 + 0.2 pM/mL), and decreased to 2.1 £ 0.7, 1.5+ 0.2 and 1.4 + 0.6 pM/mL
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on days 15, 30 and 45 with the use of Ce fullerene therapy, respectively. The TBARS level
was 6.1 £0.1, 5.5+ 0.8 and 4.3 £ 0.3 nM/mL on days 15, 30 and 45 after AT, respectively (in
the intact group, this value was 2.9 + 0.2 nM/mL), and 4.3 + 0.4, 4.1 + 0.8 and 3.8 + 0.6
nM/mL on days 15, 30 and 45 after AT with the use of Ce fullerene therapy, respectively.
The GSH concentration was 3.8 £ 0.4, 3.4+ 0.2 and 3.2 £ 0.3 mM/mL on days 15, 30, and 45
after AT, respectively (in the intact group, this value was 2,0 + 0.3 mM/mL), and 3.3+ 0.2,
3.1+0.7 and 2.9 + 0.3 mM/mL on days 15, 30 and 45 after AT with the use of Cso fullerene
therapy, respectively.

Thus, there is a positive change in the described biochemical parameters by approx-
imately 27-30% after therapeutic administration of Ceo fullerene. This indicates the pres-
ence of compensatory activation by Ceo fullerene of the endogenous antioxidant system in
the process of dystrophic changes in the muscle soleus caused by AT. In our opinion, Ceo
fullerene can affect the activity of endogenous antioxidants, suppressing the occurrence
of destruction in the muscle and, thus, reducing its degradation. The therapeutic effect of
water-soluble Ce fullerenes on the restoration of tendon structures is also possible, this
was confirmed by the previously obtained data about their protective effect in inflamma-
tory and pathological processes in the body [41-43].

Despite the fact that atrophy that occurs after traumatic joint injury has morpho-func-
tional differences against muscle atrophy that develops as a result of their unuse, the main
mechanisms leading to changes in muscle mass in this pathology do not differ signifi-
cantly [44]. Therefore, it can be assumed that there is not a significant difference in the
treatment of atrophic pathologies caused by these factors.

4. Conclusions

Based on the obtained data, we can conclude that the positive therapeutic changes in
the studied biomechanical and biochemical markers confirm the possibility of using wa-
ter-soluble Ceo fullerene (oral administration at a dose of 1 mg/kg each day of the experi-
ment) as a promising nanoagent that can reduce and correct pathological states of the
muscular system arising from skeletal muscle atrophy due to unuse.
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ARTICLE INFO ABSTRACT

Keywords Cgp fullerene (Cgg) as a nanocarbon particle, compatible with biological structiires, capable of penetrating through
Can fullerens cell membranes and effectively scavenging free radicals, is widely used in biomedicine. A protective effect of Cgp
N-scelylcysteine on the biomechanics of fast (m. gastrocnemnius) and slow (m. soleus) muscle contraction in rats and the pro- and
m. soletis . antioxidant balance of muscle tissue during the development of muscle fatigue was studied compared to the same
:mﬁ effect of the known antioxidant N-acetyleysteine (NAC). Cgg and NAC were administered intraperitoneally at
Biomechanical and biochemical p doses of 1 and 150 mg kg_]. respectively, daily for 5 days and 1 h before the start of the experiment. The

following quantitative markers of muscle fatigue were used: the force of muscle contraction, the level of accu-
mulation of secondary products of lipid peroxidation (TBARS) and the oxygen metabolite H20z, the activity of
first-line antioxidant defense enzymes (superoxide dismutase (SOD) and catalase (CAT)), and the condition of the
glutathione system (reduced glutathione (GSH) content and the activity of the ghitathione peroxidase (GP)
enzyme). The analysis of the muscle contraction force dynamics in rats against the background of induced muscle
fatigue showed, that the effect of Csg, 1 h after drug administration, was (15-17)% more effective on fast muscles
than on slow muscles. A further slight increase in the effect of Cgp was revealed after 2 h of drug injection, (7-9)%
in the case of m. gastrocnemins and (5-6)% in the case of m. soleus. An increase in the effect of using Cggy occurred
within 4 days (the difference between 4 and 5 days did not exceed (3-5)%) and exceeded the effect of NAC by
(32-34)%. The analysis of biochemical parameters in rat muscle tissues showed that long-term application of Cep
contributed to their decrease by (10-30)% and (5-20)% in fast and slow muscles, respectively, on the 5th day of
the experiment. At the same time, the protective effect of Cgy was higher compared to NAC by (28-44)%. The
obtained results indicate the prospect of using Csg as a potential protective nano agent to improve the efficiency of
skeletal muscle function by modifying the reactive oxygen species-dependent mechanisms that play an important
role in the processes of muscle fatigue development.

1. Introduction

Today, the term "muscle fatigue™ refers to a wide range of dysfunc-
tions, namely: physiological, neurclogical, and psychiatric [1, Z].
Therefore, there are diverse concepts about ways of muscle fatigue
development [3], the existence of which is because there is no separate

* Corresponding author.
E-mail address: uwe.ritter@u-ilmenau.de (U. Ritter).

https://doiorg/10.1016/j heliyon. 2022.¢ 12449

mechanism for the complex process of fatigue development. However, it
involves a whole complex of mechanisms of central nervous system
dysfunction, peripheral nerve dysfunctions, and muscles themselves. All
mechanisms are united by the result of functional changes caused by
them, mostly by the impossibility of maintaining the required level of
effort by the muscle during contraction [4]. Muscle fatigue is a protective
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mechanism of the body against overloads in general and further devel-
opment of pain sensitivity of muscles [5]. Its nature and optimal degree
are key factors for forming adaptation and increasing the level of fune-
tional and physical capabilities of the body. It has been shown that during
intense physical load, the duration of recovery periods (active rest) is
quite important for maintaining optimal performance and a normal
physiological state of actively contracting muscles [6].

During the development of fatigue, there is a slowdown in force
generation and muscle relaxation [7]. Skeletal muscle fibers continu-
ously generate reactive oxygen species (ROS) at a slow rate, which in-
creases during muscle contraction. This activity-dependent increase in
ROS production contributes to skeletal muscle fatigue during strenuous
exercise. Experimental evidence suggests that ROS of muscle origin pri-
marily act on myofibrillar proteins, suppressing calcium sensitivity and
reducing contraction force [8]. More intensive exposure to ROS leads to
losses in calcium regulation, which mimic pathological changes and are
irreversible.

Oxidative stress is a generally recognized pathophysiological factor in
the formation of muscle fatigue and overexertion under conditions of
excessive physical activity [9]. There are several sources of ROS pro-
duction in skeletal muscles that are activated during muscle contraction:
mitochondrial respiratory chain, lipoxygenase pathway of arachidonic
acid metabolism, NADPH-oxidase, and xanthine oxidase [10, 11]. Su-
peroxide, hydroxyl radicals, and hydrogen peroxide are considered to be
the most reactive oxygen derivatives that can be formed during the
development of muscle fatigue in enzymatic and non-enzymatic re-
actions [12]. It is known that pathological effects in muscle tissue arise
due to excessive accumulation of ROS, peroxides, and their secondary
products with the inability of the antioxidant system to ensure the
maintenance of prooxidant-antioxidant balance [13]. The functional
basis of the antioxidant defense system is formed by the glutathione
system, the components of which are glutathione and enzymes that
catalyze the reactions of reverse transformation (oxidation or recovery)
[14].

During the intensive physical activity of skeletal muscle, lipid per-
oxidation (LPO) is the primary reaction in the chain of physicochemical
transformations that lead to the destruction of the lipoprotein complex of
myocyte membranes, disruption of their transport functions, inhibition
of oxidative phosphorylation processes, and energy generation, which
ultimately reduces cell viability and contributes to muscle fatigue [15].
However, the dynamics of lipoperoxidation product accumulation and
the duration of such changes depend on many factors, one of which is the
type of muscle fibers, because the latter are characterized by specific
metabolic reactions and antioxidant protection features [12]. It is known
that there are two types of fibers in the muscle structure: slow and
fast-contracting ones. These fibers are different independent functional
units distinguished not only by contractile but also by morphological and
biochemical properties [16].

Biocompatible carbon nanostructures can be considered potential
antioxidants to affect the muscular system, some of which are Cg ful-
lerenes [17, 18]. Cgp molecule is a rather powerful electron acceptor,
capable of adding up to six electrons. It is the double chemical bonds on
the almost spherical surface of Cgg fullerene that are electron-deficient
ones, that determine its ability to effectively capture free radicals [19,
20]. Earlier in in vivo experiments, we tested the antioxidant properties of
Cgo fullerenes about the development of some muscle pathologies [21].
Thus, we can assume the correction of muscle fatigue processes due to the
protective effect of Cgp fullerene, as a powerful antioxidant, on the
contractile muscular apparatus.

Here, we studied the antioxidant effect of Cgy fullerene on the
biomechanics of fast (m. gostrocnemius) and slow (m. soleus) muscle
contraction in rats, the pro- and antioxidant balance of their body during
the development of muscle fatigue compared to the effect of the known
antioxidant N-acetylcysteine (NAC) [22].
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2, Materials and methods
2.1. Preparation and characterization of CgpFAS

To obtain Cgq fullerene aqueous solution (CgpFAS), a method based on
the transfer of Cgg molecules (Sigma Cat. No. 379646) from toluene into
the water followed by ultrasound treatment was applied [23, 24]. The
mechanism of Csy molecule dispersal in an aqueous solution could be
explained by a formation of a covalent bond between hydroxyls and
carbons in the Cgy fullerene cage as a result of ultrasound treatment,
which culminates in consequent easy Cgg molecule dissolution [25]. The
obtained CgoFAS at a maximum concentration of 0.15 mg mL™" was
stable for 18 months at +4 °C.

The structural state of CggFAS was studied by the atomic force mi-
croscopy (AFM) technique [26]. To do this, a drop of CeoFAS was applied
to the atomically smooth surface of the substrate, and the measurements
were carried out after the complete evaporation of water. Freshly cleaved
mica surface (muscovite, grade V1) was used as a substrate for AFM
research. Measurements were carried out on the system “Solver Pro M™
(NT-MDT, Russia) in tapping mode using AFM probes RTESPA-150
(Bruker, USA).

2.2, Animals

Male Wistar rats (170 £ 12 g, 2-month-old) were bred and housed in
standard temperature conditions (21-23 °C), lighting (12/12 h light-dark
cycle), at humidity (30-35%). All animals had unlimited access to chow
and tap water. The study was carried out in strict accordance with the
European convention for the protection of vertebrate animals used for
experimental and other scientific purposes (Strasbourg, 1986) and was
approved by the Bioethical Committee of the ESC “Institute of Biology
and Medicine” of the Taras Shevchenko National University of Kyiv,
Ukraine (ethic code: No. 3447-1V 21.02.2006).

The following groups of animals were tested: experimental groups -
after 1,2,3,4 and 5 days of Cgq fullerene (n = 7) and NAC (n = 7)
administration, respectively, which were compared with the control
(“fatigue”, saline administration) (n = 7) and intact (“norm”, no fatigue)
(n = 7) groups.

The research protocol involved intraperitoneal injection of Ceg
fullerene and NAC at a daily dose of 1 and 150 mg kg™, respectively, 1 h
before the experiment for 5 days. The choice of the most optimal dose of
the applied drugs, showing a positive protective effect on the develop-
ment of fatigue processes in the skeletal muscle, is due to the results of
our previous studies [27, 40]. An increase,/decrease in the range of tested
doses did not reveal significant changes in muscle dynamics and, in our
opinion, the doses used are optimal.

It is important to note that the selected dose of water-soluble Cgg
fullerene in our experiments is significantly lower than the LDsy value,
which was 600 mg kg~! body weight when administered orally to rats
[19] and 721 mg kg_l when administered intraperitoneally to mice [28].

2.3. Biomechanical analysis

The object of the study was the slow muscle, m. soleus, and fast
muscle, m. gastrocnemius.

Animals under deep anesthesia (ketamine (100 mg I(g_l, Pfizer, USA)
combined with xylazine (10 mg kg_’, Interchemie, Holland)) underwent
a tracheotomy and were connected to an artificial lung ventilator. Then
the corresponding muscles were dissected, carefully isolating them from
the surrounding tissues. The animal was fixed in a stereotaxic machine
with a system of rigid fixation of the head, pelvis, and limbs. The isolated
nerve was fixed on a bipolar platinum wire electrode for further electrical
stimulation. The edges of the skin on the hind limbs around the incision
were sutured to the armature of the machine, and the formed trays with
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muscle and nerve were filled with vaseline oil. During the operation and
the experiment itself, the heart rate was monitored. If necessary, a
mixture of physiological saline, rheopolyglucin, and glucose was
administered, and anesthesia was continued by intraperitoneal admin-
istration of a mixture of ketamine/xylazine (% of the initial dose) every
30-40 min until the end of the experiment. Body and oil temperatures
were maintained at 37-38 *C with an infrared lamp.

The muscle was connected via the Achilles tendon to a servo-control
muscle puller. A linear motor under position servo-control was used as a
muscle puller. The muscle tension was measured by semi~conductor
strain gauge resistors glued on a stiff steel beam mounted on the mov-
ing part of a linear motor. The puller’s stiffness exceeded 0.06 N mm ™",
while the time constants of the length transients did not exceed 60 ms.

Muscle fatigue was induced by successive stimulation impulses with a
frequency of 50 Hz and a duration of 5 s each, without a relaxation period
between them. The sum of such stimulation signals was 500 s, followed
by 5 min of relaxation. The number of stimulation pools was three. Each
series of stimulation consisted of separate series of rectangular 2 ms
impulses. The current strength at which the muscle began to contract was
considered the threshold, further stimulation was performed with a force
of 1.3-1.4 of the threshold [29].

During the analysis of the results, we used quantitative parameters —
integrated muscle power (calculated area under the strength curve),
which is an indicator of its general performance under the applied
stimulation pools [20].

2.4. Biochemical analysis

LPO was measured from the formation of thiobarbituric acid-reactive
substances (TBARS) using the method [31]. TBARS were isolated by
boiling tissue homogenates for 15 min at 100 °C with a thiobarbituric
acid reagent and measuring the absorbance at 532 nm. The results were
expressed as nM mg_1 of protein using ¢ = 1.56 x 10° mmol ™ em ™.

The Hz0; concentration in the tissue homogenates was measured
using the method, which is based on the peroxide-mediated oxidation of
Fe2+, followed by the reaction of Fe*™ with xylenol orange (o-cre-
solsulphonephthalein 3°,3"-bis[methylimino] diacetic acid, sodium salt).
This method is extremely sensitive and is used to measure low levels of
water-soluble hydroperoxide present in the aqueous phase. To determine
the HyO; concentration, 500 pL of the incubation medium was added to
500 pL of an assay reagent. The absorbance of the FE3+-X)'|.EHD] orange
complex (A560) was detected after 45 min. Standard curves of HyOp were
obtained for each independent experiment by adding variable amounts of
Hz0 to 500 pL of basal medium mixed with 500 pL of an assay reagent.
Data were normalized and expressed as pM H302 per mg protein [32].

Measurements of TBARS adducts provide unambiguous evidence for
LPO, and an increase in the abundance of these adducts is likely to be
reflective of increased oxidative stress. However, these assays are un-
specific since TBA generates chromogens from many biomolecules other
than MDA, making quantification of the total extent of LPO somewhat
challenging [33]. Therefore, to obtain a complete picture of the dynamics
of the oxidative processes, we additionally measured select robust indices
to assess the ratio of ROS generation/removal such as the activity of
antiradical and anti-peroxide enzymes (superoxide dismutase (S0D),
catalase (CAT), selenium-dependent glutathione peroxidase (GPy)) and
reduced glutathione (GSH) level.

Total SOD activity was measured by the method [34], which is based
on the inhibition of autooxidation of adrenaline to adrenochrome by S0D
contained in the examined samples. The results were expressed as spe-
cific activity of the enzyme in units per mg protein. One unit of SOD
activity is defined as the amount of protein, causing 50% inhibition of the
conversion rate of adrenaline to adrenochrome, under specified
conditions.

CAT activity was measured by the decomposition of hydrogen
peroxide, determined by a decrease in the absorbance at 240 nm [35].

Heliyon 8 (2022) £12449

A GP,, activity was determined according to the method [36]. The rate
of NADPH oxidation followed at 340 nm.

The GSH level was determined as deseribed in [37]. The tissue sample
was mixed with sulphosalicylic acid (4%) and incubated at 4 °C for 30
min. Thereafter, it was centrifuged at 1200 x g for 15 min at4 *Cand 0.1
mL of this supemnatant was added to phosphate buffer. The yellow color
developed was read immediately at 412 nm. The GSH content was
calculated as mmol L™ mg_l protein (eq412 = 13.6 x 10% mol™! I:ITl_l).

2.5. Statistical analysis

Statistical processing of the measurement results was performed by
methods of variational statistics using the software Origin 9.4. Each of
the experimental force curves obtained in the work is the result of
averaging 10 similar experiments. At least three repetitions were per-
formed for each biochemical 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. AFM analysis of CgoFAS

The biological activity of pristine Cgg fullerene largely depends on its
concentration in the aqueous medium, and the size distribution of the
formed nanoparticles, which, in particular, explains some inconsistencies
in the toxicity of Cgp fullerene [38, 39].

Clear AFM images of Cgg fullerene were obtained (Figure 1a), which
indicates the high chemical purity of both the material and the solvent,
and the measurement conditions. The images show chaotically placed
objects, which in shape and size can be divided into two groups. The first
of them includes point objects up to 10 nm high, among which the
maximum number was with heights in the range of 0.7-3 nm (Figure 1b).
The height of the smallest of them (0.7 £+ 0.2 nm) agrees well with the
molecular diameter of Cgp, which allowed us to identify them as indi-
vidual molecules. Larger objects correspond to Cgp fullerene bulk clus-
ters. They had symmetrical bell-shaped profiles with sharp maxima in the
middle. This is a sign that the aggregation of some molecules into clusters
took place in CggFAS before they were applied to the substrate.

The second group includes objects with a height of 10-100 nm of
irregular shape (Figure 1c and selected fragments in Figure 1a). They are
characterized by fuzzy contours or the presence of protrusions with a
thickness of one monolayer at the edges. This is characteristic of the self-
assembly of molecules on the substrate surface during deposition from
solution to form bulk aggregates according to the known Volmer - Weber
islet growth mechanism.

3.2, Analysis of muscle contraction force

Recording the contractions force of m. soleus and m. gastrocnemius by
stimulation pools (Figure 2a and 2b) has revealed a significant difference
in the development of their fatigue processes and was 31 + 3%, 39 + 1%,
and 47 + 4% at 1,2 and 3 stimulation pools, respectively. These results
confirm the data [1] about the greater sensitivity of fast muscle fibers to
the development of fatigue.

Mechanograms obtained after 1 h of Cgg fullerene administration and
NAC (Figure 3a) demonstrated a more pronounced effect of Cgg fullerene,
being 19 & 1%, 17 + 1%, and 24 + 3% greater than for NAC in m. soleus
and 24 + 2%, 26 + 1%, and 29 + 3% greater than in m. gastrocnemius at
1,2 and 3 stimulation pools, respectively.

The analysis of mechanograms obtained 2 h after injections of the
drugs (Figure 3b) revealed a further slight increase in the effect of Cgg
fullerene, namely by (7-9) + 1% in m. gastrocnemius and (5-6) + 1% inm.
soleus at three studied stimulation pools. Note that the effect of NAC did
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Figure 1. AFM image of the Cgp fullerene laver deposited from CegFAS (0.15 mg mL™") on the surface of mica (a), and its Z-section along the lines indicated in the

images (b and ).

not change significantly. On this basis, in the future, we analyzed the
long-term use of the studied drugs 2 h after their administration.

The analysis of the values of the integrated muscle power 2 h after
drug administration on the 1st, 2nd, 3rd, 4th, and 5th days showed an
increase in the effect of Cgy fullerene on the 4th day. The growth of
positive effect was 8 £ 1%, 6 + 1%, and 4 + 1% on the 5th day in m.
soleus and 14 + 1%, 12 + 1% and 6 + 1% in m. gastrocnemius at 1,2 and 3
stimulation pools, respectively. It should also be noted that the use of
NAC did not reveal a significant increase in efficacy already on the 2Znd
day of its use.

Thus, the most significant effects were observed on the 3rd day of
drug use. However, further application of NAC did not cause significant
changes in muscle fatigue processes. An increase in the protective effect
of Cgp occurred within 4 days (the difference between 4 and 5 days did
not exceed (3-5)%) and exceeded the effect of NAC by (32-34)%.

In summary, the data obtained for the force response of the muscle
against the background of the development of muscle fatigue indicate
that the administration of Cgq fullerenes (for at least 4 days) reduces the
severity of pathological processes by (35-45)% in slow muscle and by
(60-65)% in fast muscle. This confirms that the use of CgFAC in a low
dose leads to a decrease in the recovery time of muscle contraction force
and an increase in the time of its function [27, 40].

3.3. Analysis of biochemical parameters in muscle tissues

It was found that long-term administration (for 5 days) of Cgg
fullerene led to a gradual decrease in TBARS and Hz0; content in both m.
soleus and m. gastrocnemius of rats (Figure 4a,b).

Thus, on day 5, the content of secondary LPO products and hydrogen
peroxide in m. gastrocnemius decreased by 28% and 44%, respectively,
and in m. soleus by 29% and 40%, respectively, compared with the first
day of the experiment. The observed inhibition of excessive accumula-
tion of LPO products and oxygen derivative Hy0; in both muscle types
may be mediated by the antiradical properties of Cgp fullerene. The re-
sults confirm that Cgg fullerenes can penetrate through plasma mem-
branes and accumulate in particular tissues, including muscles, without
signs of damage [19, 41].

Antioxidant defense enzymes such as SOD, CAT, and GPy play a key
role in the mechanisms of regulation of free radicals and peroxide pro-
cesses. 30D is the most powerful natural antioxidant and the enzyme of
the first link of antioxidant protection, which carries out the dismutation
reaction of superoxide anion radicals and converts them into less reactive
hydrogen peroxide molecules [42].

Previous studies have shown [43] that SOD activity and protein
accumulation in rat skeletal muscles increased during exercise without
significant changes in mRNA expression. At the same time, SOD activity
increased predominantly in oxidative muscles with a high content of type
I and Ila fibers [44]. In our experiment (Figure 4c), during electrical
stimulation of muscles against the background of Cgp fullerene applica-
tion, a gradual decrease in SOD activity was found in m. gastrocnemnius (by
13%) on day 5, while in m. soleus SOD activity increased from day 3-4 (by
27% and 21%, respectively), and on day 5 only tended to increase rela-
tive to the first day of the experiment.

Physical exercise against the background of long-term administration
of Cgp fullerene did not lead to significant changes in CAT activity in both
m. gastrocnemius and m. soleus during the 5 days of the experiment
(Figure 5a). CAT activity significantly decreased in m. gastrocnemius, by
33% on day 5 of the experiment compared with day 1, while in m. soleus
the activity of this enzyme only tended to decrease. Despite a consider-
able number of studies, the data on the activity of such endogenous an-
tioxidants as CAT and GPy during intensive physical activity of skeletal
muscle remain contradictory. It was found that chronic exercise does not
change CAT activity in slow muscles, but decreases it in fast muscles [45].
CAT activity has also been shown to decrease in both oxidative and
glycolytic muscle fiber types [46]. In contrast, other studies have shown
an increase in CAT activity [47].

Cellular mechanisms of antioxidant protection are also associated
with the functioning of a powerful glutathione link [13]). Along with
antiradical enzymes, the glutathione system is one of the active compo-
nents of the body’s antioxidant defense, which plays a significant role in
the attenuation of the pathological process during muscle fatigue, since it
not only prevents the free-radical reactions but also provides effective
elimination of the final metabolites of LPO. The protective functions of
GSH during oxidative stress are determined by the ability to catalyze the
cleavage of hydrogen peroxide and fatty acid hydroperoxide with GSH
[48].

In our study, after administration of Cgp fullerenes against the back-
ground of fatigue development for 5 days, GPy activity in m. soleus
gradually decreased by 15%. At the same time, in m. gastrocnemius the
activity of this anti-peroxide enzyme during the same period had a ten-
dency only to decrease (Figure 5b). It is important to note that GPy ac-
tivity in m. soleus was three times higher than in m. gastrocnemius. This
coincides with previous studies showing a significant increase in GPy
activity in oxidative muscle fibers under physical strain [45, 49]. At the
same time, the mRNA level of GPy expression in these muscles corre-
sponded to the degree of activity of this enzyme [50].
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Figure 2. Contraction force of rat m. soleus (a) and m. gastrocnemius (b) after application of 50 Hz stimulation for 5 s with three successive pools: 1
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The tendency established in our experiments to decrease the activity
of antiradical (SOD) and anti-peroxide (CAT and GP,) enzymes when
using Cgg fullerene in the development of muscle fatigue confirm the
slowdown of oxidative processes in skeletal muscles of both types. Such
dynamics of the activity of the above enzymes can testify to the efficiency
of dismutation processes with a decrease in the level of aggressive su-
peroxide radical, as well as the processes of elimination of peroxide
compounds in rat muscle fibers [12].

Glutathione belongs to the main links of antioxidant protection,
participating in the detoxification of xenobiotics and toxic metabolic

2, 3 - consecutive
injection; NAC -

le power (calculated area under the force curve).

products, the process of apoptosis, affects enzyme activity and nucleic
acid biosynthesis, and regulates eicosanoids, and prostaglandins ex-
change [13, 48]. The use of Cgy fullerene against the background of
muscle fatigue caused the GSH content in m. gastrocnemius and m. soleus
to increase by 51% and 61%, respectively, on the 5th day of the
experiment compared to the 1st day (Figure 5c). This agrees with
previous studies [51], which found that Cgg fullerene can influence the
processes of glutathione synthesis and metabolism in different tissues,
including muscle, under different pathological conditions by modu-
lating the Nrf2/ARE-antioxidant pathway. We also showed that Cgo
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fullerenes prevent mitochondrial dysfunction by restoring the activ-
ity of enzymes of mitochondrial complexes, as well as inhibiting
mitochondrial-dependent apoptosis by limiting mitochondrial trans-
location of the p53 protein and increasing the expression of the Bel-2
protein [52]. Consequently, the use of Cgq fullerene led to an increase
in the efficiency of the antioxidant defense system due to an increase in
the GSH content in both slow and fast muscles, thereby increasing their
resistance to physical activity.

If we compare the dynamics of changes in pro- and antioxidant ho-
meostasis parameters between fast and slow muscles, it should be noted
that the intensity of free-radical processes in these muscles is determined
primarily by the peculiarities of their metabolism, functional load, and
the level of antioxidant protection system [16]. It is known that during
physical exercise the activity of SOD, GPy, CAT enzymes, as well as GSH
content, are the highest in oxidative muscles (type [ and type Ila) that
have an increased blood supply., much myoglobin, a large number of
mitochondria, and energy supply mainly due to oxidative phosphoryla-
tion processes [53]. In our study, when Ceg fullerene was applied during

the development of muscle fatigue, the intensity of oxidative processes as
well as the level of the antioxidant defense system in the fast and slow
muscles of rats differed from each other. TBARS and H30: content in
slow muscles were (70-71)% and (29-41)% higher than in fast muscles,
respectively. Moreover, in slow muscles, the activity of anti-peroxide
enzymes and GSH content exceeded those in fast muscles, and the
extent of this increase was different. Thus, in slow muscles, CAT activity
and GSH content were 8 and 6% higher, respectively, than in fast mus-
cles. In slow muscles, GPy activity was three times greater than in fast
muscles. This tendency of the flow of antioxidant processes coincides
with the data [50] regarding the difference in the activity and levels of
mRNA expression of CAT and GPy between fast and slow muscles at rest
and after heavy exercise. However, our experiments showed that SOD
activity in fast muscles was 35% higher than in slow muscles when Cgg
fullerene was applied.

Thus, the long-term use of Cgg fullerene slows down the course of
oxidative stress in fast and slow muscles by maintaining the balance
between pro-oxidants and the antioxidant defense system, which
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in each group.

prevents the negative effects of ROS on cellular and subcellular structures
while muscle fatigue development in rats.

According to the literature data, NAC as a known glutathione pre-
cursor can neutralize free radicals and thus exhibit antiradical and
antioxidant properties [54]. In addition, numerous studies have shown
that the use of NAC removes muscle fatigue during submaximal exercise
in humans, including electrical muscle stimulation [55]. Therefore, in
our study, we used NAC as a comparison drug. NAC administration
during electrostimulation of the rat muscles for 5 days also caused a
decrease in TBARS and Hs0» content in fast muscles by 42% and 44%,
respectively, and in slow muscles by 38% and 48%, respectively,
compared with the first day of the experiment. The obtained data coin-
cide with the results of other authors who showed the effectiveness of
MNAC in the elimination of ROS [56]. NAC application in the simulation of
muscle fatigue caused a 29% decrease in CAT activity in fast muscles on
day 5, while in slow muscles we registered only a decreasing tendency.

S0D activity did not undergo significant changes in the two types of
muscles studied throughout the experiment. At the same time, GSH
content and GPy activity in the fast muscles increased by 30% and 43%,
respectively, and in the slow muscles by 21% and 34%, respectively, on
day 5.

A comparative analysis of oxidative stress markers and indicators of
the state of antioxidant defense systems showed that the protective effect
of Cgp fullerene was higher on the first day compared to NAC by (5-10)%
in fast and slow muscles, increased to (20-35)% after 3 days of drug use
and additionally increased by (8-9)% to 5th day.

4. Conclusions
The analysis of the obtained data showed positive dynamies of

changes in the force of muscle contraction, markers of oxidative stress,
and indicators of the state of antioxidant protection systems in fast and
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slow muscles of rats with the intraabdominal injection of Cgq fullerene
and NAC at low doses of 1 and 150 mg l{g_l, respectively, as potential
correctors of the effects of muscle fatigue. So, the effect of Cgg fullerene
on fast muscles was (15-17)% more effective than on slow muscles in
terms of muscle force response against the background of fatigue
development 1 h after Cgp fullerene administration. Analysis of mecha-
nograms 2 h after drug injection revealed a further slight increase in the
effect of Cgp fullerene, namely by (7-9)% in m. gastrocnemius and (5-6)%
in m. soleus. The maximum effect was observed on the 1st day of the
experiment. The increase Cgy fullerene effect occurred within 4 days (the
difference between the 4th and 5th day did not exceed (3-5)%) and
exceeded the effect of NAC by (32-34)% overall.

The analysis of biochemical parameters in rat muscle tissues against
the background of induced muscle fatigue showed that long-term
application of Cgg fullerene (for 5 days) slows down the course of
oxidative stress by (10-30)% in fast muscles and by (5-20)% in slow
muscles due to maintaining a balance between pro-oxidants and anti-
oxidant defense system. The maximum decrease in biochemical markers
was recorded after 3 daily administrations of drugs. At the same time, the
protective effect of Cgg fullerene was higher compared to NAC by
(20-35)%, and this difference additionally increased by (8-9)% to the
Sth day.

Thus, the above data indicate the prospect of using water-soluble Cgg
fullerenes, whose antioxidant effect exceeds the effect of the known
compound NAC, as potential protective nanoagents to improve the effi-
ciency of skeletal muscle function by modifying the ROS-dependent
mechanisms that play an important role in the development of fatigue
processes.
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Muscle fatigue as a defense body mechanism against overload is a result of the products of incomplete oxygen oxidation such as
reactive oxygen species. Hence, Cyp fullerene as a powerful nanoantioxidant can be used to speed up the muscle recovery process
after fatigue. Here, the residual effect of Cgp fullerene on the biomechanical and biochemical markers of the development of muscle
soleus fatigue in rats for 2 days after 5 days of its application was studied. The known antioxidant N-acetyleysteine (NAC) was used
as a comparison drug. The atomic force microscopy to determine the size distribution of Cg fullerenes in an aqueous solution, the
tensiometry of skeletal museles, and the biochemical analysis of their tissues and rat blood were used in this study. It was found that
after the cessation of NAC injections, the value of the integrated muscle power is already slightly different from the control
(5%—7%) on the first day, and on the second day, it does not significantly differ from the control. At the same time, after the
cessation of Cg, fullerene injections, its residual effect was 45%—50% on the first day, and 17%-23% of the control on the second
one. A significant difference (more than 25%) between the pro- and antioxidant balance in the studied muscles and blood of rats
after the application of Cgy fullerene and NAC plays a key role in the long-term residual effect of Cgg fullerene. This indicates
prolonged kinetics of Cgg fullerenes elimination from the body, which contributes to their long-term (at least 2 days) compensatory
activation of the endogenous antioxidant system in response to muscle stimulation, which should be considered when developing
new therapeutic agents based on these nanoparticles.

1. Introduction

Muscle fatigue is usually a short-term and reversible process
manifested as a lack of energy [1]. The main causes of fatigue
are related to overexertion, insufficient relaxation time, or
physical trauma [2, 3]. However, muscle fatigue can be per-
sistent and more severe when associated with pathological
conditions, or chronic exposure to certain drugs and

toxic compounds [4-6]. Although the origin of fatigue is

multifactorial [7], muscle fatigue in pathological states is
inextricably linked to the occurrence of muscle-mass loss
and difficulty in performing precise goal-directed move-
ments [8].

Fatigue can be caused by many mechanisms, ranging
from metabolite accumulation in muscle fibers [9] to inade-
quate motor command generation [10]. Therefore, there
is no single mechanism responsible for muscle fatigue; the
mechanisms that cause fatigue are specific to the particular
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task performed [11]. Quantitatively, the development of
muscle fatigue is defined as a decrease in maximum muscle
strength or power, meaning that maximum contractions
cannot be maintained after the onset of muscle fatigue [12].

Any stress response of an organism is accompanied by an
increase in reactive oxygen species (ROS). Today it is believed
that free-radical processes may occupy one of the key posi-
tions in the regulatory mechanisms that determine the possi-
bility of cell survival, its death, or transformation in stressful
situations [13]. The condition in which the generation of free-
radical processes increases more than the capacity of the anti-
oxidant system due to the action of any factors is defined by
researchers as oxidative stress [14]. Literature evidence sug-
gests that free radicals are the main pathogenic factor in the
process of muscle fatigue [15, 16]. They include the initiation
of lipid peroxidation (LPO), direct inhibition of mitochon-
drial respiratory chain enzymes and ATPase (adenosine
5'-triphosphatase) activity, inactivation of glyceraldehyde-3-
phosphate dehydrogenase, and membrane sodium channels
[17, 18]. When stress is of sufficient strength, oxidative stress
acts as a serious danger to the functioning of the organism, so
there is a complex multilevel protection system against the
excessive formation of free-radical transformation products
in all cellular components [19]. The link of antioxidant reac-
tions in the mechanism of protective processes is leading and
most powerful, because it not only prevents the development
of free-radical reactions, and the accumulation of superoxide
anions, and peroxide, but also maintains the high activity of
redox processes, provides elimination of final oxygen metabo-
lites, promotes the activity of synthetic processes, including
antioxidant enzymes: superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GP.), which form, respec-
tively, the first and second lines of protection [20].

At the moment, the search and development of new
drugs are being actively conducted to reduce the manifesta-
tion of fatigue processes in skeletal muscles, changes in the
biochemical parameters of the oxidative status, and energy
metabolism under their influence. The main biochemical
markers of the therapeutic effect of the drugs are the content
of lactic acid, creatine, creatine kinase, SOD, and GP, [20, 21].
However, the concentration of these markers in the blood
and fatigued muscles can differ significantly and, thus, the
interpretation of the kinetics of the therapeutic effect of the
studied drug is much more difficult [21]. Biocompatible car-
bon nanostructures, Cgy fullerenes, can be considered poten-
tial antioxidants [22]. They easily attach up to six electrons
and thus can act as effective free radical scavengers [23]. We
previously tested the powerful antioxidant properties of Cg,
fullerenes in experiments on ischemia, fatigue, and skeletal
muscle injury [24-26]. However, the development of fatigue
involves processes at all levels of the motor pathway between
the brain and muscles [3]. Central fatigue is the inability of the
nervous system to maximize muscle control [7]. It is defined
as a progressive decrease in arbitrary activation or nerve
impulse to a muscle caused by exercises [8]. On this basis, it
cannot be excluded that the components of the applied drug
on the nerve conduction of afferents may contribute to the
resulting therapeutic effects [4, 5, 10, 25, 26] and thus
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contribute to improving the kinetics of neuronal mediator
recovery. Since the question of the duration of the therapeutic
effect after the agent application remains important within
the framework of an adequate analysis of the dynamics of
the muscle antifatigue therapy, we studied the residual effect
of C,, fullerene on biomechanical and biochemical markers of
fatigue development in rat muscle soleus during 2 days after
its 5-day application. The known antioxidant N-acetylcys-
teine (NAC) [27, 28] was used as a comparison drug.

2. Materials and Methods

2.1. Preparation and Characterization of CgFAS. A highly
stable reproducible Cgp fullerene aqueous colloid solution
(CeoFAS) was prepared according to the protocol [29, 30].
Briefly, for the preparation of Cg,FAS, we used a saturated
solution of pure Cg, fullerene (purity >99.99%) in toluene
with a Cg molecule concentration corresponding to maxi-
mum solubility near 2.9 mgmL_'. and the same amount of
distilled water in an open beaker. The two phases formed
were treated in an ultrasonic bath. The procedure was con-
tinued until the toluene had completely evaporated and the
water phase became yellow-colored. Filtration of the aqueous
solution allowed to separate the product from undissolved
Cgp fullerenes. The concentration of Cgy fullerene in the
prepared CeoFAS sample was determined as the concentra-
tion of total organic carbon in an aqueous solution (Analytik
Jena TOC Analyser multi N/C 3100). In our experiments, the
CgpFAS sample with 0.15 l'rJlgrnL_1 concentration of Cgy ful-
lerene was used. The prepared Cg FAS is stable within 12-18
months at temperature +4°C.

The atomic force microscopy (AFM) was performed to
determine the size of Cgp fullerene particles (their aggregates)
in an aqueous solution [31]. Measurements were done with
the “Solver Pro M” system (NT-MDT, Russia). A drop of
investigated solution was transferred to the atomic-smoaoth
substrate to deposit layers. Measurements were carried out
after complete evaporation of the solvent. For AFM studies, a
freshly broken surface of mica (SPI supplies, V-1 grade) was
used as a substrate. Measurements were carried out in a
semicontact (tapping) mode with AFM probes of the RTPE-
SPA150 (Bruker, 6 N/m, 150 kHz) type.

2.2, Animals. Male Wistar rats (170 £ 12 g, 2 months old)
were bred and housed in standard temperature conditions
(21-23°C), lighting (12/12 hr light—dark cycle), and humid-
ity (30%=35%). All animals had unlimited access to chow
and tap water. The study was carried out in strict accordance
with the European convention for the protection of verte-
brate animals used for experimental and other scientific pur-
poses (Strasbourg, 1986) and was approved by the Bioethical
Committee of the ESC “Institute of Biology and Medicine” of
the Taras Shevchenko National University of Kyiv, Ukraine
(study protocol no. 10 dated October 20, 2021).

The following groups of animals were tested: two experi-
mental groups after 5 days of CgFAS (n=7) and NAC
(n=7) administration on the 1st and 2nd day after the ces-
sation of the respective drug injection; the control (“fatigue,”
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saline administration) group (n=7) and the intact (“norm,”
no fatigue) group (n=7).

Based on previously obtained data [28], the research
protocol involved intraperitoneal injection of CgFAS and
NAC at a daily dose of 1 and 150mgkg ', respectively,
1 hr before the experiment for 5 days.

It is important to note that the selected dose of CsFAS in
our experiments is significantly lower than the LDsg (lethal
dose) value, which was Gﬂﬂmgkg_' body weight when
administered orally to rats [32] and 721 mgkg_' when
administered intraperitoneally to mice [33].

2.3. Biomechanical Analysis. The object of the study was the
rat muscle soleus. In preliminary preparation for the experi-
ment, anesthesia was performed by intra-abdominal injection
of Nembutal (40mgkg™"). Standard preparation included
cannulation (a. carotis communis sinistra) for pressure mea-
surement and laminectomy at the lumbar spinal cord level.
Muscle soleus was released from surrounding tissues, and
their tendon parts were connected to force measurement sen-
sors in the distal part. To prepare for modulated efferent
stimulation, the ventral roots in the respective segments
were transected directly at their exit points from the spi-
nal cord.

The dynamic properties of muscle contraction were stud-
ied under conditions of muscle activation using the method
of modulated efferent stimulation [34]. Fatigue was induced
by successive stimulation impulses with a frequency of 50 Hz
and a duration of 55 each, without a relaxation period between
them. The sum of such stimulation signals was 500 s, followed
by 5min of relaxation. The number of stimulation pools was
three. The external load on the muscle was controlled by using
a system of mechanostimulators. Changes in contraction force
were measured by strain gauges. During the analysis of the
results, we used quantitative parameters-integrated muscle
power (calculated area under the strength curve), which is an
indicator of its general performance under the applied stimu-
lation pools, and levels of maximum and minimum strength
generation of contraction, which are indicators of the general
dysfunction of the muscular system in the development of
fatigue [4, 5, 24, 26].

2.4. Biochemical Analysis. LPO was measured from the for-
mation of thiobarbituric acid-reactive substances (TBARS)
using the method of Buege and Aust [35]. TBARS were
isolated by boiling tissue homogenates for 15min at 100°C
with thiobarbituric acid reagent (0.5% 2-thiobarbituric acid/
10% trichloroacetic acid/0.63 mM (millimolar) hydrochloric
acid) and measuring the absorbance at 532 nm. The results
were expressed as nM (nanomolar) mg™' of protein using
£=1.56% 10°mM " em ™",

The hydrogen peroxide (H;O,) concentration in the tis-
sue homogenates was measured using the method, which is
based on the peroxide-mediated oxidation of Fe™, followed
by the reaction of Fe** with xylenol orange (o-cresolsulpho-
nephthalein 3",3"-bis(methylimino) diacetic acid, sodium
salt). This method is extremely sensitive and is used to mea-
sure low levels of water-soluble hydroperoxide present in the
agqueous phase. To determine the H:0:; concentration,

500 L of the incubation medium was added to 500 uL of
assay reagent (500uM ammonium ferrous sulfate, 50 mM
H,50,, 200 #M xylenol orange, and 200 mM sorbitol). The
absorbance of the FE3"-xy|enn| orange complex (A560) was
detected after 45 min. Standard curves of H,O, were obtained
for each independent experiment by adding variable amounts
of HyO; to 500 uL of basal medium mixed with 500 4L of an
assay reagent. Data were normalized and expressed as uM
H»0, per mg protein [36].

Total SOD activity was measured by the method [37],
which is based on the inhibition of autooxidation of adrena-
line to adrenochrome by 50D contained in the examined
samples. The results were expressed as specific activity of
the enzyme in units per mg protein. One unit of SOD activity
is defined as the amount of protein, causing 50% inhibition
of the conversion rate of adrenaline to adrenochrome, under
specified conditions.

CAT activity was measured by the decomposition of
hydrogen peroxide, determined by a decrease in the absor-
bance at 240 nm [38].

The activity of selenium-dependent GP, was determined
according to the method [39]. Briefly, the reaction mixtures
consisted of 50 mM KPO, (pH 7.0) 1mM EDTA (ethylene-
diaminetetraacetic acid), 1 mM NaNs, 0.2 mM NADPH (nic-
otinamide adenine dinucleotide phosphate), 1 mM GSH
(reduced glutathione), 0.25 mM H,0,, 226 U mL™! glutathi-
one reductase, and rates of NADPH oxidation followed at
340 nm.

The GSH was determined as described [40]. The tissue
sample was mixed with sulphosalicylic acid (4%) and incu-
bated at 4°C for 30 min. Thereafter, it was centrifuged at
1,200 % g for 15min at 4°C and 0.1 mL of this supernatant
was added to phosphate buffer (0.1 M, pH 7.4) containing
DTNE (5,5 -dithio-bis-(2-nitrobenzoic acid) in abs. ethanol.
The yellow color developed was read immediately at 412 nm.
The GSH content was calculated as mM GSH/mg protein
(en2=136x10° M em™).

The levels of TBARS, hydrogen peroxide, GSH, GF,,
50D, and CAT activity as markers of total antioxidant status
[41], were determined in the blood plasma of experimental
animals using clinical diagnostic equipment—a haemoana-

lyzer (Erba, Czech Republic) [24].

2.5. Statistical Analysis. Statistical processing of the measure-
ment results was performed by methods of variational statis-
tics using the software Origin 9.4. Each of the experimental
force curves obtained in the work is the result of averaging 10
similar experiments. At least three repetitions were performed
for each biochemical measurement. Data are expressed as
means + SEM (standard error of the mean) for each group.
Differences from experimental groups were indicated by one-
way ANOVA described Bonferroni’s multiple comparison
test. Values of p<0.05 were considered significant.

3. Results and Discussion

3.1. Characterization of CgFAS. When studying the layers
deposited from CgoFAS, 3D images of AFM revealed a mono-
disperse film (~1.1 nm thick) in the form of a solid mesh
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FiGure 1: AFM image of the Cg fullerene layer deposited from
CeoFAS (0.15mgmL™") on the mica surface. Arrows indicate the
heights of nanoscale objects.

superstructure and individual islands (Figure 1). As one can
see, in addition to individual Cg molecules (a height of
~0.7 nm), its composition includes nanoaggregates of Ceo
fullerenes with a height of 2.8-30nm. It is important to
note that the size distribution of Cg, fullerene nanoparticles
in an aqueous solution did not change for 6 months, which
indicates the absence of additional aggregation of nanoparti-
cles and confirms their suitability for in vivo studies.

3.2. Biomechanical Analysis. The phenomenological approach
to the analysis of pathological processes affecting the mechan-
ical properties of the muscle makes it possible to establish
important relationships between the macroscopic parameters
of the muscle state, such as strength, speed, elasticity, and the
level of afferent activity. In many cases, this is sufficient to
analyze the processes of regulation of motor activity and the
degree of the pathological condition and assess the impact of
therapeutic measures.

Figure 2 shows the change in contractile strength of rat
muscle soleus when applying 50 Hz stimulation for 5s in
three successive pools for 500 s each with 5 min of relaxation
between them after CgFAS and NAC administration for
5 days. The three-component muscle stimulation was chosen
based on our earlier data [4, 5, 12, 25, 26, 28] on the maxi-
mum level of fatigue processes development exactly at this
type of fatigue stimulation, which exhausts the possibilities of
adaptive restructuring of the muscle system to great physical
loads and implies the presence of the full range of muscle
fatigue dysfunctions.

Analysis of the value of integrated power allows us to
evaluate the kinetics of muscle fatigue formation in the sys-
tem of equilibrium “force of contraction-external load,”
which is a physiological analog of the performance of the
muscular system as a whole (Figure 3(a)). It turned out
that already after the first pool of stimulation, integrated
power decreased significantly by 58 +4%. After the relaxa-
tion period, it decreased progressively at the 2nd and 3rd
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stimulation pools and was 39 +2% and 24 + 3% of control
values, respectively.

Application of NAC during 5 days increased the value of
this index: its effect was 32 £ 3%, 28 2%, and 25 +2% at
the 1st, 2nd, and 3rd stimulation pools, respectively. On the
second day after cessation of NAC therapy, its residual effect
was no more than 5% of control values at the 1st, 2nd, and
3rd stimulation pools and remained virtually unchanged
thereafter.

Injection of C4,FAS increased the level of this parameter.
On day 5 of therapy, its effect was 41 +3%, 69 +6%, and
75+ 3% at the 1st, 2nd, and 3rd stimulation pools, respec-
tively. On the second day after cessation of CgFAS injection,
its residual effect was 39%, 30%, and 25% of the control
values at the 1st, 2nd, and 3rd stimulation pools, respectively,
and did not change significantly thereafter.

Changes in the levels of generation of maximum and
minimum contraction strength can be associated both with
the development of fatigue processes in the neural component
and with myotic components of the pathology under study.
When performing sufficiently simple single-joint movements,
these markers are the main indicators of muscle dysfunction,
the phenomenological analysis of which makes it possible to
establish the presence of causal relationships between the level
of decrease in the biomechanical activity of the muscles, the
main mechanical parameters of movements, and the level of
development of the pathological process.

The analysis of the obtained mechanograms (Figure 3(b))
showed changes in the maximum strength of contractions in
the control measurements, which were 0.7 +0.1N, 042+
0.03N, and 0.39£0.03N at Ist, 2nd, and 3rd stimulation
pools, respectively.

The use of NAC did not significantly change the maxi-
mum contraction strength at any of the three studied stimu-
lation pools during the 5 days of its application. On the first
day after discontinuation of NAG, its residual effect was 8%,
6%, and 5% on 1st, 2nd, and 3rd pools, respectively, and on
the second day, no significant differences in mechanokinetics
of muscle contraction were recorded

The use of CgFAS for 5 days increased the described
values. Its residual effect was 39%, 26%, and 21% at lst,
2nd, and 3rd pools, respectively, on day 1 after discontinua-
tion of the agent and 16%, 9%, and 6% on day 2.

The minimum force response of the studied muscle in
the control (Figure 3(b)) was 0.50+0.04N, 0.21 £ 0.02N,
and 0.10£0.01 N at the 1st, 2nd, and 3rd pools, respectively.

Application of NAC injections during 5 days increased
minimum strength values. On the first day after cessation of
NAC use, its residual effect was 8% and 5% at 1st and 2nd
pools, respectively, and at 3rd pool, as well as on day 2 after
cessation of NAC use, no significant differences in mechan-
okinetics of contraction were recorded.

Injections of C4FAS during 5 days have significantly
changed the mechanokinetics of the contractile process: its
effect was 44%, 80%, and 470% at the 1st, 2nd and 3rd pools,
respectively. As can be seen, the maximum effect is observed
on the 3rd pool of contraction, on which, in turn, the most
severe disturbances of contraction biomechanics are observed
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Frcure 2: Recording the contractile force of rat musele soleus when applying 50 Hz stimulation for 5 s in three consecutive pools (1, 2, and 3)
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in the development of skeletal muscle fatigue. The residual  use of Cyy fullerene therapy can reduce the severity of muscle
effect of CgFAS was 37%, 42%, and 227% on poals 1, 2,and 3,  fiber microtraumas that occur during prolonged physical exer-
respectively, on the first day after discontinuation of the drug ~ tion. As is known, the main factor in membrane damage is an
and 15%, 19%, and 158% on day 2. increase in LPO induced by an excess of free radicals. The

Thus, the biomechanical effects of skeletal muscle described  appearance of a large number of injured myocytes leads to
above are based on the antioxidant mechanism of Cg, fullerene  the occurrence of local inflammatory processes and, as a result,
action. The increase in muscle contraction strength is probably  an increase in subfascial pressure and the occurrence of myo-
due to the inactivation of the excess amount of secondary oxi-  fascial compartment syndrome. These processes increase the
dation products in muscle fibers by Cg, fullerenes, which leads  stiffness components of the muscles, leading to a decrease in
to a slowdown in the development of the fatigue process. The  the time of fatigue development and a significant decrease in
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control (“fatigue” group).

muscle power. To confirm this hypothesis, it is necessary to
analyze changes in the parameters of the pro- and antioxidant
balance of muscle tissue and blood in rats in the described
models of the development of fatigue processes.

3.3. Biochemical Analysis. The changes in blood chemistry
during the development of fatigue processes are a reflection
of biochemical shifts occurring both in the muscle complex
and at the level of accessory organs and tissues (activity of
liver enzymes, kidney function, etc.). We compared antioxi-
dant enzymes isolated from the blood of the studied animals
and the tissues of the muscle subjected to stimulation fatigue.

Inflammatory processes occurring immediately after the
onset of fatigue in skeletal muscle are a source of ROS and
contribute to the intensification of LPO processes [34, 35].
This interferes with the adequate performance of muscle

*p<0.05 compared with

work and significantly increases the recovery period. During
reperfusion, oxygen entering the tissues initiates xanthine
and hypoxanthine oxidation by xanthine oxidase, which
leads to the formation of large amounts of superoxide anion
radicals and hydrogen peroxide. As a result of biochemical
tests, we have determined the number of secondary LPO
products and antioxidant levels in the blood of rats after
induction of fatigue. The obtained data demonstrate an
increased level of markers of peroxidation and oxidative
stress after the occurrence of muscle fatigue and their
decrease with the applied therapeutic agents (Figures 4
and 5).

The change in TBARS level in the blood plasma on day 5
of the experiment was 5.8 +0.2nMmL ™" during the devel-
opment of fatigue (2.2 +£0.4 nM mL~" in the intact group),
44401 and 41+ 04nMmL™" after application of NAC
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and CgFAS, respectively. On the second day after 5 days of
NAC administration, its level was 5.2 +02nMmL™" (10%
residual effect). After discontinuation of CggFAS, its residual
effect on the first and second days was 19% and 14%, respec-
tively (Figure 4(a}).

The change of TBARS level in rat muscle soleus on day 5
of the experiment was 82+0.1nMmg™' protein during
fatigue development (2.5 + 0.3nM mg ™" protein in the intact
group), 58 £0.1nM mg_' protein and 4.8+02 ang_l
protein after NAC and CgyFAS application, respectively. On
day 2 after a 5-day NAC administration, its level did not differ
from the control values. After discontinuation of CgoFAS, its
residual effect on the first and second days was 6.1 4+ 0.2nM
mg " protein and 7.3+ 0.3 nM mg ™" protein (26% and 11%
effect), respectively (Figure 4(b)).

Blood plasma H,0, levels on day 5 of the experiment were
33+ 0.2puM mL ™" during fatigue development (0.8 £ 0.1 uM
mL™" in the intact group), 24 £0.2 and 2.1 £ 0.2uMmL™"
after NAC and CgFAS administration, respectively. On the
second day after 5 days of NAC administration, its level did
not differ from the control values. After discontinuation of
CsoFAS, its residual effect on the first and second days was
25+0.1and 28+ 0.2uM mL™" (18% and 10% effect), respec-
tively (Figure 4(a)).

The change of H20; level in rat muscle soleus on day 5 of
the experiment was 3.3+ I]_2_1.1Mmg protem during the
development of fatigue (0.8 + 0.1 yMmg " protein in the intact
group), 4.4 £ 02 pM mg~" proteinand 2.7 £ 0.1 uM mg™" pro-
tein after NAC and CsoFAS application, respectively. On the
first day after 5-day NAC administration, its residual effect was
5%, and on the second day, the HyO; level did not differ from
the control values. After discontinuation of Cg FAS, its residual
effecton was 3.6 £ 0.1 uM mg ™" proteinand 47 £ 02 uM mg™*
protein (34% and 14% effect), respectively (Figure 4(b)).

Blood pla.sma 50D activity on day 5 of the experiment was
394+ 01UmL™ durlngfatlguedevelﬂpment{l 3:|: 0.1UmL™
in the intact group), 3.0 £02 and 2.3 £ 02 UmL ™" after NAC
and CyFAS administration, respectively. On the first day aftera
5-day administration of NAC and CgFAS, a 9% residual effect
was observed only for CgFAS. On the second day, the blood
SOD activity was no different from the control values for both
agents (Figure 4{a}).

The SOD activity in the muscle soleus on day 5 of the
experiment was 6.8 £ 0.2 Umg™" protein during fatigue devel-
opment (1.6 0.1 Umg_1 protein in the intact group), 5.0+
02Umg ™" protein, and 4.1 £02Umg " protein after NAC
and CgFAS administration, respectively. On the first and sec-
ond days after discontinuation of NAC, SOD activities were
virtually indistinguishable from control values, and Cg,FAS
showed a residual effect of 59+ 01Umg " protein and
62+01U mg_l protein (13% and 8% therapeutic effect),
respectively (Figure 4(b}).

The CAT activity in the blood plasma on day 5 of the
experiment increased from 0.9+ 0.1 gM min~' mL™" in the
intact group to 43 £0.1 uMmin~ mL™" after the develop-
ment of muscle fatigue, decreasing to 3.4 £ 0.1 and 28 £0.1
Mmin™' mL™" with NAC and CgFAS injections, respec-
tively. On the first day after a 5-day application of NAC

and CgoFAS, a residual effect of 7% was observed only for
CeoFAS. On day 2, the activity of CAT in the blood no longer
differed from the control values for both drugs (Figure 5(a)).

The CAT activity in the muscle soleus on day 5 of the
experiment was 1.8 £0. l,qumn - mg_' protein in the intact
group, 4.6 £0. ZpMmm mg ! protein after fatigue lm:luc-
hnmdl:l:ﬂlpMmm protein and 3.4 & 0.3 pM min™"
mg ™' protein when applymg NAC and CgoFAS, respectively. A
residual effect (13%) was recorded only for CgFAS on the
second day after discontinuation of its use (Figure 5(b)).

The concentration of GSH in the blood plasma on day 5
of the experiment was 2.7 £ 0.6 mM 1:11].._1 during the devel-
opment of fatigue (1.2 £ 0.1 mM mL in the intact group),
21406 and 1.6+ 05mMmL™" after NAC and CaoFAS
administration, respectively. The residual effect of NAC
was 9% on the first day, and for CgFAS it was 17% and
11% on the first and second day, respectively, after discon-
tinuation of its administration (Figure 5{(a)).

The GSH concentration in the mu.scle soleus on day 5 of
the experiment was 1.2 0. lmMmg pn:rbem in the intact
group and increased to 2.6 =02 mMmg ' protein during the
development of fatigue, decreasing to 1.7 £ 0.1 mM mg™" pro-
tein and 1.5+ 0.1 mM mg_l protein after NAC and CgFAS,
respectively. The residual effect of NAC was 8% on the second
day, and for CgFAS it was 27% and 17% on the first and second
days, respectively, after discontinuation of its use (Figure 5(b)).

Cellular mechanisms of antioxidant protection are also
associated with the functioning of a powerful glutathione
link. The protective functions of GP,, during oxidative stress
are determined by the ability to catalyze the cleavage of
hydrogen peroxide and fatty acid hydroperoxide with GSH.
The GP, concentration in blood plasma on day 5 of the
experiment was 3.9+ 04nM NADPH min~'mL™" in the
intact group, 7.9nM NADPH min~'mL™" after fatigue ini-
tiation, 64+02nM NADPH min~'mL™ and 59+
0.4nM NADPH min~" mL™" after NAC and Cg,FAS, respec-
tively. The residual effect of NAC was 8% and 4% on the first
and second days, respectively, and for CgyFAS it was 16% and
12%, respectively, after discontinuation of its administration
(Figure 5(a)).

GP, concentration in muscle soleus on day 5 of the exper-
iment was 4.1 £ 0.4 nM NADPH min™ mg pmtem in the
intact group, 8.9 + 0.6 nM NADPH min™ mg prntem after
fatigue initiation, 5.3 £0.5nM NADPH min™' mg™" protein
and 59+ 04nM NADPH min~'mg™" protein after NAC
and CgFAS administration, respectively. The residual effect
of NAC was 9% and 6% on the first and second days, respec-
tively, and for CgFAS was 26% and 16%, respectively, after
discontinuation of its administration (Figure 5(b}).

Our studies have shown that on day 6 and 7 of the
experiment (day 1 and 2 after cessation of the administration
of the corresponding drug), SOD activity remains significant
in the muscles of rats against the background of decreased
LPO processes. This indicates the preservation of a sufficient
level of aggressive superoxide anion dismutation in the
remote period of the experiment. The decrease in H,0; con-
tent under these conditions is evidence of the coordinated
action of the antiperoxide enzymes, CAT and GP,, whose
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respectively, after Cgg and NAC administration. *p<0.05 compared with intact (“norm™) group; **p<0.05 compared with control (“fatigue”

group).

activity also increases. This is probably due to the formation
of adaptation reactions of the organism to the action of an
extreme stimulus. Repeated induction of ROS during muscle
stimulation results in increased cellular resistance to a stress
factor and forms long-term adaptation [42]. Under these
conditions ROS play the role of secondary messengers, par-
ticipating in the processes of natural signal transduction in
tissues. This is manifested primarily by the activation of tran-
scription factors (hypoxia-inducible factor (HIF-1), nuclear
factor kappa B (NF-xB), activator protein (AP-1)) and corre-
sponding genes encoding antioxidant enzymes, in particular
50D, enzymes of the glutathione system, and CAT [42, 43].
Against this background, the use of Cg fullerenes can
enhance and promote further activation of the above pro-
cesses. This is proved by our preliminary studies, which con-
firmed the fact that the use of Cgy fullerene under extreme
conditions affects the rapid formation of adaptive reactions of

the body by affecting such transcription factors as Nrf2 (NF-
E2-related factor 2), NF-xB, and p53 [44]. The glutathione
system plays an important role in the implementation of
antiradical and antiperoxide cell protection [22]. The coordi-
nated action of all components (GSH, glutathione-dependent,
and NADPH-generating enzymes) contributes to the estab-
lishment of optimal levels of peroxide compounds and the
preservation of antioxidant homeostasis [45). Glutathione's
high-redox activity with simultaneous resistance to oxygen
oxidation, significant concentration in the cell, and ability to
maintain its reduced state make it an important intracellular
redox buffer [46]. Recent studies suggest a nonspecific nature
of changes in the content of thiol compounds (primarily glu-
tathione) for the action of extreme factors on the body, as well
as their participation in the formation of adaptation processes
[47). Herewith the mechanism of GSH action can be dual. On
the one hand, it neutralizes ROS by acting directly as a trap for
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free radicals, or by ensuring the work of the specific perox-
idases. On the other hand, GSH restores several oxidized
proteins, thus restoring the functional activity of the wide
range of enzymes, receptors, and transcription factors,
and contributing, in this way, to the rapid formation of
compensatory-adaptive responses [48]. Our results showed
that the use of Cgy fullerene enhances the synthesis of gluta-
thione on 6th and 7th days of the experiment (—59%,
p<0.05). Thus, long-term use of Cgy fullerenes promotes
the faster and more efficient formation of the adaptation pro-
cesses under conditions of electrical stimulation of skeletal
muscle of rats.

In summary, in the process of muscle fatigue, metabo-
lism is disturbed, and products of incomplete oxidation of
oxygen, peroxides, and free radicals are formed. The use of
Cgy fullerenes, as powerful antioxidants, helps reduce oxida-
tive processes in skeletal muscles by maintaining a balance
between pro-oxidants and the antioxidant defense system.

4. Conclusion

Thus, these data indicate that after 5-day use of the studied
agent Cgy fullerene has a 50%=70% stronger effect on the
resumption of muscle biomechanics after fatigue than NAC.
It was found that after cessation of NAC injections, the value
of integrated muscle power already on the first day did not
differ significantly from the control (5%-7%), and on the
second day, did not differ significantly from the control. At
the same time, after cessation of C,, fullerene injections, its
residual effect was 45%=50% on the first day, and on the
second day, 17%—23% of the control.

There is a clear tendency for all the described biochemi-
cal parameters to decrease by about 15% with therapeutic
administration of NAC and by 30%=40% with Cg fullerene
after 5 days of their application. The significant difference
{more than 25%) between the pro- and antioxidant balance
parameters in the studied muscles and blood plasma of rats
after Cgpfullerene administration probably plays a key role in
its long-term residual effect compared with NAC. This indi-
cates prolonged kinetics of water-soluble Cegfullerene excre-
tion from the body, which contributes to a long (at least 2
days) compensatory activation of the endogenous antioxi-
dant system by Cgg fullerene in response to muscle stimula-
tion, which should be considered in the development of
new therapeutic agents based on this powerful nanoantiox-
idant [49].
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