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Annomayus. Tlpoussoanbie yasepenos C  u C | MCCAEAYIOTCS Kak
MOTEHLMaAbHble CPEACTBA AOCTABKM A€KapCTB B opranuamM. Kpome Toro, atu
COEAVMHEHMST 00AaAQIOT CIIOCOOHOCTDBIO 3¢ (PEKTUBHO CBA3BIBATh AKTHUBHBIE
dbopmsr kucaopopa (ADK) B pacTBopax U MOTyT OBITH UCITOAB30BAHbI
B KQUeCTBe PAaAMOIIPOTEKTOPOB U aHTHOKMCcAUTeAer. OAHAKO MCCAeAOBaHME
BopopacTBopuMoro ¢yasepena C,, paHee MOKa3aA0, YTO 3TO COEAMHEHMe
CcriocoOHO He TOABKO 6Aa0KMpoBath ADK, HO 1 MHAYLIMPOBATh BTOPUYHBIN
OKMCAUTEAbHDIV CTPeCC, CBA3aHHbIN C OTBETOM KAETOK Ha 3HAUMTEAbHOE
cHkeHne ypoBHs: ADK. C 11eAblo AQAbHEJIIIEro aHaAM3a OTBeTa KAETOK
YeAOBeKa Ha MPUCYTCTBUE PYyAAepeHa B CPeAE Mbl ICCAEAOBAAU AEVICTBIIE
BOAOPACTBOPMMOTO NMPOU3BOAHOTO pyasepeHa C, Ha KyAbTUBUDYeMbie
bubpobaacTer koxu yeroseka. Pyasepen C, B HETOKCUYHO KOHII@HTPALIN
BBI3bIBAeT TPAH3UTOPHBIN OKUCAUTEABHDIN CTPECC, KOTOPbI MPOSIBUACH
B KPaTKOCPOYHOM yBeAMueHM ypoBH: okucaenus kaetounort AHK. Crpecc
BO3HMKaeT yepes 3 yaca Ha poHe MHAYLIMPOBAHHOTO GYAAEPEHOM CHIDKEHUN
AKTMBHOCTY I'eHa aHTMOKMCAUTEABHOTO 0TBeTa NRF2 VI yBeAUUeHN S aKTUBHOCTI
rena NOX4, KOTOpbIII KoAUPYeT hepMeHT, KaTaAU3UPYIOLIL CUHTE3 IIEPOKCUAA
Bopopoaa. Yepes 24 yaca ypoBeHb okucaeHMss AHK cHIKaeTcst A0 KOHTPOABHBIX
3HaueHui. BpicKasaHO MpeAoAOKeHNE, YTO (PYAAEPEHBI MOT'YT HANTU
NpUMeHeHle He TOABKO B KayeCTBe aHTUMOKUCAUTEAE!, HO U B KauecTBe
MOTEHLMAAbHBIX MHAYKTOPOB aAaNTUBHOIO OTBETA, KOTOPbI MOBbIIIAET
BBDKMBAEMOCTDb KAETOK IIPY HETATUBHBIX BO3AEVICTBUSIX CPEABL.
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Abstract. Fullerene derivatives of C60 and C70 are being investigated as
potential tools for drug delivery to the body. Additionally, these compounds
have the ability to effectively bind reactive oxygen species (ROS) in solutions
and can be used as radioprotectors and antioxidants. However, a study
of water-soluble C60 fullerene previously showed that this compound is able
not only to block ROS, but also to induce secondary oxidative stress associated
with cell response to a significant decrease in ROS levels. In order to further
analyse the response of human cells to the presence of fullerene in the medium,
we investigated the effect of a water-soluble C70 fullerene derivative on
cultured human skin fibroblasts. C70 fullerene in a non-toxic concentration
causes transient oxidative stress, which manifested itself in a short-term
increase in the cellular DNA oxidation level. Stress occurs 3 hours after
fullerene-induced decrease in the antioxidant response gene NRF2 activity
and an increase in the activity of the NOX4 gene, which encodes an enzyme
catalysing hydrogen peroxide synthesis. 24 hours later, the level of DNA
oxidation decreases to the control values. It is suggested that fullerenes can
be used not only as antioxidants, but also as potential inducers of an adaptive
response that increases cell survival under negative environmental influences.

Keywords: oxidative stress, fullerenes, reactive oxygen species, nanocomposites,
DNA
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BBeaenue

@yanepenpt C u C /v X paCTBOPMMBIE B BOAE
MPOM3BOAHBIE C PA3AMYHBIMU (YHKLIMOHAABHBIMU
IPYIIIIAaMU OTHOCSITCSI K KAACCY HAHOCOEAVHEHUIA.
B mocaepHVIe TOABI 3TY COEAVIHEHVIST ICCAEAYIOT Ha
IIpeAMeT VX IIPAKTUYeCKOr0 IPYIMEHEHVS B Pa3Ad-
HbIX chepax, B ToM urcAe B Meauuyte (Afreen et al.
2015; Bosi et al. 2003; Kazemzadeh, Mozafari 2019;
Mousavi et al. 2017). BcaepacTBre UX XMMUYECKOM
CTPYKTYPBI, KOTOpPasi BKAIOUAET OOABIIIOE KOAYECTBO
HEHACBII[EHHBIX CBsI3el, GyAAEpeHbI paccMaTpuBa-
IOTCS1 B KaUeCTBe MOTEHLMAABHBIX 3 deKTUBHbIX
AQHTMOKCHAQHTOB, KOTOPble MOTYT OAOKMPOBATh
OKVICAUTEABHDIV CTPECC, UHAYLIIPYEMbII PA3AVYHbI-
MU BO3AEVCTBMSIMU, HAIIPVIMEP MOHU3UPYIOLVM
usayuyeHrieM. OAHaKO MCCAEAOBaHMS ITOKA3aAH, YTO
B3aMMOAEIICTBYE (PYAAEPEHOB C KAETKaMU He CBO-
AVTCSI TOABKO K CBSI3bIBAHUIO aKTUBHBIX (POPM KIC-
Aopoaa u azota (ADK) Bo BHEKAETOUHOI Cpeae

466

u kaetkax (Johnston et al. 2010). B saBucumocTu ot
MIPUPOABI 3aMeCTUTEAs] GYAAEPEHBI UHAYLIMPYIOT
B KAETKaX Pa3AUYHbIe peaKliiy, B TOM YMCAE MOTYT
IIAPAAOKCAABHBIM 00Pa3OM MHAYLIIPOBATh AOIIOA-
HuteAabHbi1 cuHTes ADK (Ershova et al. 2016).
B pamkax AQHHOTO MCCAEAOBAHMS MbI IPOTECTUPO-
BaAM BOAOpacTBOpyMbIt pyaseper C. Ha IpeaMeT
PEryAMpOBaHNS TPAHCKPUIILIVY F€HOB ABYX OCHOBHBIX
¢baxropos, Baustolmx Ha ypoBeHb ADK B kaeTKax
B HOpME U TPU MATOAOTUM. TPaHCKPUIILIMOHHBIN
¢dakrop NRF2 (Nuclear factor erythroid 2-related
factor 2) KOHTPOAMPYeET TPAHCKPUIILIMIO T€HOB, OT-
BEYarolLIVX 32 AaHTUOKUCAUTEAbHBIN OTBeT (Bellezza
et al. 2018). NOX4 (NADPH-okcupasa 4) — sro
(bepMeHT, KOTOPBIN KaTAaAU3MPYET PEaKLNIO CUHTEe3a
IIEPOKCHAQ B KAETKAX B OTBET Ha Pa3AMYHbIE CTUMY-
Abl (Bedard, Krause 2007). BbiAo 1oKasaHo, 4TO
dyHK1MOHaAM3BMPOBaHHbI PyasepeH C. criocoben
PeryAMpoBaTh TPaHCKPUIILIMIO STHUX ABYX (paKTOpPOB
1 MoayAupoBatb ypoBeb ADOK B kaeTKax.
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MeToabl

Boaopactsopumoe npoussopHoe dpyasepena C.
(puc. 1A) GBIAO CMHTE3MPOBAHO U OXAPAKTEPU30-
BaHO B /IHCTUTYTe TpoOAEM XMMUYECKOV PUBUKU
PAH (Kraevaya et al. 2020). ABe AMHUYM KAETOK
b1O6POOAACTOB KOXKU B3POCABIX AIOAEN OBIAY OTO-
Opanbl u3 koarekyuu MI'HLI. Kaetrku (4—6 mac-
caka) KyAbTUBMpOBaAu B cpeae AMEM c po6aB-
AeHyeM 10% sMOpUOHAABHO TeASTYbEll CBIBOPOT-
ku (PAA Laboratories, ABCTpust) M aHTUOMOTHUKOB
B CO, unkyb6arope npu 37 °C. VccaepoBanue
MPOBOAVAM Ha CYOKOH(AYEHTHBIX KYABTYpaXx.
DyarepeH A0OABASIAYM K KAETKaM Ha 3 1 24 yaca
B KoHLeHTpauuu 10 MxM.

MTT-tect. Vicmoap3zoBaau pearentr MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) ¢upmsr Sigma-Aldrich (St. Louis, MO,
USA). VMamepeHue NMOTAOLEHMSI IPOBOAMAM Ha
nAaHuetHoM puaepe EnSpire plate reader (EnSpire
Equipment, Turku, Finland).

PT-TILIP. Aast Boipeaenus PHK npumennan
Habop pearentoB RNeasy Mini Kit (Qiagen, ®PT).
[Tepep mpoBeaeHMeM 0OpaTHOI TPAHCKPUIILIUI
PHK aonoanuteapHo obpaborasan AHKason 1.
OO6paTHyI0 TPAHCKPUIILIMIO IPOBOAVAM C UCIIOAB-
30BaHMeM Habopa peareHToB Reverse Transcriptase
Kit («Cuaexc», PD). AMnanbUKaLno MpoOBOAUAK
¢ ucnoar3opaHueM Habopa SYBRgreen PCR
MasterMix u npu6opa StepOne Plus (Applied
Biosystems). ITpaiimepbl CHTe3MpOBaHbI GMPMOI
«Cuaexc», PO. B xauecTBe cTaHAAPTA IPUMEHVAU
reH TBP.

Omnpepeaenne copepxanus 8-oxodG. AHK
13 KAETOK AASI IPOBEAEHMSI UMMYHOGepMEHTHOTO
aHaAM3a Ha HUTPOLIEAAIOAO3HBIX GUABTPAX BbI-
AEASIAY CTAHAQPTHBIM METOAOM C MICIIOAB30BaHU-
€M 9KCTPaKLMM OPraHNYeCKIMY PACTBOPUTEASIMU
(Ershova et al. 2016). Kouuenrpauuio AHK ompe-
Aeasiau B komiiaekce ¢ AHK-cBs3bpiBamommcs
dbayopecuieHTHBIM KpacuTeaeM PicoGreen (Molecular
Probes/Invitrogen, CA, USA). AHaAM3 IPOBOAVAY
C VICTIOAb30BaHMeM aHTUTeA K 8-0x0d G, KOHbIOT M-
POBaHHBIX CO 1LIIeAOYHOI pocdaTasoi, Kak omuca-
Ho paHee (Malinovskaya et al. 2019).

Omnpepeaenne ADK. VIcnoAb30BaAU MAQHILETHBIN
praep (EnSpire Equipment, Finland), A = 488 HMm,
Aam = 528 um. KaeTku obpabarbiasn 5 AM H,DCFH-
DA (Molecular Probes/Invitrogen, CA, USA)
VI QHaAU3MPOBaAU (PAYOpECLIEHLIUIO B TeUeHye
10—40 muH. Koncranry cuntesa DCF (kdcf) ompe-
AEASIAVL VI3 3aBMCUMOCTU CUTHAaAd OT BpEMEHU
VIHKYOMPOBaHMsI KAETOK C PeareHTOM.

Crarucruyeckui aHaAn3. Bce aKcriepyMeHTbI
OBbIAV TIOBTOpEHBI He MeHee Tpex pa3. Ha rpapukax
MPUBOASITCS CpeAHVe 3HAUeHUsI M3MepseMbIX
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rapaMeTpoB U CTaHAApTHbIE ounoku. CpaBHeHMe
NIPOBOAMAM C MCIIOAb30BaHMEM KpUTepuUsd
ManHa — YutHu. Pasanums cuutaau AocToBep-
HbIMU IIpU 3HaYeHusAX p < 0,05.

Pe3yAbTaTsl 1 00CyKAEHME

Aast uccaepoBanus us koaaexuyy MI'HLI 6b1amu
0TOOpaHBbI ABe paHee 0XapaKTepU3OBaHHbIE KAE-
TOuHble AUHUK PUOPOOAACTOB KOKU AOHOPOB
35 aet (HSF-66) n 42 aet (HSF-61). CrpykTypHas
dbopmyaa Mpou3BOAHOTO pyarepeHa MPUBOAUTCS
Ha pucynke 1A. Kapkac C, copepxut psp 3ame-
CTUTEAEN C OTPULATEABHBIM 3apSIAOM U DAEKTPO-
HOAKLEIITOPHBIMM CBOVCTBaMM, KOTOPBIE ITOBBI-
LIAI0T NPOHUKHOBeHNE (pyarepeHa B KAETKY
Y yBEAUMBAIOT €r0 CIOCOOHOCTB cBsi3biBaTh ADK.
B MTT-tecte ObIAO yCcTaHOBAEHO, uTO 10 MKM
dbyarepeHa siBAsieTCs1 a0COAIOTHO HETOKCUYHOM
KOHLIeHTpaLuen AAsI KAeTOK. DyarepeH A00aBAsI-
AV B CPEAY KYABTUBUPOBAHMSI CYOKOH(MAYEHTHBIX
KAETOK Ha 3 1 24 yaca.

B nmpucyrctBumu dyasepeHa yepes 3 u dyepes
24 yaca Mbl GUKCHPOBAAM 3HAUUTEABHOE CHVDKEHME
PHK NRF2 (puc. 1B) B 06e1x KA€TOUHbIX AUHUSX.
OAHOBpEMEHHO CO CHIPKEHMEM TPAHCKPUIITA reHa
NRF2 B xaeTKax cHI>KaA0Ch Koanyectso PHK rena
HMOX1 (puc. 1C), TpaHCKpUIILIUS KOTOPOTO pe-
I'YAUPYETCS TPAHCKPUILIMOHHBIM dakTopoMm NRF2,
YTO TIOATBEP)KAAET OAOKMPOBAHME AHTUOKUCAK-
TEABHOTr'O OTBETa B IPUCYTCTBUM (pyAaAepeHa.

Hapsiay co cHIDKeHVeM YPOBHSI 9KCIIPeCCUM FeHa
NRF2 B npucytcTBuK PpyAAepeHa B HECKOABKO pa3
Bo3pacTaso koandecTBo PHK rena NOX4, xoTopbin
KOAVIPYET 0€AOK, KaTaAU3MPYIOLINIT CUHTE3 TEPOK-
CuAa BOAOPOAA B KAeTKax (puc. 1D).

OueBUAHO, 4TO 00a mpoliecca — CHUKEHMeE
akcrpeccuy reHa NRF2 i 3HauMTeAbHOE YBeAnde-
Hue skcnpeccuu reHa NOX4 — HampaBAeHbI Ha
MIOAAEPPKaHMEe B KAETKaX OIIPEAEA€HHOIO YPOBHS
AODK kak oTBeT Ha cBsi3biBaHre ADK pyasepeHOM.
Aantbie 06 ypoBHe ADK B KA€TKax MPUBOASITCS
Ha pucyHke 1E. Yepes 3 yaca npoucxoAUT 3HaUM-
TeAbHOE CHUKeHMe obiuero koandecrsa ADOK
B KAeTKax. Yepes 24 yaca yposeHb ADK Bospac-
TaeT U AAsL AMHUM KaeToK HSF-61 npesbliiaeT
KOHTPOABHBIN YPOBEHb.

MBbI npoaHaAU3MPOBaAY METOAOM UMMYHOdED-
MEHTHOTO aHaAl3a copepskaHue B KaeToyHoit AHK
MapKepa OKMCA€HUsI OCHOBaHMI — 8-oxodG
(puc. 1F). Yepes 3 uaca mocae A0OGABAEHUS B CPEAY
KYABTMBMPOBaHMS pyAsepeHa IPOUCXOAMAO 3HA-
YUTEAbHOE YBEAVYEHE YPOBHS OKMCAUTEABHON
mopudukauum kaetounoit AHK, uto koppeaunpo-
BAaAO C MakcuMMaAbHbIMM ypoBHaAMU PHK NOX4
1 MuHUMaAbHbIMY YpoBHAMYU PHK NRF2. 3nauu-
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Puc. 1. A — cTpykTypHasa popmyaa BopopacTBopumoro ¢yasepena C_ . B, C, D — copepxanne PHK NRF2 (B),
PHK HMOX1 (C) u PHK NOX4 (D). AaHHble HopMupoBaHsl K copep>xanuio PHK rena TBP (BHYTpeHHU
cranaaprt). E — ypoBHu ADK B kaetkax. [IpuBoautcs koHcTaHTa peakuny oopasosanns DCF mpu
Bzanmopericteu H,DCFH-DA ¢ ADOK B kaeTouHoit kyabType. F — copeprxanne mapkepa 8-oxodG s AHK,
BBIAGAEHHOM 13 KAETOK. (*), (°) — U-test, p < 0,05

Fig. 1. Structure of the water-soluble C_| fullerene derivative. (A) Effects of fullerene on gene expression in skin
fibroblast cell lines (B-F). A—Structural formula of water-soluble C, fullerene. B, C, D—The content of RNA
NREF2 (B), RNA HMOX1 (C) and RNA NOX4 (D). The data are normalised to the RNA content of the TBP gene
(internal standard). E—ROS levels in the cells. The reaction constant of DCF formation upon interaction
H,DCFH-DA with ROS in the cell culture is shown. F—Content of 8-oxodG marker in DNA isolated from cells.
(*), (¢)—U-test, p < 0.05

TeAbHOE YBeAdeHue copepkanusi 8-oxodG B AHK
TOBOPUT O HAAUYMYU OKMCAUTEABHOTO CTpecca
B KAeTKaX. OKMCAUTEABHBIN CTPECC HOCUT TPaH-
3UTOPHBIN XapakTep. Yepes 24 yaca copep>kaHue
MapKkepa oKucAeHus 8-0xodG CHIDKaAOCh AO KOH-
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TPOABHBIX ITOKa3aTeA€ll, T0-BUAUMOMY, BCAEACTBIE
aKTMBaLMM perapaliOHHbIX IIPOLIECCOB.

TaxuMm 06pa3om, MbI IOATBEPAVAY CITIOCOOHOCTD
BOAOPACTBOPUMBIX (QYAAEPEHOB BBICTYIATH
He TOABKO B pOAY 3¢ (HEKTUBHBIX AaHTHOKCUAAHTOB,
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HO U B POAU NPOOKCHMAQHTOB, PaHee OIMCAHHYIO
AASI BOAOPACTBOPMMOTO IIPOU3BOAHOTO yAAepe-
Ha C,, (Ershova et al. 2016). ITo-BupumMomy, cym-
MapHbI 9P PeKT AeNCTBYUS HYyAAEPEHOB Ha KAETKU
3aBUCUT OT ucxopHoro ypoBHa ADK B kaeTkax
1 OT KOHLIEHTPaLMM M XMMMUY€CKOM IIPUPOABI AO-
06aBAsieMOro K KaeTkaM pyasepena. CynepHusKkue
KOHLIEHTpaLuy pyarepeHa MOryT cBsizbiBaTb ADK
A0 GU3MOAOTUYECKM TPUEMAEMOTO YPOBHSI,
He MHAYLMPYS aKTUBHOCTD CUCTEM, CMHTE3VPYIOIIX
psonoaHuteabHbie AOK Ha poHe 6AOKMPOBKY aHTU-
OKMCAUTEABHOro oTBeTa. OAHAKO, KpUTUIECKNE
KOHL[eHTpaLuK PyAAepeHa He0OXOAMMO MOAOMpaTh
B K&KAOM OTAEABHOM CAYYae.

CBOJICTBO PyAAEPEHOB CTUMYAMPOBAThH TPaH-
3UTOPHBIN OKUCAUTEABHBI CTPECC V TIOBPEXKAEHNS
AHK npu onpepeAeHHbBIX KOHLIEHTPALIUSAX MOXET
HalTYU NpaKTU4ecKoe NpuMeHeHue. PaHee ObIAO
MIOKAa3aHO, YTO TPAH3UTOPHBIN OKMCAUTEADHBIN
CTpecc, BhI3BaHHBIM KPATKOCPOYHOIT OAOKMPOBKOIT
akTuBHOCTU pakTopa NRF2 1 yBeanueHmem KoAK-
yectBa pepmenTa NOX4 nipu AeMICTBMM Ha KAETKU
MAaABIX AO3 IOHM3UPYIOIEr0 U3AYUYEHN S, MUHAYLI-
pYyeT B KA€TKaX aAQNTUBHbBIN OTBET, HAIIPABACHHbI
Ha IOBBIIIeHVEe BbDKMBAEMOCTY KAETOK IIPU IIO-
CAEAYIOLIEM AEVICTBUU OOABIIMX AO3 U3AYYEHUS
(Konkova et al. 2020). BoamosxHO, dpyarepeHBI
MOTYT IIPUMEHSITHCS AAS TOBBILLIEHVS YCTONYMBO-
CTU KAETOK, B TOM UYMCA€ VI KAETOK OpraHM3Ma,
K AEVICTBHIO TOBPEXAQIOLINX (PaKTOPOB BHELIHEN
cpeAbl. AAsI 3TOrO0 HEOOXOAVIMBI AQABHENILVIE VIC-
CAEAOBaHMSI OMOAOTMYECKON aKTUBHOCTU 3TUX
HAaHOCOEAVIHEHU.
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Cnmcok cokpaueHmit

ADK — akTuBHBIe POPMBI KMCAOPOAA;
NRF2 — Nuclear factor erythroid 2-related
factor 2; 8-0x0dG — 8-0Kc0-2’-Ae30KCUTYaHO3VH;
PT-TILIP — uenHas moAuMepasHasl peakuus
B peaabHoM Bpemenu; MTT — 3-(4,5-AuMeTHATHA30A-
2-uA)-2,5-pAudenua-2H-rerpazoanit 6GpoMua,.

References

Afreen, S., Muthoosamy, K., Manickam, S., Hashim, U. (2015) Functionalized fullerene (Cg,) as a potential
nanomediator in the fabrication of highly sensitive biosensors. Biosensors and Bioelectronics, vol. 63,
pp. 354-364. https://doi.org/10.1016/j.bios.2014.07.044 (In English)

UnmeepamusHas gﬁusuwloeu,q, 2021, m. 2, Ne 4

469


https://doi.org/10.1016/j.bios.2014.07.044

Booopacmsopumoe npoussoonoe gpyirepena C. ..

Bedard, K., Krause, K. H. (2007) The NOX family of ROS-generating NADPH oxidases: Physiology and pathophysiology.
Physiological Reviews, vol. 87, no. 1, pp. 245-313. https://doi.org/10.1152/physrev.00044.2005 (In English)
Bellezza, I., Giambanco, L., Minelli, A., Donato, R. (2018) Nrf2-Keap1 signaling in oxidative and reductive stress.
Biochimica et Biophysica Acta — Molecular Cell Research, vol. 1865, no. 5, pp. 721-733. https://doi.org/10.1016/j.

bbamcr.2018.02.010 (In English)

Bosi, S., Da Ros, T., Spalluto, G., Prato, M. (2003) Fullerene derivatives: An attractive tool for biological applications.
European Journal of Medical Chemistry, vol. 38, no. 11-12, pp. 913-923. https://doi.org/10.1016/j.ejmech.2003.09.005
(In English)

Ershova, E. S., Sergeeva, V., Chausheva, A. L. et al. (2016) Toxic and DNA damaging effects of a functionalized
fullerene in human embryonic lung fibroblasts. Mutatational Research/Genetic Toxicology and Environmental
Mutagenesis, vol. 805, pp. 46—57. https://doi.org/10.1016/j.mrgentox.2016.05.004 (In English)

Johnston, H. J., Hutchison, G. R., Christensen, F. M. et al. (2010) The biological mechanisms and physicochemical
characteristics responsible for driving fullerene toxicity. Toxicological Sciences, vol. 114, no. 2, pp. 162-182.
https://doi.org/10.1093/toxsci/kfp265 (In English)

Kazemzadeh, H., Mozafari, M. (2019) Fullerene-based delivery systems. Drug Discovery Today, vol. 24, no. 3,
pp- 898-905. https://doi.org/10.1016/j.drudis.2019.01.013 (In English)

Konkova, M., Abramova, M., Kalianov, A. et al. (2020) Mesenchymal stem cells early response to low-dose ionizing
radiation. Frontiers in Cell and Developmental Biology, vol. 8, article 584497. https://doi.org/10.3389/
fcell.2020.584497 (In English)

Kraevaya, O. A., Peregudov, A. S., Godovikov, I. A. et al. (2020) Direct arylation of C_Cl_and C, Cl, with carboxylic
acids: a synthetic avenue to water-soluble fullerene derivatives with promising antiviral activity. Chemical
Communications, vol. 56, no. 8, pp. 1179-1182. https://doi.org/10.1039/C9CC08400B (In English)

Malinovskaya, E. M., Ershova, E. S., Okorokova, N. A. et al. (2019) Ribosomal DNA as DAMPs Signal for MCF7
Cancer Cells. Frontiers in Oncology, vol. 9, article 445. https://doi.org/10.3389/fonc.2019.00445 (In English)

Mousavi, S. Z., Nafisi, S., Maibach, H. I. (2017) Fullerene nanoparticle in dermatological and cosmetic applications.
Nanomedicine: Nanotechnology, Biology and Medicine, vol. 13, no. 3, pp. 1071-1087. https://doi.org/10.1016/j.
nano.2016.10.002 (In English)

470 https://www.doi.org/10.33910/2687-1270-2021-2-4-463-470



https://www.doi.org/10.33910/2687-1270-2021-2-4-463-470
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.1016/j.ejmech.2003.09.005
https://doi.org/10.1016/j.mrgentox.2016.05.004
https://doi.org/10.1093/toxsci/kfp265
https://doi.org/10.1016/j.drudis.2019.01.013
https://doi.org/10.3389/fcell.2020.584497
https://doi.org/10.3389/fcell.2020.584497
https://doi.org/10.1039/C9CC08400B
https://doi.org/10.3389/fonc.2019.00445
https://doi.org/10.1016/j.nano.2016.10.002
https://doi.org/10.1016/j.nano.2016.10.002

