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JITMTeTbHO 3aKMBAIOTINE, XPOHUIECKUE PAHbI SIBJSIIOTCST HEPENTEHHON TPOOIEeMOTT COBPEMEHHOM MEINTTIHEL.
BaskHeiilnyio pojib B aToreHese TakKuX paH [PU CTapeHuH, AuadeTe, MHOIUX T1aTOJOTUUECKUX COCTOSTHUSX UIPaeT
u30BITOUHBII OKUCAUTENbHBIN cTpece. Q030D MOCBSIIEH PO MUTOXOHAPUIL B 9TOM CTpPecce U IEePCIeKTUBaM 1C-
M0JIb30BAHMS HOBBIX MUTOXOH/IPUAJIbHO-HATIPABIEHHBIX AaHTHOKCUIAHTOB JIJIsl TEPAITUU TPY/THO3KUBAIONIUX PaH.
HenasHue nccsieoBaHust Ha CTapbIX MbIIIAX U MbIIIAX ¢ AMabETOM 2-T0 TUIIA TTI0Ka3aJii, YTO OTeYeCTBEHHBII MUTO-
XOHJIpUaJIbHO-HalpaBieHHblil anTnokcunant SkQ1 [10-(6'-mmacroxuronun) aenunrpudennndochoHus | crumy-
JIUPYET 3aKUBJIEHKE TIOJHOCIOMHBIX KOKHBIX paH. [Ipuem SkQ1 yckopsieT nporekaHue BOCIAIUTeNbHON (hasbl
3a)KMBJIEHUs], CO3PEBAHNE TPAHYJISIIMOHHON TKAHU, AaHTHOTEHe3 U ATUTean3annio pad. [IporuBoBocnaniuresbHoe
neficrere SkQ1, BO3MOKHO, CBSI3aHO CO CHUYKEHUEM BOCIIAIMTE/IbHOM aKTHBAIIMU 9HIOTEIUS COCYIOB, KOTOPast Xa-
pakTepHa /IS cTapenus, quabera u Apyrux natojaoruil. Jlokanbraoe Beenenne SKQ1 Takke yeckopsieT 3aknuBiIeHIe
paH U MMeeT BhIPAKEHHOE TIPOTUBOBOCIAJINTENIBHOE JIEHCTBUE TIPU 9KCIIEPUMEHTATLHOM MOJIETUPOBAHUN OCTPOTO
acentiyeckoro Bocranerus. Kpome toro, SkQ1 ctumysnpyer anonros HeiiTpopuIos 1 OAaBJISEeT X aKTUBAIIUIO,
a TaK’Ke yTHeTaeT BOCHAIMTEIbHYI0 aKTUBHOCTh TYYHBIX KJIETOK. B yCIOBUSIX MOIEIMPOBAHIS PAHEBOTO MTPOTIECca
in vitro SkQ1 yckopsier ABUKeHUE STUTETNONUTOB U GUOPOOIACTOB B «paHy» U CTUMYJIUPYET MUO(DUOPOOIACTHYIO
A HePeHIMPOBKY MOAKOKHBIX GrOpobIacToB yenoBeka. MOKHO 1oJ1araTh, 4To Ipernaparsl AJIst JOKaJIbHOI Tepa-
MK TPYAHO3KUBAIONIMX paH Ha ocHoBe SkQ1 nocyskat s hekTUBHBIM CPeACTBOM GOPHObI € AJTUTENBHO HE3aK U -
BAaIOIMMH PaHAMU, B TOM YHCJIe — Y TTAIIUEHTOB ¢ XPOHUYECKUMU KPUTUYECKUMU COCTOSTHUSIMU.
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Chronic wounds with impared wound healing that require prolong time for healing remain unsolved problem of
modern medicine. Excessive oxidative stress plays an important role in the pathogenesis of chronic wounds caused
by aging, diabetes and other pathologies. This review is aimed at the role of mitochondria in oxidative stress and to
the future prospects for using the innovative mitochondria targeted antioxidants for treatment of impaired wounds.
Recent studies in old mice and mice with type 2 diabetes showed that the mitochondrial antioxidant SkQ1 [10- (6'-
plastoquinonyl) decyltriphenylphosphonium] stimulates healing of full-thickness dermal wounds. SkQ1 accelerates
inflammatory stage of wound healing, maturation of granulation tissue, angiogenesis and epithelization of wounds.
The anti-inflammatory effect of SkQ1 is possibly connected to decreased inflammatory activation of the vascular
endothelium, which is typical for aging, diabetes and other pathologies. Local administration of SkQ1 also accelerates
wound healing and provides strong anti-inflammatory effect in the model of acute aseptic inflammation. In addition,
SkQ1 to stimulate apoptosis of neutrophils and suppresses their activation, as well as suppresses inflammatory ac-
tivation of mast cells. In the wound model in vitro, SkQ1 accelerates movement of epithelial cells and fibroblasts
into the «<wound» and stimulates differentiation of human subcutaneous fibroblasts to myofibroblasts. Reviewed
data suggest that SkQ1-based topical drugs have a great potential to treat wounds that exhibit impaired healing

also in patients suffering from chronic critical illness.
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BBenenne

JlmTeThHO HEe3aKMBAOIIIE W XPOHUYECKUE
PaHbBI OCTAIOTCS CYIIECTBEHHOM MEMITUTHCKOM TpobJie-
Moi. Hacrosinuii 0630p CKOHIIEHTPUPOBAH Ha aHAIN3E
3HavYeHus akTUBHBIX (hopM kuciopoaa (ADK) B mato-
reHe3e XPOHWUYECKUX PaH, yUaCTUsST MUTOXOH/PUN B
rereparu ADK 1 okucmTebHOM cTpecce, a TakKe
Ha TIepPCIIeKTHBAaX MIPUMEHEHNS] HOBOTO KJIacca COe/H-
HEHUIl — MUTOXOH/IPUATHbHO-HATIPABJICHHBIX aHTH-
okcumanToB. OCHOBHas 1e/ib 0030pa — MOAPOOHO
00CYIUTh YHUKAJIbHBIC PE3YJBTaThl, ITOJyYCHHBIE
aBTOpaMM JaHHOro 0630pa, 1o (a) AeiiCTBUI0 MUTO-
XOHIPUAJIbHO-HATIPABJEHHBIX aHTHOKCUIAHTOB Ha
3aKMBJICHUE PaH B MOJIEJISIX C MCTIOJIb30BaHIEM J1abo-
PATOPHBIX KUBOTHBIX i1 vivo U (0) U3YUEHHIO MeXa-
HU3MOB JICHCTBUST MUTOXOHIPUATTBHO-a/[PECOBAHHBIX
AHTHOKCUIAHTOB C MCIIOJIb30BAHUEM TIO/IXO/IOB i72 VitT0.

3akKWBJIEHNE PaH SBJSETCS Ba)KHEHIIEH KOM-
TJIEKCHOH peakIinell opranu3mMa Ha ToBpexieHus. B
3TOM TPOTIecce YUaCTBYIOT MHOTHE TUTIBI KJIETOK, B
TOM YHCJIE JTEHKOIUTBI, SITUTETNOIUTHI, PrOPOOITACTHI
u Makpodaru, a Tak;ke MHOTOYUCTIEHHBIE TYMOPaJb-
Hble (DaKTOPBI, BhIpabaThIBaeMble ITUME KJICTKAMU
[1]. YemenrHOE 3aKMBIEHNE PAH IOCTUTAETCS C TTOMO-
MbI0 YETHIPEX YEeTKO 3arpOoTPaMMHUPOBAHHBIX (Das:
reMoCTa3a, BOCTAJIeHNs, TpoTudepanu U pemMo/ie-
JHTa. TN (Padbl YACTUYHO MEPEKPBIBAIOTCS, HO JIJIsT
OCYIIECTBJIEHUS HOPMAJbHOTO PaHO3KUBJIECHUS,
Kak[ast U3 9TUX (a3 MoKHA HAUMHATBCS U 3aKaHIU-
BaTbCs B onpenieieHHoe Bpems [1].

IeMocTas 3akmoyaeTcsi B Ba30OKOHCTPUKITUN U
obpaszoBaHuy (GUOPUHOBOTO CIYCTKa, OJTHAKO BCKOPE
HACTYTaeT MPOIeCC aKTUBHOM Ba3oIuIaTaIlny, KOTO-
PRI COTIPOBOKIAETCS YBETMUYEHUEM KAWL PHOM
mponutaemoct [2]. KimoueBsiM MemmaTopom, obec-
MEYNBAONTUM TOT TIPOIECC, SBISETCS TUCTAMUH,
BBIJIEIIEMBIN TKaHeBbIMU TydHBIMU KaeTkamu (TK)
[3]. Takum o6pazom HaumHaeTcst (haza BOCHATCHUST: B
paHy TOCJE0BATEIbHO MHUTPUPYIOT HEHTPODUIHI,
3aTeM MOHOIIUTBI, TKaHEeBbIe MaKpodaru u JuMboIu-
Thl. HelTpouiibl BBIAEISAIOT GOTBIIOE KOJTUIECTBO

Introduction

Long-term non-healing or chronic wounds re-
main one of the urgent medical problems. This review
does not pretend to fully analyze all aspects of the
pathogenesis of wound healing. Rather, the review is
focused most on the analysis of the significance of ac-
tive forms of oxygen (ROS) in the pathogenesis of
chronic wounds, the involvement of mitochondria in
the generation of ROS and oxidative stress, and also
on the prospects of using a new class of compounds, mi-
tochondria-targeted antioxidant drugs (MAD). The
main objective of the review is to discuss in detail the
unique results obtained by the authors of this review
on (a) evaluating the effects of MAD on wound healing
in in vivo models using laboratory animals and (b)
studying the mechanisms of action of MAD in vitro.

Wound healing includes complex reaction of an
organism to injuries. Various types of cells contribute
to this process, including leukocytes, epithelial cells, fi-
broblasts and macrophages, as well as numerous cy-
tokines produced by these cells [1]. Successful wound
healing is achieved through four finely defined pro-
grammed phases: hemostasis, inflammation, prolifera-
tion and remodeling. These phases partially overlap, but
each phase should begin and terminate at a certain time.
Wound healing can be impaired by many different fac-
tors acting on one or more phases in this process [1].

Wound healing begins with hemostasis (blood
clotting). After the injury, vasoconstriction and for-
mation of a fibrin clot contribute to stopping the
bleeding [2]. Soon, however, a process of active vasodi-
lation begins, accompanied by an increase in capillary
permeability [2]. The key mediator of increased per-
meability is histamine liberating from mast cells [3].
After the hemorrhage stops the inflammatory phase
begins: neutrophils, then monocytes, then tissue
macrophages and lymphocytes are subsequently mi-
grated into the wound. The main function of neu-
trophils is to destroy pathogens and damaged cells.
Neutrophils produce a large number of cytokines, pro-
teases and reactive oxygen species (ROS), which not
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IUTOKUHOB, NIPOTEA3 ¥ aKTUBHBIX (DOPM KUCJIOPOIA
(ADK), KoTOpbIE HE TOJBKO YHUUTOKAIOT TTATOTE€HOB,
HO TaK’Ke BBI3BIBAIOT JIOTIOJTHUTEIBHOE TIOBPEsKIEHNE
TKaHel [4]. Makpodaru Ha paHHUX CTAJUSIX CUHTE3U-
PYIOT IUTOKUHBI, KOTOPBIE YCUIUBAIOT BOCIAIUTEb-
HBIIl OTBET U JIOMOJHUTENBHO IIPUBJIEKAIOT JIEHKOIH-
Tol K pare. Ha Gosiee mo3auux cragusax Makpodaru
CIIOCOOCTBYIOT PA3PENIEHNIO BOCIATIEHUST, OYHIIAsI
paHy OT aIoNTOTUYECKUX KIIETOK, B TIEPBYIO OUePe/ib-
HENTPOhUIOB [5].

[TposmdepaTuBHas dasza 3ak104aeTCS B PEITH-
TEeJIU3AIIH, TIPU KOTOPOI IIPOUCXOAUT IIpoIudepariys
U MUTPALUS KJIETOK DIIUTENH, a TAaKKe B (hOPMUPO-
BaHUU TrpanHyJsauoHHOl TKanu. [lepBocremnennyio
posib B (OPMUPOBAHUU TPAHYJISIIMOHHON TKAHU
urpaoT GuOPOBIACTDI, CHHTE3UPYIONINE TIEPBUYHBIIT
BHEKJIETOUHBIN MaTpUKC [5]. B mocTpoennn u nocJie-
IYIOIIEM PEMOJIeJINHTE TPAHYJIAIUOHHON TKAHU WU
dhopmupoBanuy pydLa BaxKHy0 poJib urpaet audde-
peniposka hubpobdaactos B Muodudpodaactsr [6].
Muodubpobdaactsl 061a4aI0T HOBBILIEHHOI CIIOCO6-
HOCTBIO K COKPAIIEHUIO, YTO CIOCOOCTBYET CTSTUBA-
HUIO KPaeB PaHbl, a TAK)KE CEKPETUPYIOT (DePMEHTHI,
PaCIIENJISIONIIEe IEPBUYHbII BHEKJIETOUHBIN MATPUKC
(Takue Kak MeTaJIONPOTea3bl BHEKJIETOUHOTO MaT-
PUKCA) U UHTEHCUBHO CUHTE3UPYIOT HOBBII BHEKJIE-
TOYHBI MaTPUKC, BOJOKHA KOTOPOro GoJiee yrops-
JIovyeHbl. BakHyio posiib B 3a’KUBJIEHUU WIPAET
pPOpacTaHue COCYZ0B B IPAHYJISIINOHHYIO TKaHb [7].
ITOT TMPOTECC MPOUCXOUT IJIABHBIM 06pasoM HJraro-
naps npoJindepanuy U MUTPAIIMK 9HIOTETUATBHBIX
KJIETOK, KOTOPbIe aKTUBUPYIOTCSI TUTIOKCHE 1 TIPO-
AHTUOTEHHBIMU (AKTOPAMHU, TaKUMU KakK (HaKTop
pocra suzgorenus (VEGF) [7].

Ha nocnenueit cragny paHO3asKUBJIEHUS TIPO-
UCXOAUT peMmojiesupoBanue pyodma. I[Ipomexoaut
YACTUYHBIN JIM3UC HE3PEJIbIX HEIPABUIbHO OPUEHTHU-
POBAHHBIX U M3OBITOUHBIX KOJJIAT€HOBBIX BOJOKOH
HOJI IefICTBHEM MATPUKCHBIX METAJLJIONPOTEA3, Bbi/e-
JIsIeMBIX Makpodaramu, hrudpobractaMu U SHI0TEIH-
ATTHHBIMU KJIETKAMU, U [TOCTENIEHHOE UX 3aMelleHIe
6ouee ToscthiMu pubpusiamu [3].

TpyaHo3akuBawouiue paHbl
U OKHCJIUTEJIBHBII cTpecc

XpoHUvecKre paHbl XapaKTEPU3YIOTCs HApyIIle-
HUEM HOPMAJIbHOW CMEHBI CTA[NI PAHO3AKUBJIEHIIS.
ITHOIOTHS XPOHWYECKUX PaH pasHooOpasHa, HO
noaBJstionIee GOBITUHCTBO U3 HUX CBS3AHO € COCY-
JIUCTON HEIOCTATOUHOCTHIO, IMAGETOM U CTAPYECKIMIU
n3menenusiMu [8]. besycsioBHO, 0CHOBHBIM ITO/IXO/IOM
IUIST JIedeHUsI TTOJJOOHBIX PaH SIBJSIETCST YCTPaHEHWe
COOTBETCTBYIOIIIX MTOBPEKIAONINX (DAKTOPOB, OIHA-
KO TOT BOTIPOC HE SABJISIETCS TIEJIBI0 HACTOSAIIETO 0030~
pa. HecmoTpst Ha pa3iuyHyio 3THOJIOTUIO, HAPYIIIeHUe
3KUBJICHVSI PAH TIPOUCXOUT TI0 OBIIEMY CIIEHAPHUIO.
151 HUX XapakTepHo yJUHEHUEe BOCIAIUTETbHON
asbl, TPONOJIKUTETIBHOE TIEPCUCTUPOBAHIE HENTPO-

only destroy pathogens but induce additional tissue
damage [4]. Macrophages perform several functions in
the process of wound healing. In the early stages they
synthesize cytokines that enhance the inflammatory
response and attract additional white blood cells to
the wound. Later, macrophages contribute to resolv-
ing the inflammation, clearing the wound from apop-
totic cells, primarily neutrophils [5].

Proliferative phase partially overlaps with in-
flammatory phase and includes (a) re-epithelialization
where the proliferation and migration of epithelial
cells occurs, and (b) formation of granulation tissue.
The primary function in the formation of granulation
tissue is fulfilled by fibroblasts, which synthesize the
primary extracellular matrix, which consists of colla-
gen, glycosaminoglycans and other proteoglycans.
Differentiation of fibroblasts into myofibroblasts is
necessary for the construction and subsequent remod-
eling of granulation tissue and scar formation [5]. My-
ofibroblasts have an increased ability to contract
which helps to tighten the edges of the wound and se-
crete enzymes that break down the primary extracel-
lular matrix (such as extracellular matrix
metalloproteases, MMPs) and synthesize extensively
a new extracellular matrix with fibers more ordered
and composed of collagen, fibronectin and other pro-
teoglycans [6]. Infiltration of growing vessels within
the granulation tissue seems to be essentially required
for wound healing [7]. Migration and proliferation of
endothelial precursor cells and endothelial cells acti-
vated by hypoxia and proangiogenic factors, such as
endothelial growth factor (VEGF), significantly con-
tribute to this stage of healing [7].

At the last phase of wound healing remodeling
occurs. Remodeling includes partial lysis of imma-
tured, wrongly oriented and excessive collagen fibers
due to MMPs excreted by macrophages, fibroblasts
and endothelial cells, with gradual (1—2 years) re-
placement by thicker fibers [3].

Impaired Wound Healing
and Oxidative Stress

Chronic wounds are characterized by altered
changes of wound healing phases. The etiology of
chronic wounds is diverse but the vast majority is as-
sociated with insufficiency of blood vessels, diabetes
and age-related changes [8]. Elimination of factors of
alteration are considered as the main approach to
chronic wounds treatment, however, this problem re-
mains out of scope of this review. Despite different eti-
ology, the wound healing disorders occur in
accordance to common scenario. Lengthening of the
inflammatory phase, prolonged persistence of neu-
trophils, slowing down of granulation tissue forma-
tion, angiogenesis and epithelization remain the main
patterns typical for delayed wound healing [9].

Venous insufficiency remains one of the most
common causes of chronic wound appearance [10]. Al-
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¢unos, samenenne popMupoBaHus rPaHyJISAIIMOH-
HOU TKaHU, aHTUOTeHe3a U anuTesusanuu [9].

Benosnas HeZIOCTATOUHOCTD SIBJISAETCS OJIHOM U3
pacIipoCTpaHeHHbIX IPUYMH BO3HUKHOBEHUS XPOHU-
yeckux pat [10]. Hapyuenre HopMaibHOro KpoBO-
TOKa, C OJTHOM CTOPOHDI, IIPUBOAUT K 3aTPYIHEHUIO
MUTPAIUK KJIETOK U3 KPOBAHOTO pycja K MECTY
MOBPEKAEHMS, a, C JAPYTrOil CTOPOHBI, CIIOCOOCTBYET
MOCTOSTHHOM I'MIIOKCUH TIOBPEKICHHBIX TKaHEH.

AprepuanbHag HeJJOCTATOYHOCTb BbI3bIBAECTCS,
KaK IIPABUJIO, 9H/I0TEIUAILHON TUCHYHKITME, COIIPO-
BOJK/AATONIEH 1MabeT Ui WHBIE MATOJOTUU, U TAKKE
MOJKET IIPUBO/IUTD K MOSBJIEHNIO UILIEMU3UPOBAHHBIX
He3akuBaomux pan [11].

Bospact gBisigercss BaXXHBIM (PAKTOPOM PHUCKa
HapylleHus paHo3axupieHus. CtapeHnue mpakTuye-
CKHU BCer/la COPOBOK/IAETCI OKUCINTEIBHBIM CTPeC-
COM U U3MEHEHUAMU B UMMYHHOI cucteMe. C Bo3pac-
TOM Kaxas (dasa paHO3KUBJICHUS IIpeTeplieBaeT
XapakTepHble U3MEHEHU: IPOUCXO/UT TIOBbIIIEHHE
CeKpelMy BOCHATUTEIbHBIX MENATOPOB, 3a/E€PIKKa
nHUABTPAIKY MaKpodaroB u JUMQOIIUTOB, HAPYIIIe-
Hue ¢aronuTosa, CHUXKEHUE ceKpeluu (axTopoB
pocTa, OTCPOYEHHDII aHTUOTEHE3 M PeITUTeN3alHs,
yMeHbIIIeHe CKOPOCTH PeMOjIeJInHTa KoJiareHa [12].

BaxHo OTMETHTb, 4TO KaK TUIIOKCHS, TaK U
TUTIEPOKCHSI, TPUBOAT K moBbiniennio yposus ADK
[13]. Ocobenno sicokuii yposerb ADK Bbi3biBaeTCS
MOBTOPSIOIIelics uieMueii-perepdysueit, xapakrep-
HOH /17151 TPOJIesKHE.

CorsacHo 11ocjieIHUM JaHHBIM, OJTHOI U3 OCHOB-
HBIX [IPUYMH BOSHUKHOBEHUS TPYAHO3KUBAIOIIUX PaH
ABJISIETCS XPOHUYECKUI OKUCAUTENBHBIN CTpece, Ipu
kotopoM yposerb ADK ocTaeTcst BBICOKUM B TedeHue
MpoI0JKUTENIbHOTO BpeMenu [14]. OxkucautenbHblii
CTpecc pa3BUBAETCA M3-32 JAEHCTBUS 11eJ10T0 psjia (hak-
TOPOB, XaPAKTEPHBIX JIJIs1 OOJIBIITUHCTBA XPOHUYECKUX
pat: GaKTepHaIbHOTO OCEMEHEHUs, JIOKAIbHON THIT0-
KCUU TKaHel U cTapyecKux namenenwii [1, 15, 16].

JLJist HOpMAJTIBHOTO PAHO3AKUBJIEHUST TPeOYeTCsI
TOHKHUI Oasanc Mex/Iy TOJM0KUTeNbHOI posibio ADK
U UX [OTEHIMAJIBHO IeCTPYKTUBHBIM JeiicTBueM. B
TKaHSAX PAHEBOU 06JIACTH MIPOUCXOAUT aKTUBHOE 00Opa-
soBanne ADK, KoTopbie BBITOMHSIOT KaK GakTepuImj-
HYyIO, Tak U peryJsatopuyio ¢ynkiuio [14, 17-19].
Konnenrpaius nepokcuzia BOI0OpoJa B PAHEBOM JKC-
cynare Ha (haze BocnaseHus: JOCTUTaeT COTEH MUKPO-
MOJIel Ha JIUTP ¥ 3aTeM TI0CTeNeHHo cHuxkaetcs [17].
B daze perenepaiiun AOK B HU3KHX KOHIIEHTPAIINASIX
CTUMYJIUPYIOT 06pa3oBaHue rPaHyJISIIIUOHHON TKaHH
n anruorenes [20].

[Tocsie moBpexeHUs KOKM MUKPOOPIaHU3MBbI,
HAXOJSIIUECS] HA €€ TOBEPXHOCTH, HEU30EKHO
MOIAJIAI0T B TKAHU OPraHn3Ma. YHUYTOXKEHNE MUKPO-
OpPraHU3MOB IIPOUCXOUT HA CTAUU BOCIAJIeHN, Ha
KOTOPOH HMCIOJIb3yeTcst GOraThlil apceHas CUCTEMBbI
BpOXKIeHHOTO UMMyHUTeTa. OIHAKO, TPU HEJ0CTATOY-
HO 2(heKTUBHON JeKOHTAMUHAIINH, BOCIIATUTEIbHAS
(haza mpososKaeTed, Tak Kak 0CTaBIIMecs MUKPOOpTa-

terations of normal blood flow leads to decreased mi-
gration of cells from the blood to the injury site and
increasing the constant hypoxia rate. Arterial insuffi-
ciency is due to endothelial disfunction commonly as-
sociated with diabetes and other pathologies. It also
might lead to appearance of ischemic wiuds with im-
paired healing [11].

Age of the patient belongs to one of key risk fac-
tors of impairment of healing process. Aging almost al-
ways is associated with increased oxidative stress and
multiple alterations of immune system. With age, each
phase of wound healing undergoes specific changes: an
increase in the secretion of inflammatory mediators, a
delay in the infiltration of macrophages and lympho-
cytes, alteration of phagocytosis, decreasing the secre-
tion of growth factors, delayed angiogenesis and
re-epithelization, and diminishing the rate of remod-
eling of collagen [12].

It is important to note that both hypoxia and hy-
peroxia lead to an increase in the level of ROS [13]. A
particularly high level of ROS is caused by repeated
ischemia-reperfusion that is a feature of bed sores.

According to recent data one of the main causes of
this problem is chronic oxidative stress with high ROS
level sustained for a long period [14]. Oxidative stress
develops due to the action of a number of factors typical
for the majority of chronic wounds: bacterial insemina-
tion, local tissue hypoxia and senile changes [1, 15, 16].

Normal wound healing requires a delicate bal-
ance between the positive role of ROS and potentially
destructive effect of ROS. In tissues surrounding the
wound region, active formation of ROS occurs, which
perform both bactericidal and regulatory functions
[14, 17—19]. The concentration of hydrogen peroxide
in the wound exudate during the inflammatory phase
reaches hundreds of micromoles and then gradually
decreases [17]. In the regeneration phase, ROS at low
concentrations stimulates formation of granulation
tissue and angiogenesis [20].

After the skin damage microorganisms located
on its surface inevitably penetrate into inner tissues.
Destruction of microorganisms occurs at the inflam-
matory phases using a vast arsenal of innate immu-
nity system. However, when decontamination is not
successful the inflammatory phase continues and re-
maining microorganisms continue to cause the pro-
duction of inflammatory cytokines (IL-1, TNF) and
chemokines. Persistence of microorganisms in the
wound may promote transition to the chronic in-
flammatory phase. It leads to an increased activity
of matrix metalloproteinases (MMPs), which de-
stroy the extracellular matrix and further interfere
with wound healing. ROS produced by immune cells
are aimed at the destruction of microorganisms,
however, when prolonged, the increased production
leads to additional tissue damage.

At the early stages of wound healing the tissues
are always found at a hypoxia state. This is due to dam-
age to blood vessels, which leads to a disruption in the
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HU3MBI TIPOJIOJI)KAIOT BBI3BIBATH TIPOAYKIINIO IIUTOKH-
noB Bocmanenus (IL-1, TNF) u xemoxunosn. Ilpu
JOCTATOYHO JIOJITOM BIMSHUN MUKPOOPTaHU3MOB PaHa
MOJKET BOWTH B XPOHMYECKYTO CTAMIO BOCIATEHMUS,
YTO Be/IET K MOBBINIEHHO aKTHBHOCTU MaTPUKCHBIX
Metastonporennad (MMP), kotopsie paspymaior
BHEKJIETOYHBIN MaTPUKC ¥ TOTIOJTHUTEIHHO MPernsT-
cTByioT panosaxusienmio. ADK, mpoxynmpyembie
UMMYHHBIMU KJIETKAMU, HAIleJIEHbl HA YHUYTOKEHUE
MHUKPOOPTaHU3MOB, OJTHAKO UX JIJTUTETbHAST OBBIIIEH-
Hasi TPOAYKIUS TPUBOAUT K [ONOJHUTETHHOMY
MOBPEKIEHUIO TKAHEIH.

Ha pannux cTagnsx paHeBble TKAHHU BCET/Ia HAXO0-
ISATCS B COCTOSTHUU THIIOKCHH. DTO TIPOUCXOINT M3-32
MIOBPEKIEHS COCY/IOB, UTO IPUBOIUT K HAPYIIEHUTO
KPOBOCHAGKEHMS, 4 TAKyKe aKTUBHOMY MOTPEOICHUIO
KUCJIOPO/Ia METabOINYECKN aKTUBHBIME KJIETKAMU.
BpemenHast runoKCHsT MOCIe MOBPEsKAEHIS 3ayCKaeT
MPOIIECC PAHO3AKMBJIEHS, OTHAKO [ITTUTETbHAS UK
XPOHMYECKAs] TUIOKCUS MPHUBOAUT K HAPYIIEHUIO
atoro niportecca [21]. Ecam okcurenarius panbl He BOC-
CTAHABJIMBAETCS, TO MPOIECC PAHO3AKIBIEHUST 3aTsI-
ruBaetcsi. XpOHUYECKHUE PAHbI BCEr/a TUTIOKCHYHBI,
IUTIST HUX XapaKTePHO TIOHIZKEHHOE TTapIuaIbHOe /1aB-
Jenne Kucaoposa, ot 20 10 5 MM pT. CT., TOT/IA KaK B
KOHTPOJIBHBIX TKAHSIX 9TO 3HAYEHUE HAXOMUTCS B TUA-
nazote ot 50 10 30 MM pr. ct. [22]. Ha MoJiekyisiproM
YPOBHE I'MITOKCHUST TKAHEl TIPUBOIUT B TIEPBYIO OU€PEh
K HapYIIEHUIO OKUCIUTETBHOTO (hocOopUInpoBanust
B MUTOXOHJIPHUSIX, 4TO CHUKaeT BbIpaboTky AT,
HEOOXOUMOI JITIST OCYIIECTBICHUS TPAKTUYECKU BCEX
MeTaboIMYeCKUX MPOIEeccoB B KireTkax [23]. B wact-
HoctH, HexBaTka AT®D upesara HapymuieHreM paGoThl
kasmpiueBblx ATM-a3 v HaKONJIEHNEM B KJETKax
MOHOB KaJIBIIMs, UTO BeeT K 3aITyCKy BHYTPUKJIETOY-
HBIX BOCIIAJIUTEBHBIX KACKAI0B. B pe3yssraTe BbICBO-
GOKIATOTCS TINTOKUHBI BOCTIAJICHHST U XeMOKHHBI, TTPH-
BJIEKAIOIE K MECTy TIOBPEXAEHUsT HMMMYHHbIE
kyeTku. JmuTenpHoe ymenbienue Koandectsa AT
MOZKET IPUBOJINTB K JAATbHENIIIEMY HAPYIITEHIIO (DYHK-
IIUOHUPOBAHUST MUTOXOHIPUI, TOBBITIIEHHON MTPOIYK-
1 ADK u rubesu KIeTok 1 TKaHew.

Kpowme Toro, runokcust IpuBOAUT K UHIYKITTU
9KCIIPECCUU DHIOTETHATBHBIX MOJEKYJ aJre3u,
taknx kak [CAM-1, VCAM-1, koropsie crocob-
CTBYIOT MPOHUKHOBEHUIO HeUTpoduIoB 1 Mmakpoda-
TOB K MecTy noBpeskzienus [24]. [lnmrenpaast akcrpec-
CUSI JTUX MOJIEKYJ TIPUBOAWT K HAPYIIECHUIO
paspelieHusi BOCHAJEHUST 3a C4YeT W3OBITOUHON
UHOUIBTPAIIUN UMMYHHBIX KJIETOK.

Ha rucronorunyecknx cpesax XpOHUYECKUX PaH
TaKsKe BBIABISIOTCS 001Me 3akoHoMepHocTu. Harpu-
Mep, TUCTOJIOTHYECKOe UCCTIeI0BAHNE TPODUUECKOI
SI3BBI HIDKHEH KOHEYHOCTHU TIPU BAPMKO3HOM PAaCIIH-
PEeHUU BEH IeMOHCTPUPYET HAJTMYUE YTOIIEHHOTO 1
HAXOJISITIETOCS B COCTOSTHUY TUTIEPILIIA3UH KPast ITH-
ZepMuUca, TPUMBIKAIONIET0 K OCHOBAHUIO SI3BHI,
MOKPBITOMY 9KCCYAATOM, COMEPKANINM HEKPOTHYE-
ckuit geTput [25]. BoJAbIUHCTBO XPOHUYECKUX PaH

blood supply, as well as active consumption of oxygen
by metabolically active cells. Temporary hypoxia after
damage triggers wound healing process, however, pro-
longed or chronic hypoxia disrupts this process [21]. If
the oxygenation of the wound is not restored, the
wound healing process is delayed. Chronic wounds are
always hypoxic, they are characterized by a decreased
partial oxygen pressure from 20 mm Hg to 5 mm Hg,
whereas in healthy tissues these values varies within
the range of 50 mm Hg to 30 mm Hg. [22 ]. At the mo-
lecular level, tissue hypoxia primarily leads to a sup-
pression of oxidative phosphorylation in the
mitochondria thus reducing ATP production required
for virtually all metabolic processes in cells [23].
Partcularly, the lack of ATP leads to inhibition of cal-
cium ATPase and accumulation of calcium ions in the
cells followed by the subsequent activation of intracel-
lular inflammatory cascades. As a result, inflammatory
cytokines and chemokines are released that attract im-
mune cells to the site of damage. A prolonged ATP in-
sufficiency may lead to a further mitochondrial
dysfunction resulting in increased ROS production
and death of cells and tissues.

In addition hypoxia leads to the expression of en-
dothelial adhesion molecules such as ICAM-1,
VCAM-1, that promote the penetration of neutrophils
and macrophages to the site of injury [24]. Prolonged
expression of these molecules inhibits further resolu-
tion of inflammation due to excessive infiltration of
immune cells.

Histological examination of chronic wounds re-
veals common patterns. For example, a histological ex-
amination of the trophic ulcer of the lower limb in
varicose veins demonstrates the presence of a thick-
ened and hyperplastic edge of the epidermis adjacent
to the base of the ulcer covered with exudate contain-
ing necrotic detritus. The majority of chronic wounds
are poorly vascularized, there are practically no myofi-
broblasts, but there is a large number of inflammatory
infiltrates represented mainly by neutrophils [25].

Chronic wounds are also characterized by exces-
sive accumulation and activation of mast cells (MC)
around blood vessels [26-28]. The main functions of
these cells of the immune system are associated with
allergic reactions, but MCs are also one of the key ini-
tiators and regulators of the inflammatory process. Ac-
tivation of MC is accompanied by degranulation and
release of the contents of intracellular vesicles con-
taining various inflammatory mediators, including his-
tamine, an important player in the field of
inflammation. Histamine causes an increase in the per-
meability of the vessels and edema of the surrounding
tissues, thus facilitating the migration of leukocytes to
the focus of inflammation. On the other hand, MC se-
crete VEGF a potent angiogenic factor required for
germination of the vessels into the wound tissues. In
addition, MCs participate at the final phases of wound
healing and their excessive activation can cause the
formation of hypertrophic scars.
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IIJI0X0 BACKYJIIPU30BAHbI, B HUX ITPAKTUYECKH OTCYT-
CTBYIOT MUOGUGPOOIACTBL, HO B GOJIBIIOM KOJMYECTBE
MPUCYTCTBYET BOCHAINTENbHBIH MHOUIBTPAT, TIpej-
CTaBJIEHHBII B OCHOBHOM HelTpoduaamu [25].

JUist XpOHMYECKUX PaH TakyKe XapaKTepHbI H30bI-
TOYHOE HAKOIJICHWE M aKTUBAIMS TYYHBIX KJIETOK
BOKPYT KPOBEHOCHBIX cOcy/10B [26—28]. OcHoBHBIE
(byHKIIMYM 9THX KJIETOK UMMYHHOH CUCTEMbI CBS3aHBI
¢ ajuiepruyeckumu peakinugamu, Ho TK Takxke
ABJISIOTCS OIHUM U3 KJIIOYEBBIX MHUIIMATOPOB U PEry-
JIATOPOB BOCIIAJIMTEIBHOTO TIpoliecca. Aktuarus TK
COTIPOBOK/JIAETCS JIETPAHYJIAIUEH C TOCTeYIONNUM
BBIGPOCOM BO BHEIITHIOWO CPELY COACPIKIMOTO BHY TPH-
KJIETOUYHBIX BE3UKY.JI, COJIEPKAIIMX PA3IMYHble Me/[1a-
TOPBI BOCHAJICHUS, CPEJM KOTOPBIX BAKHEHIITYIO POJIb
Urpaet rucTaMuH. I'McTaMH BbI3bIBAET yBEJIUYCHHE
ITPOHUIIAEMOCTH CTEHOK COCY/IOB M OTEK OKPY>KAIOIINX
TKaHe#, CloCOOCTBYS TeM CaMbIM MUTPATIUH JICHKOIH-
ToB B ouar Bocnasnenus. C apyroi croponsl, TK cek-
peTupyioT ocHoBHOI hakTop pocta cocynoB VEGE
CocobCTBYS TIPOPACTAHUIO COCY/IOB B 00JIACTH PaHBI.
Kpowme Toro, TK yuacTByIOT B 3aBEpIIAIONTUX CTAIUSX
paHO3aKMBJIECHUS W WX WM3OBITOUHASA aKTHBAIUS
MOJKET BBI3BIBATH 0Opa3zoBaHue TUTEPTPODUPOBAH-
HBIX PyOIOB.

[lng nedenud XpOHMYECKUX paH B KJIWHHUKE
HE/IaBHO CTAJIM ITPUMEHATh aHTUOKcuAanTol. Henas-
Hee MYJIBTUIIEHTPOBOE JABOMHOE CJIETIOEe NCCIeloBaHIEe
Ha 200-X manueHTax MpojieMOHCTPUPOBao addek-
TUBHOCTb IIPUMEHEHUS TEPOPAIBHON CMecu aHTH-
OKCHJIAHTOB, apTMHUHA U IUHKA /U4 JIeYeHUS 11PO-
nexueit  [29]. Eme omHo aBoitHOe —cienoe
uccaenopanue Ha 20-u maueHTax ¢ HapylIIEHHBIM
3aKUBJIEHUEM paH 10Ka3ano 3¢G@eKTuBHOCTD epPo-
paJbHOM cMecu aHTHOKcHAaHTOB (Butamuua C, a-
Toko(epoia, f-KapoTuHa, IIITHKA, CEJIeHA U Ty TaMu-
Ha) 110 CpaBHEHUIO ¢ 1Iaebo (MajIbTOAEKCTPAHOM).
Jlannple aHTHOKCUAAHTBI CIIOCOOCTBOBAIN CKOpeii-
meit arurenudanuu panbl [30]. B oreuecTBennoii
JuTepaType TakKe OIMCHIBAETCS IOJOXKUTEIbHOE
JieiicTBHe TIpreMa aHTHOKCH/IAHTOB Ha IIPOIIeCC PaHo-
3axkuBienus [31]. AHTHOKCHAAQHTBI CTaHJAAPTHO
HA3HAYAIOTCS [P JICYeHUU BEHO3HBIX TPO(PUIeCKIX
s13B [32], a TaksKe PU UHBIX Tatosorusx [33—-35].

TaxkuM 06pa3zoM, aHTHOKCUAAHTBI TPU TIEPOPATb-
HOM [TPU€eMe MOTYT OBITD YCITEITHO UCIIOIb30BAHBI JIJIsT
JiedeHus TpyiHo3akuBatox pad. IIpu atom ciemyer
OTMETHUTH HECKOJBKO 006CTOATENbCTB. Bo-nepBbix,
KOJIMYECTBO KJIMHUYECKUX MCCIE0BAHUI IT€POpaib-
HOM 9(h(PEKTUBHOCTH AHTUOKCU/IAHTOB JI0 CUX HEBEJIU-
KO 1 TpeOyIoTCs JajibHellme UcibiTanust. Bo-BTopbix,
3a4acTyio B TaKUX MCCJEJOBAHUAX OJHOBPEMEHHO
MCIO0JIb30BAJIOCH HECKOJBKO PA3JIMYHBIX aHTUOKCHU-
JIAHTOB, & TAKXKe AMUHOKHCIOTHL. AHTHOKCUIAHTBI pa3-
JITYHOM XUMITYECKOH IIPUPOIBI MOTYT MMETh Pa3HO00-
pasHbie OMOIOTUYECKIE AKTUBHOCTH, 1 UX COBMECTHOE
[PUMEHEHUE MOKET TPUBOAUTh K PasHOOOPA3HBIM
MOCJIE/ICTBUAM. AMUHOKHUCJIOTA aPTUHIH, HAlIPUMep,
sBJIsIeTCs cyOCTpaToOM JIJIsl CUHTe3a OKcuza aszora 11

Recently, antioxidants have been used to treat
chronic wounds in the clinic. One of recent multicen-
tre, double-blind study in 200 patients have demon-
strated the effectiveness of using an oral mixture of
antioxidants, arginine and zinc, to treat bed sores [29].
Another double-blind clinical trial in 20 patients with
impaired wound healing studied the effectiveness of
the oral antioxidant mixture (vitamin C, a-toco-
pherol, -carotene, zinc, selenium and glutamine)
compared to placebo (maltodextran). These antioxi-
dants contributed to the early epithelization of the
wound [30]. The domestic literature also describes the
positive effect of prescribed antioxidants on the
process of wound healing [31]. Antioxidants are rou-
tinely prescribed in the treatment of venous trophic
ulcers [32], as well as in other pathologies [33—35].

Thus, when administered orally, antioxidants can
be successfully used to treat hardly healing wounds.
Several circumstances should be noted. Firstly, the
number of clinical studies of the oral effectiveness of
antioxidants is still small and further tests are re-
quired. Secondly, common for such studies, several dif-
ferent antioxidants, alone or in concert with amino
acids, are used. Antioxidants of different chemical na-
ture may have a variety of biological activities, and
their combined use causes various consequences.
Amino acid arginine, for example, is a substrate for the
synthesis of nitric oxide IT (NO), which causes vasodi-
lation and has many other physiological activities in-
cluding anti-bacterial effect. Thirdly, it cannot be
ruled out that antioxidants do not reach the wound
surface in a significant amount and might act indi-
rectly, affecting the body systems. The effectiveness of
topical application of antioxidants, however, has not
been thoroughly studied. One of the limited number
of studied drugs is mexidol that has been used for the
therapy of trophic ulcers [36].

Mitochondria as a Source of ROS

NADPH oxidase is the main source of exogenous
ROS during inflammation [35, 36]. This enzyme is
present both in phagocytes, ensuring elimination of
microorganisms in the inflammatory site and in non-
phagocytic cells contributing to regulation of various
intracellular signaling pathways.In a case of oxidative
stress caused by external factors the mitochondria are
considered as the main source of endogenous ROS
[39]. The main types of ROS include hydrogen perox-
ide (H,0,), superoxide anion radical (O,) and hy-
droxyl radical (OH ).

Over the past few years there has been a break-
through in understanding the role of mitochondrial
ROS in various inflammatory processes. In general,
oxidative stress can cause an inflammatory response
and excessive inflammation, which in turn cause ox-
idative stress leading to damage of tissues and organs.
Such a vicious circle is described, for example, for ac-
tivation of inflammasome NLRP3. This inflammasome
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(NO), xoTOpbIil BBI3BIBAET BA30/[UJIATAINIO U UMEET
MHOKECTBO APYTUX (PU3UOJOTHYECKUX aKTUBHOCTEN,
BKJIIOYAs aHTUMUKPOOHOE JieficTBIE. B-TpeTbux, Heb-
351 UCKJIIOYUTh, YTO AHTUOKCUIAHTHI HE JOCTUTAIOT
paHeBoIi TOBEPXHOCTHU B 3HAYUTEIbHBIX KOJIMYECTBAX
U JIeiiCTBYIOT ONOCPEIOBAHHO, BJUSIS HA CUCTEMBI
opranusma. [Ipu aTom, achdekTruBHOCTH MECTHOTO TIPU-
MeHEHUs] aHTUOKCUIAHTOB M3ydyeHa Xyske. OIHUM U3
HEMHOTHX IIPUMEPOB SIBJISIETCSI MEKCUIOJI, IPHMEHsIe-
MBI /17151 Tepanuu Tpoduueckux 138 [36].

Muroxonapuu Kak ucrouHuk AOK

OcHoBHBIM UCTOYHUKOM dK30reHHBIX ADK 11pu
Bocnanerun sisastercst HAJ[MH-okcunaza [37, 38].
ITOT (hepMEHT IIPUCYTCTBYET Kak B (haroiurax, obec-
neynBas yHUYTOXKEHUE MUKPOOPraHM3MOB B oyare
BOCHAJICHUS, TaK ¥ B HearoluTHPYIONUX KJIETKAX,
MPUHUMAS yYacTHE B PETYJISAINN PA3JINYHBIX BHYTPH-
KJIETOYHBIX CUTHAJIBHBIX 11y Teit. [Ipu okucanTesbnom
cTpecce, BBI3BAHHOM BHEIIHUMHU OKHUCJIUTEISAMMU,
OCHOBHBIM UCTOUYHUKOM aH10TeHHBIX ADK gBJstioTest
mutoxouapun [39]. OcHoBubiMu dopmamu ADK
aBystioTest epekuck Bomopona (H,O,), pamukan
cynepokcuzg-annoda (O,) U I'MAPOKCUIbHBII
pagukan (OH ).

3a rocJyeHe HeCKOJIbKO JIeT IIPOU3OIIe TIPo-
PBIB B MIOHUMAaHUK POJIH MUTOXOHIpUaTbHbix ADK B
Pa3JIMYHBIX BOCHAJIUTEIbHBIX IIpolieccax. B 1esom,
OKUCJUTENbHBIN CTPECC MOXKET BbI3BIBATH BOCIIAJIN-
TEJILHBII OTBET, a M3OBITOYHOE BOCTIAJICHUE, B CBOIO
04epe/ib, BBI3IBACT OKUCJINUTETIBHBIN CTPECC, YTO MPU-
BOJUT K IOBPEX/EHNIO TKaHell m opraHos. Takoii
MTOPOYHBIM KPYT OIMCAH, HAIIPUMEP, TIPU aKTUBAINU
nudrammacombl NLRP3. 9ta nndiiammacoma tunmy-
Ha JIJISI MUEJIONIHBIX KJIETOK M OTBETCTBEHHA 32 CO3pe-
panue IL-1beta u IL-18. NLRP3 akTusupyercs mon
NEHCTBUEM MOJIEKYJISIPHBIX  00pPa3oB  OTACHOCTH
(DAMPs u PAMPs), kotopble B GOJIBIIOM KOJUYE-
CTBE TIPUCYTCTBYIOT B paHax. HemasHo 6b110 06HAPY-
JKeHO, uTo MuToxXoHApuasibibie ADK BbI3bIBAIOT Ypes-
mepnyto aktuBarmio NLRP3 [40] u monasiaenne ADOK
C TIOMOII[bIO MUTOXOH/IPUAJIbHO-HAITPABIEHHDIX aHTH-
OKCUJIAHTOB CHIKAeT ee akTuBanuio [41].

Mutoxounpuanbibie AOK Takike NpUHIMAIOT
ydacTHe B IaToreHe3e aTepockieposa [42] u runepren-
3uu [43]. B pa3BuTuu OKUCIUTETHHOTO CTPEcca Mpu
unieMuu-perepdysun mepBooYepe/inyio poJib Urpact
BBIOPOC MUTOXOHIPUSIMU CYTIEPOKCUI-aHIOHA |44 ].

MI/ITOXOHZ[pI/IaJIbHO-HaHpaBJIeHHbIC
AHTHOKCHUAHTbI

B naboparopun mpod. B. II. Ckynauesa Gbuin
co3/1aHbl HOBbIe a3 (MEKTUBHBIE MUTOXOHIPUAIbHO-
HarpasJeHHble AaHTHOKCHIAHTHI ceMeiicTBa SkQ [45].
Omu cOCTOST U3 AHTHOKCUAAHTHOI YyacTH (11J1aCTOXM-
HOHa) U KaTHOHa, CIIOCOOHOTO IPOHUKATH Yepe3 MeM-
6pany (puc. 1). Biarogapst OI0KUTEIBHOMY 3apsILy
9TU COEAMHEHUsT U3OUPATENbHO HAKATIUBAIOTCS B

is typical for myeloid cells and is responsible for the
maturation of IL-1 beta and IL-18. NLRP3 is acti-
vated by danger-associated and pathogen-associated
molecular patterns (DAMPs and PAMPs, respec-
tively), which are present in large amount in the
wounds. Recently, it has been found that mitochondr-
ial ROS cause excessive activation of NLRP3 [40] and
inhibition of ROS by mitochondria-targeted antioxi-
dants reduces NLRP3 activation [41].

Mitochondrial ROS also participate in the
pathogenesis of atherosclerosis [42] and hypertension
[43]. Mitochondrial release of superoxide anion is nec-
essary in the development of oxidative stress in is-
chemia-reperfusion [44].

Mitochondrially Targeted Antioxidants

New effective mitochondrial antioxidants of the
SkQ family were created in the lab of prof. V. P. Sku-
lachev [45]. They consist of an antioxidant part (plas-
toquinone) and a cation capable of penetrating through
the membrane (Fig. 1). Due to the positive charge,
these compounds selectively accumulate in the mito-
chondria, which allows them to be used at extremely
low concentrations. High efficiency of SkQ against a
wide range of pathologies has been confirmed in numer-
ous experiments on cell cultures and in vivo using ex-
perimental animal models of human diseases [46].

The key differences between the mitochondrial
antioxidants of the SkQ family (SkQs) from conven-
tional antioxidants include:

1) SkQs are accumulating to act directly at the
site of ROS formation, in the inner membrane of the
mitochondria [45];

2) SkQs act repeatedly; upon neutralization of
ROS, the formulation is oxidized, and then restored
by the respiratory chain of the mitochondria. In con-
trast, classical antioxidants fulfill their function only
once: after oxidation, they turn into useless, or even
toxic compounds [47];

3) SkQs prevent the oxidation of cardiolipin, a
key regulator of cell apoptosis [48].

Currently available, clinically developed SkQs
formulation is represented by SkQ1-containing eye
drops (Visomitin), and this preparation has been offi-
cially registered as a drug for dry eye syndrome treat-
ment (LP-001355 from December 13, 2011). Now
SkQ1 formulation undergoes clinical trials for the
treatment of glaucoma, maculodystrophy and uveitis.

A large complex of preclinical studies of SkQ1 as
an eye drops formulation «Visomitin» has been initi-
ated that include three clinical trials in patients suf-
fering from dry eye syndrome. The lack of eye
hydration in this disease leads to damage to the
corneal epithelium. The effective restoration of the in-
tegrity of the corneal epithelium, i.e. healing of super-
ficial injuries, is an important clinically significant
parameter in the medical treatment of dry eye syn-
drome. This parameter has become a clinical target in
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MUTOXOH/IPUSIX, UTO [MO3BOJISIET MCIIOJIb30BATh UX B
KpaliHe HU3KUX KOHIleHTpalusX. Beicokas achderTus-
HOCTh SKQ MPOTUB MIMPOKOTO KPyTa MATOJOTHIECKIX
COCTOSIHMIA GbIJIa OATBEPIK/ICHA B MHOTOUMCIIEHHBIX
IKCIIEPUMEHTAX Ha KJIeTOYHBIX KYJIbTypax U in 0ivo Ha
MOJIeJIsIX 3200JIeBaHMiT YETIOBEKA C UCTIOJNb30BAHIEM
J1a00PaTOPHBIX KUBOTHBIX (M. 0030p [46]).

KiioueBbie 0T/IMYNST MUTOXOHAPUATBHBIX AHTH-
okcuaanToB cemeiicTBa SkQ 0T 06BIYHBIX AHTHOKCH-
JAHTOB 3aKJIIOYAETCSI B TOM, UTO OHU:

1) neiicTBYIOT HETOCPEACTBEHHO B MecTe 0Opa-
soBanus ADK — Bo BHyTpeHHell MeMOGpaHe MHUTO-
XOHApHii [45];

2) neiicTBYIOT MHOTOKPATHO, IIPU HENTpaIn3a-
un ADK onu okucIsgIOTCS, a 3aT€M BOCCTAHABIIH-
BaIOTCsI JIBIXAaTeIbHOI 11e1bIo MuTOXOHApHUil. Knaccu-
YeCKUe aHTUOKCHU/IAHTBI BBIITOJIHSIOT CBOIO (DYHKIIUIO
oHOKpaTHO. OKUCIUBIINCH, OHU MPEBPAIIAIOTCS B
GecIioJIesHble, I Jaske TOKCHYHbIE coeauHenys [47];

3) TPeIoTBPAIIAIOT OKHCIeHNe KAPHOINUIIITHA —
KJTIOUEBOTO PETyJIATOpa aronTo3a KIeTok [48].

Ha ocnose SkQ1 0ObLau cO3maHbI I[JIasHble
karn (BusomuTun), 1anublii npenapat ouinaib-
HO 3apPEruCcTPUPOBAH KAK JIEKAPCTBEHHOE CPENCTBO
ot cunapoma cyxoro riasa (JIII-001355 or 13 gexab-
pa 2011 r.), B mporiecce KIMHUYECKHE UCTTBITAHUS TI0
npumerennio SkQ1 B jedyeHny riayKoMbl, MaKyJIo-
IUCTpOoUU U yBEUTA.

Boub1oit KOMILIEKC TOKIMHUYECKUX 9KCIEPU-
MEHTOB JieKkapcTBeHHOU (opMbl SKQ1 — rmasHbIx
Karesib « Bu3oMUTHHS 103BOJIIII TIPOBECTU 3 OT/EIb-
HBIX KJIMHIYEeCKUX UCCIIEIOBAHNUS C YIACTUEM MAIIUEH-
TOB, CTPAIAIONIIX CUHAPOMOM cyXoro riasa. Hemgocra-
TOK YBJIQKHEHHOCTH TJIa3a MpU HTOM 3a00JIeBaHUM
BeJIET K IOBPEKIEHUIO ITUTENNST POTOBUIIBL. BaxkHbIM
KJIMHUYECKU 3HAYMMbIM [IAPAMETPOM [1PU METTKAMEH-
TO3HOM JIeYeHUU CHUHPOMA CYXOTO IJIa3a SIBJISIETCS
a2 PeKTUBHOE BOCCTAHOBJIEHUE I[€JIOCTHOCTH IIIUTE-
JIUST POTOBUIIBI, T.€. 3AKHUBJIEHUE MOBEPXHOCTHBIX
HOBPEXIeHWIT. B KIMHUYeCKUX MCCIeOBAHUSAX, a
UMEHHO OTKPBITOE PAHIOMU3UPOBAHHOE POCCUNICKOE
nccienoBanue 2-it aswi [49], MyIBTHIIEHTPOBOE JIBOIA-
HOE cJIernoe MmIareGoKOHTPOIMPYEMOE UCCIIEI0BAHNE
3-it hazbl [50] 1 TpoBeIEHHOE TIO/1 ATUION YIIPABIEHUST
[0 CAHUTAPHOMY HAJ30PY 32 KAUECTBOM ITHIIEBBIX
npoaykToB u MegukamenToB (FDA) nccnenoBanue B
CIHIA [51] nokaszasm Beipaskentbiii adpext SkQ1 o
YCKOPEHMIO 3aKMBJIEHUs PAH POTOBUIIBI 110 CPaBHE-
HUIO ¢ 9 DEKTOM NPUMEHEHUs YBIAKHSIIONIUX IJ1a3-
HBIX KalleJIb TOTO e cocTasa, Ho 6e3 SkQ1.

SkQ1 yckopsier 3asKMBIeHHE
MOJTHOCJIOMHBIX KOKHBIX paH
Y CTapbIX MbIIIEH

JLn1s1 cTapbIX JKUBOTHBIX XapaKTepPHO HapylIeHNe
perapaioHHbIX IIPOIIECCOB, YTO IIPUBOIUT K YJINHE-
HUIO BOCHAJUTEJbHON (ha3bl paHeBoro mpoiecca 1 K
3HAYNTETHHOMY 3aMEIJIEHUIO 3AKMBJICHUS PaH.

Antioxidant part
(plastoquinone)
J

Br

Triphenylphosphonium
cation

Puc. 1. CrpykrypHas ¢popMysia MUTOXOHAPHATHHO-HATIPABIIEH-
Horo SkQ1 — neiicTByIomIero BelecTsa IJIa3HbIX Kaneb «Buso-
MUTHH> M PEreHepUpPYIONIero AHTHOKCHAAHTHOTO THAPOTEJs
«IK3OMHTHH> .

Fig. 1. Structural formula of mitochondria targeted SkQ1 — ac-
tive substance of eye drops «Visomitin» and regenerating an-
tioxidant hydrogel «<Exomitin».

IIpumeuanue. Antioxidant part (plastoquinone) — anTHOKCHIAHTHAS
yactb (ocTaToK macroxurona); Triphenylphosphonium cation — ka-
THoH Tpudernhochonnit.

recent clinical trials. They included: an open, random-
ized Russian phase 2 study [49], a multicenter double-
blind placebo-controlled study of the 3 phase [50]
and a study conducted in the United States under the
control of Food and Drug Administration, USA [51].
Trials have demonstrated a significant therapeutic ef-
fect of SkQ1 on accelerating the healing of the corneal
wounds compared to the effect of the same composi-
tion of moisturizing eye drops without SkQ1.

SkQ1 Accelerates the Healing
of Full-Thickness Skin Lesions
in Older Mice

Old animals are characterized by impaired repair
processes leading to an elongation of the inflammatory
phase of the wound and to a significant delay in wound
healing.

In experiments with old (24 months) female
CBAxC57BIl/6 hybrids, a significant effect in wound
area reduction was observed at the early stages of heal-
ing (1—5 days) [52]. In the experimental group (n=10)
the animals orally received SkQ1 at a daily dose of 100
nmol /kg of body mass for 8 months starting from the
age of 16 month. The dynamics of wound area reduc-
tion in old mice receiving SkQ1 was almost identical
to the dynamics observed in young animals (Fig. 2, a).
Histological analysis of wounds on the 7" day showed
that in the group of young animals the damage area was
completely filled with granulation tissue, and in old
mice the centers of granulation formation were located
only along the edges of the wound (Fig. 3, a). In the
old SkQ1 mice, an abundant vascularized granulation
tissue filled almost the entire area of the wound defect.
Granulations contained more mature and regularly ori-
ented collagen fibers and less leukocyte infiltration.
The administration of SkQ1 increased the content of
myofibroblasts in the granulation tissue, which, appar-
ently, accelerated its maturation. Morphometric analy-
sis revealed a significant decrease in the volume density
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B akcriepumenTax Ha cTapbix (24 Mec.) caMKax
mbimeil rubpunos CBAxC57Bl/6 mnabmomanoch
3HAUMTEJbHOE 3aMe/lJIeHHe COKPAIeHUs TJIO0Maan
paH Ha paHHUX sTanax saxusienus (1—5 cyT.) [52].
B onwitHolt rpynme (n=10) kMBOTHbBIE TIEPOPATBHO
nosyuanu SkQ1 B cyrounoii 1o3e 100 HMOIb /KT Beca
B TeueHue 8 Mmec. HaumHag ¢ 16-Tm Mec. Bo3pacra.
[nHaMuKa CcOKpanieHusl TJIOMIAAW pPaH y CTapbIxX
mbitei, mosydaBimux SkQ1, Oblra TpakTHYECKH
UJIEHTUYHA TUHAMUKE, HaOJIIOABIIEHCST Y MOJIOIBIX
JKUBOTHBIX (pHC. 2, @). [ucTosornyecknii anaaus pan
Ha 7-e CyTKH [TOKA3aJl, YTO B TPYIITIE€ MOJIO/IBIX KUBOT-
HBIX 00JIACTD TIOBPESKIEHUS OblIa 1IEJTMKOM 3aroJIHeHa
IPaHyJISAIMOHHON TKAHbBIO, 2 Y CTapbIX MBINIEH ovaru
hopMUpOBaHMS TPAHYJSIUN ObLIN PACIIONOKEHBI
TOJIBKO T10 KpasgM panbl (puc. 3, a). Y cTapbIX MbIIIEH,
nosyuasumx SkQ1, 06uIbHO BacKyJaspU30BaHHAS
TPaHyJIAIMOHHAS TKAHD 3aIIOIHAIA TIPAKTUIECKH BCIO
obsacth paneBoro jedexTa, B HEll pacIosarajiuch
GoJiee 3peJible 1 PETrYJIsIPHO OPUEHTUPOBAHHBIE KOJLJIA-
reHOBbBIE BOJIOKOHA, PeKe BCTPEYAINCH 0Yaru JIeHKo-
rurapuoil naduasrpanuu. [puem SkQ1 moBbian
cozepkarre MUOGuOPO6IACTOB B TPAHYISAIIUMOHHO
TKaHW, YTO, TI0-BUUMOMY, YCKOPSJIO ee CO3PEBaHMUE.
MopdomeTpuuecknii aHaJIN3 BbISIBUJI 3HAUUTEIbHOE
CHUZKeHHe 00BEMHOI TIOTHOCTH COCY/IOB B TPaHYJIsi-
IIMOHHON TKAHU Y CTAPBIX JKUBOTHBIX 110 CPABHEHUIO C
MOJIOZIBIMU. 3HAUYEHUE ITOTO TOKA3aTessd y CTapbIX
Mbiel, noayuasimmx SkQ1, gocToBepHO TOBbBIIIA-
JIOCh, ¥ OBLJIO COIIOCTABUMO € OOBEMHON ILJIOTHOCTBIO
COCYZIOB B PaHAX MOJIOZIBIX KUBOTHBIX. JTOT a(heKT
SkQ1 BO MHOroM cCHOCOGCTBOBAJ 3aMOJHEHUIO
HOBPEKAECHHON 001aCTU TPAHY IALUOHHON TKAHbIO,
MOJIIEP’KUBAs €€ OKCUTCHAIIMIO U TUTaHue. Y CTapbiX
JKUBOTHBIX HAOJIOIAJIOCH 3aMeIJIEHUE SITUTETU3AINN
panbt, ipu 31oM SkQ1 BbI3BaM 3HAUNTEIBHOE YCKOPE-
HUE 3TOTO Tpolecca, He BIHAS Ha TOJIIUHY STTHAep-
muca. Hukakoro addexra SkQ1 wa Tommuny pybiia
Takke He ObUIO OOGHApyKeHO. B 1eoM, [uHaMuKa
3aKUBJICHUS PaH Yy CTApbIX MBINICH, TTOJy4aBITuX
SkQ1, HartoMuHaIa TAKOBYIO Y MOJIOJIBIX JKUBOTHBIX.

AHann3 BOCHAJUTEIBLHOTO IPOIECCa BbISBUI
3HAYUTEbHOE yCUJleHre HeUTpouibHol nHpUIbT-
paIyuu paH y CTapbIX MBINIEH 10 CPABHEHHUIO C MOJIO-
abiMu, a SkQ1 BI3BAJI I0CTOBEPHOE CHUIKEHME YHCIIa
HERTPOGHUIOB. Y CTapbIX JKUBOTHBIX HAOJIIOIAIO0CH
3aMeTHOe CHUKeHre MakpodaraibHoil nH(pUIbTpa-
WU 110 CPABHEHUIO C MOJIOJIBIMU HA 7-€ CYT. 3aKUBJIe-
Hus, a Ha 13-e cyT. yncso Makpodaros B paHax CTapbIxX
MBIIIEH TPUMEPHO B 2 pa3a IPEBLITIAI0 €ro 3HaYCHIEe
y MoJIofibiX. B paHax cTapbIX Mbllle, MOJTy4aBIIuX
SkQ1, uncienHocts Makpodaros Ha 7-e CyT. 3HAUU-
TeJIbHO BO3PACTasia M COXPAHAIACh HA TOM Ke YPOBHE
u Ha 13-e cyt. TakuMm 06pasoMm, TIOJMyUEHHBIE PE3YJIb-
TaTbl YKAa3bIBAJIN HA HOPMAJIM3AIUIO BOCIIATTUTEIBbHOM
(baspl 3aKMBIICHUS PaH y CTAPBIX JKUBOTHBIX O] JeH-
creuem SkQ1.

SkQ1 yckopsier 3askuBJICHUE MTOJHOCTOMHBIX
KOJKHBIX PaH y MbIIiieii ¢ 1uabetom 2 Tura.
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120 4
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%
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LI
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]
3 40 4
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012 3 456 7 8 91011 1213 14
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Puc. 2. Biusinue SkQ1 Ha u3BMeHeHHe OTHOCHTEIHHOM IIOMa/H
paHeBoii HOBEPXHOCTH y MbILIEH: CTAPbIX (@) U NIPH BPOKIEHHOM
nuaGere 2-ro tuna (b). Bocupousseneno us [51, 52].

Fig. 2. Changes in the relative area of the wound surface in old
(a) and diabetic-prone (b) mice after SkQ1 administration. Re-
produced from [51, 52].

Note. a — old mace age is 24 months; young mace age is 6 months.
For Fig. 2, 3: * — significant difference vs. old mace group not re-
ceiving SkQ1 (a) and vs. ab/ab mace group not receiving SkQ1
(b); P<0.05; data are presented as mean = SEM

ITpumeyanue. @ — BO3pacT cTapbiX Mbllieil — 24 Mec., MOJIO/IbIX —
6 mec. [lna puc. 2, 3: * — jgocTOBepHOE OTJIMYKME OT 3HAYCHMI
IPYIIIBI CTapbIX MblIeid, He nosydasimmx SkQ1 (@) w ot 3Hayenmii
rpybt ab/ab mpiueii, ve nosnyuyasmux SkQ1 (), p<0,05; gannbie
[PE/ICTABJIEHBI KAK CPE/IHEe + CTaHIAPTHASE OUINOKA CPE/IHErO.

of blood vessels in granulation tissue in old animals
compared to young ones. This value in the old mice re-
ceiving SkQ1 was significantly increased and was com-
parable to the bulk density of the vessels in the wounds
of young animals. This effect of SkQ1 greatly con-
tributed to the filling of the damaged area with granu-
lation tissue, supporting its oxygenation and nutrition.
In old animals, a delay in epithelialization of the wound
was observed, while SkQ1 caused significant accelera-
tion of this process, without affecting the thickness of
the epidermis. No effect of SkQ1 on the thickness of
the scar was found. In general, the dynamics of wound
healing in old mice that received SkQ1 resembled that
of young animals.

An analysis of the inflammatory process revealed
a significant increase of neutrophil infiltration in the
wounds of old mice compared to young mice, and
SkQ1 caused a significant decrease in the number of
neutrophils. Old animals showed a marked decrease in
macrophage infiltration compared to the young ani-
mals observed on the 7 day of healing, and on the 13™
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Puc. 3. Bimsinue SkQ1 Ha oGpa3oBanye rpaHyIsIiHOHHON TKAHH U SNUTEIU3AUIO PaH Y MbIIIEI: CTapbIX (@) ¥ IPU BPOKIEHHOM /(Ha-

6ere 2-ro Tuna (b). Bocnpousseneno us [51, 52].

Fig. 3. SkQ1 accelerates the formation of granulation tissue and epithelization of wounds in old (a) and diabetic-prone (b) mice.

Reproduced from [51, 52].

Note. Histological sections of the central region of wounds were stained with hematoxylin-eosin on day 7 (a, b, ¢) and day 13 (d, e) after
injury; the area of the granulation or scar tissue is surrounded by dotted lines. * — P<0.05.

IIpumeyanue. [icToMOTHYECKIE CPE3BI IEHTPATBHON 06JIaCTH paH MbIIIEl OKPaIIeHbl FeMaTOKCUINH-203UHOM Ha 7-0ii (a, b, ¢) u 13-prii
(d, €) mennb moce parenHus; 061aCTh TPAHYISIMOHHON NN PyOIIEeBON TKaHN 00Be/IeHa TOY€UHBIMU JIMHUSIMIT; b — IJI0Ta/ib FPaHyISAIINOH-
HOII TKaHW; ¢ — SMUTENN3AIMS PaH; € — oOpasoBanue py6ieBoil Tkanu. * — p<0,05.

@opMupoBaHUe HE3KUBAIONIUX PAH SBJISIETCS
OJTHUM M3 OCHOBHBIX OCJIOKHEHUH Tipu auabere. B
KauecTBE MOJIEIIM HTON TIATOIOTUH OBLIN UCIOIb30BA-
ubl bty auHun C57BL leprdb (db/db) ¢ Bpoxnen-
HbIM guabeToM 2-ro Tumna [53]. JIaurebHblii npreM
SkQ1 He cHMMKal OCHOBHBIX IPHU3HAKOB Auabera
(rumepriaukeMus, OKUpEHUe, TOJUYPUsI) Y ITUX
MBIIIIE, HO CHUIKAJ BBIPAKEHHOCTh MAPKEPOB OKHUC-
JIUTEJILHOTO CTpecca. 3asKUBJEHUE paH y auaberde-
CKUX MBIITIEii ObLIO PE3KO 3aMeIJICHO 0 CPABHEHUIO C
rereposurotueiMu kuBotHbiMU (C57BL lepr db/+).
MBI onbITHOM TPy (7=8) e3KeJIHEBHO MOJIyYaan
SkQ1 nepopanbHo B 03¢ 250 HMOJIb/KI BeCa B CYTKH
B TeueHue 12 Henenp, HaunHag ¢ 10-HeLeIbHOTO BO3-
pacta. IIpuem SkQ1 npakTHyecKy MOJHOCTHIO HOPMa-
msoBaj saxkusaenne pad y db/db mpmeii (puc. 2, b).
Tucromornueckuii ananus pan Bbiasua y db/db
MBIIIIeil Te JKe TaTOJOrnYecKue U3BMEeHEHUsT, 9YTO U Yy
crapbix KUBOTHBIX. SKQ1 BBI3BIBAT HOPMAIN3AIIIIO
Kak (hopMUPOBAHUS TPAHYJISIIUOHHON TKAHU, TaK U
BOCTAUTEIbHON (hasbl mporecca. Ocobo spKo ObLT
BbIpaskeH 9(pheKT CTUMYJISIINU AaHTHOTeHe3a MO/ /1eii-
creueM SkQ1. ¥V db/db wmbimeii e Haba0210CH
3aMETHOTO TOPMOKEHUST ITMUTETUIAIUY PAHBL, HO U B

day the number of macrophages in the wounds of old
mice was twice higher than in young mice. In the
wounds of the old mice receiving SkQ1, the number
of macrophages on the 7t day increased significantly
and remained at the same level on the 13 day. Thus,
the results demonstrate the abrogation of the inflam-
matory phase of wound healing in old animals under
the action of SkQ1.

SkQ1 Accelerates Healing
of Full-Thickness Skin Wounds
in Mice with Type 2 Diabetes

Non-healing wounds represent one of the major
complications in diabetes mellitus. As a model of this
pathology the C57BL leprdb (db/db) mice genetically
predisposed to type 2 diabetes development [53] were
used. Long-term administration of SkQ1 did not re-
duce the main features of diabetes in these mice (hy-
perglycemia, obesity, polyuria), but reduced the
expression of markers of oxidative stress. Wound heal-
ing in diabetic mice was significantly delayed com-
pared to heterozygous animals (C57BL lepr db/+).
Mice of the experimental group (n=38) daily received
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aToMm ciryyae SkQ1 3ameTHO ycKopsiI mporecc. AHo-
MaJIbHO JIJTUTEIbHAS BOCIIATUTEIbHAS (ha3a paHEBOTO
nporuecca npogosrkanach y db/db B roii ke cremeny,
YTO M Y CTApbIX JKUBOTHBIX, a ipueM SkQ1 ee Hopma-
Jn3oBas. BeposTHO, OKMCIUTENBHBIN CTPECC, COTPO-
BOXK/IAIONINHN ANA0ETHYECKYIO MATOJOTHIO, BO MHOTOM
olpelie/isieT 3aTpyAHeHHOe 3akuBaeHne pad. SkQ1
3HAYMTEIHHO YCKOPsI 06pa3oBaHiie TPaHyJISIIIHOHHOL
TKaHW y AnabeTHYeCKUX MBIIIeil, He BbI3bIBasl TIPU
aToM runeprpoduu pyouesoi tTkanu (puc. 3, b).

Jlokanpnoe BBenenue SkQ1 yckopsier
penapaTHBHbBIE IPOILECCHI
B IIOJIHOCJIOMHBIX KOKHBIX PaHaX y KpbIC

B niepBoii cepun 9KCIIEPUMEHTOB KPbICAM €KeCy-
TOYHO MO/ KOKY BOKDPYT PaH UHBbenupoBanu 50 MKJI
200 M pacrBopa SkQ1. 3a6op marepuaa st TUCTO-
JIOTMYECKOTO aHAJIM3a ITPOBOJUIIN Yepe3 7 yacos, 1—3,
5 u 14 cyt. Bbiio 06HApYKEHO CTATUCTUYECKY 3HAYH-
MO€ YMEHbIIIeHUE IO/ PaHbl HA MATBIN IeHb 9KC-
nepumenra. [loxcyer kosmyecTBa HeHTPOhUIOB Ha
PaHHUX CPOKAX 3aKUBJICHUsI PaH ToKasaj GoJiee 4yem
JIByKpaTHOE YMEHbIIIEHNE KOJIMYecTBa HeHTpohnioB
yepe3 7 yac. B dase cozpeBanusi rpaHyISIIMOHHON
tkauu SkQ1 BbI3bIBaAI 3-X KpaTHOE YBEJIMIEHHE KOJIM-
gyecTBa MUOGUOPOBIACTOB, HKCIIPECCUPYIONIUX TIIaJ-
KOMBIIIEUHbI1 GeTa-akTiH [54].

Bo BTOpoOil cepum 9KCIIEPUMEHTOB KpbICaM
suann Sprague-Dawley Ha paHbI HAKJIQ/IBIBAJIN TLIE-
HouHOe 1oKphiTHe «buomen» ¢ 0,019 mxr SkQ1 /1
meHku. CMeHy IJIeHOK ITPOBO/IMJIN OJIUH Pa3 B 3 /IHA
B Teyenue 14 cyr. CraTucTuyecku 3HaYNMOE YMECHb-
HIeHUE TIJIONIA/IA PAHbI 110 CPABHEHUIO ¢ KOHTPOJIEM
ObL10 0OHAPYsKEHO Ha 4-bIii U 7-0i guu. [cTorormye-
CKMH aHain3 Ha 14-e CyTKHU aKcIiepuMeHTa oKa3al,
YTO B 3aTSAHYBIIUXCS K 9TOMY BpEMEHH paHax y
JKUBOTHBIX, noaydasiniux SkQ1, comepxarcsa Gogee
TOJICTBIE TTYYKH KOJJIAT€HOBBIX BOJIOKOH, Ye€M B KOHT-
poJIe, 4TO MOKET OBITh CBS3AHO C TIOBBIIIEHUEM aKTHB-
Hoctu Muodudbpobaactos [54].

HccieroBanys IPOTHBOBOCIAIUTEILHOTO
neiicteusa SKQ1 in vivo

[lng crapenus xapakTepeH ITOBBIICHHBINH YPO-
BEeHb CHCTEMHOTO BocnajeHus. B akcrnepumenTax co
CTapBIMK MBITIAMU OBLIO YCTAHOBJIEHO, YTO JITUTEb-
ubiii mprem SkQ1 cHIzKAaeT BOCIAINTEIbHYIO aKTHBA-
IIUIO AHIOTEINS COCY/I0B, U3BMEPEHHYIO TI0 YPOBHIO
HKCIPecCun MoJiekyJ1 ajare3un [55]. B Mmozenu cun-
ZIpPOMa OCTPOTO BOCHATUTEIHLHOTO OTBETA BBI3BAHHOTO
BHYTPUBEHHBIM BBEJIEHUEM JIETANbHBIX W CcyOIre-
TasbHBIX /103 (hakTopa Hekposa omnyxosieir (TNF).
SkQ1 Takske CHUKAN BOCIAIUTENbHYIO aKTHBAIIMIO
supotenust [56]. MHTpamneputoHeaqbHoe BBeEIEHME
SkQ1 He TOJIBKO MOHMIKAJIO IKCIIPECCHIO MOJIEKYJI
A/IFe3MN B AHIOTEJINN COCYIOB, HO U MTPEIOTBPAIIAJIO0
rubesib Mbliel B aToit Mmogenn. [lonasaenue u3obi-

SkQ1 orally at a dose of 250 nmol /kg of weight per
day for 12 weeks, starting at 10 weeks of age. SkQ1 al-
most completely normalized wound healing in db/db
mice (Fig. 2, b). Histological analysis of wounds re-
vealed the same pathological changes in db/db mice
as in old animals. SkQ1 caused normalization of gran-
ulation tissue formation and abrogation of the inflam-
matory phase. SkQ1 effect of stimulation of
angiogenesis was particularly pronounced. In db/db
mice no inhibition of epithelialization of the wound
was observed but SkQ1 markedly accelerated this
process. An elongated inflammatory phase continued
in db/db to the same extent as in old animals, and the
SkQ1 administration normalized it. Probably, the ox-
idative stress accompanying diabetic pathology causes
impaired wound healing in many ways. SkQ1 signifi-
cantly accelerated the formation of granulation tissue
in diabetic mice without scar hypertrophy (Fig. 3, b).

Local Administration of SkQ1
Accelerates Reparative Processes
in Dermal Wounds in Rats

In the first series of experiments, rats were in-
jected subcutaneously daily with 50 pl of 200 nM
SkQ1 solution in the area around the wound. Sampling
of material for histological analysis was performed after
7 hours, 1—3, 5 and 14 days. A statistically significant
reduction in wound area was observed on the 5% day
of the experiment. Counting the number of neutrophils
in the early stages of wound healing showed a more
than twofold decrease in the number of neutrophils
after 7 hours in SkQ1 treated rats. In the maturation
phase of the granulation tissue, SkQ1 caused a 3-fold
increase in the number of myofibroblasts expressing
smooth-muscle beta-actin [54].

In a second series of experiments, wounds in the
Sprague-Dawley rats were covered with «Bioplene»
film containing 0.019 pg of SkQ1/g. Change of films was
carried out once in 3 days for 14 days. A statistically sig-
nificant reduction in wound area compared to the con-
trol was detected on the 4th and 7th days. Histological
analysis on the 14" day of the experiment showed that
in the wounds that were closed by this time, the animals
receiving SkQ1 contained thicker bundles of collagen
fibers than in the control that presumably caused by an
increased activity of myofibroblasts [54].

Studies of the Anti-inflammatory Effect
of SkQ1 in vivo

Aging is characterized by an elevated level of sys-
temic inflammation. In experiments with old mice,
long-term application of SkQ1 has been shown to re-
duce inflammatory vascular endothelial activation, as
measured by the expression level of the adhesion mol-
ecules [55]. In the model of systemic inflammatory re-
sponse syndrome (SIRS) caused by intravenous
administration of lethal or sublethal doses of tumor
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TOYHOI aKTUBAIIUY KJIETOK 9HOTEJINS, [10-BUANMOMY,
SIBJISIETCST OCHOBHBIM MEXaHU3MOM CHUIKEHUST HEHTPO-
(puabHON MHOWIBTPAIIUN PaH.

Heiicteue SkQ1 6bLIO MCCIEIOBAHO TaKKe B
MOJIEJISIX OCTPOTO aCEeNTHYECKOro Bocnanenus [54]. B
NEePBO MOJIeJIn BOCIIAJIeHe UHAYIIUPOBAIN ITyTeM
BBEJIEHUSI TI0JI KOKY B MEKJIONATOYHON 06JaacTu
MOKPOBHBIX CTEKOJ. Y MBbIIIElN, KOTOPBIE TIOJIYYan
SkQ1 B mose 250 HMOIIb Ha 1 KT MacChI TeJla e5KeHeB-
HO C IUTHEBOII BOJIOI B TeueHue 3 Hejleb 10 Olepa-
I[UY, KOJIMYECTBO HEUTPOMUIOB B 0UYare BOCIAIEHIS,
uaMepeHHoe yepe3 12 4 mocJie orepanuu, CHIKAIOCh
B 2 paza. OxHoBpeMeHHO 1101 AeiictBruem SkQ1 cymie-
CTBEHHO MOBBIIIAIOCh OTHOCUTEJNBHOE COJEPIKAHIE
MaKpodaros, YTO YKa3bIBAJIO HA YCKOPEHHBII [1€PEX0]
K MakpodarajbHOl CTaJUKU BOCIAJUTETHHON Peak-
nun. Yepes 2 cyT HENTPOUIIbI IPAKTUYECKU HCUe3a-
JIN M3 oYara BOCIAJIEHWs, KaK y MBbIIIEl, KOTOPbIe
noaydaau SkQ1, Tak u B KOHTpOJIbHOIL Tpymme. Ha
6osee mospHUX cpokax (5—14 cyT) HabI0AAI0CH
HakoIienue hubpobIaCTOB B 0Yare BOCAICHVS, TPU-
yeM SKQ1 CyIIecTBeHHO YCKOPSLI 9TOT IIPOLIECC.

Bo BTOpOIT MOIEN B MEXKIIONATOYHON 00JIACTH
MbIIIell  (OPMUPOBATM  TIOAKOXKHbBIE BO3IYIIHbBIE
MEIIKH U 4epe3 7 CyT UHIYIIUPOBAIN B HIX OCTPOE BOC-
najieHrie nHbekiueil 1% pactBopa kapparuHana. Jrta
MOJIENIb  SIBJISIETCST OJTHOM 13 OOIIENPUHSITBIX JIJIsT
JNOKJIMHUYECKOTO ¥ccyenoBanust acddekTuBHOCTH hap-
MalleBTUYECKUX TPOTHBOBOCIIATIUTEIbHBIX IIPENApaToB
[57] u o3BOIISIET MCCIEOBATD KAK KJIETOYHbBIE, TAK 1
IKCCYNATUBHBIE PEAKIINU B OYare MOJKOKHOTO BOCIIA-
JieHyst. Y Mbiieii, mosrydasimmx SkQ1 o Toil ke cxeme,
YTO U B TIPEIbIAYILE MOJIENI, COJIePKaHNe KJIETOK BOC-
HaJIeHusI B 9KCCyZIaTe, TOJYIeHHOM Yepes 4 yaca 1mocJie
BBe/IEHIsI KapparnHana, ObLI0 CHUYKEHO MOYTH B 2 pasa
10 cpaBHeHMIO ¢ KOHTposeM [58]. Okoso 90% KieTok
B 9KCCyZIaTe cocTaBsuin HeiTpoduisl. ComepskaHue
OCHOBHBIX 1PO-BOCIIJINTEIbHBIX UTOKMHOB TNF 1
IL-6 nox neiictBuem SkQ1 cHuxKam0Ch, HO 9T0T 9hDEKT
6b11 HeboubIIM. BoJee Beipaxennbie addexto SkQ1
HabJIIO/IAJIUCh B TOI ke MOJIEJIU, HO TIPK BHYTPUGPIO-
IMIMHHOM BBeJeHuu mperapara (250 HMOJIb/KI MacChl
TeJla) eXKeTHEBHO B TeUeHMe 7 CyT 10 MHIYKIIUU BOCTIA-
nenus [58]. Takum o6pasom, SkQ 1 BbI3bIBAJI CHUKEHIE
MHTEHCUBHOCTH MPUBJIEYEHUsT HENTPOPUIOB B ovar
BOCIIAJIEHUST U, B MEHBIIIEI CTENeHM, CHIKAI ITPOIYK-
U0 IPOBOCITAJIUTEIbHBIX IIUTOKUHOB.

B Mo/1eJ11 BO3/IyIITHOTO MeIKa ObLIO NCCIIeN0Ba-
HO co/iepsKaHue KJIETOK BOCIATIEHUsT B BBICTUJIAIOINX
TKaHsX. BbLIO MOKa3aHo, 4To YNCJIEHHOCTh HelTpodu-
JIOB B BepXHEIl BHYTPeHHEI BBICTUJIKE «BO3/LYIITHOIO
MeIKa» Y MblIel, mojrydasiumx SkQ1, 6p11a cHuKeHa
B 1,5 pasa 1o cpaBHeHUIO ¢ KOHTPOJIeM. B TO ske Bpemst
OTHOCHTEJIbHOE COJIepIKaHIe MOHOIIUTOB,/MaKkpoda-
rOB B BBICTUJIKE y MbIlIel, nosaydasiuux SkQ1 6b110
JOCTOBEPHO BBIIIIE, YeM B KOHTPOJIbHOW. DTU JaHHbIE
CBUZETENbCTBYIOT 0 TOM, 4yTo SKkQ1 cnocoberByer
GoJiee GBICTPOMY TIEPEKIIOYEHIIO K MAKpOdaraibHoii
CTa/INN BOCTIAJTUTENBbHOM peakiuu [58].

necrosis factor (TNF) SkQ1 also reduced inflamma-
tory endothelial activation [56]. The intraperitoneal
administration of SkQ1 not only reduced the expres-
sion of the adhesion molecules in the vascular en-
dothelium, but also prevented the death of mice in this
model. Suppression of excessive activation of endothe-
lial cells appears to be the main mechanism for reduc-
ing neutrophil infiltration of wounds.

The effect of SkQ1 was also investigated in mod-
els of acute aseptic inflammation [54]. In the first
model, inflammation was induced by inserting under
the skin in the interscapular region of the cover
glasses. In mice that received SkQ1 at a dose of 250
nmol per 1 kg of body mass daily with drinking water
for 3 weeks prior to surgery, the amount of neutrophils
in the inflamed area, measured 12 hours after surgery,
was reduced by a factor of 2. Simultaneously, in SkQ1
treated animals, the relative content of macrophages
significantly increased, which indicated an accelerated
transition to the macrophage stage of the inflamma-
tion. After 2 days neutrophils practically disappeared
from the inflamed area, both in mice that received
SkQ1 and in the control group. At later periods (5-14
days), the accumulation of fibroblasts in the inflamed
area was observed, and SkQ1 significantly accelerated
this process.

In the second model, subcutaneous air sacs were
formed in the interscapular region of mice and after 7
days acute inflammation was induced in the sacs by
injection of a 1% solution of carrageenan. This model
is one of the generally accepted for preclinical studies
of the effectiveness of anti-inflammatory drugs [57]
and allows to study both cellular and exudative reac-
tions in the subcutaneous inflamed area. In mice that
received SkQ1 in the same way as in the previous
model, the content of inflammatory cells in the exu-
date obtained 4 hours after the administration of car-
rageenan was reduced almost 2-fold compared to the
control [58]. About 90% of the cells in the exudate
were neutrophils. SkQ1 induced decrease in the con-
tent of the main pro-inflammatory cytokines TNF and
IL-6, but this effect was not large. More significant ef-
fects of SkQ1 were observed in the same model using
intraperitoneal administration of the drug (250 nmol
/ kg body mass) daily for 7 days before induction of
inflammation [58]. Thus, SkQ1 caused a decrease in
the intensity of neutrophil infiltration into the in-
flamed area and, to a lesser extent, reduced the pro-
duction of pro-inflammatory cytokines.

In the air sac model, the content of inflammatory
cells in the lining tissues was examined. It was shown
that the number of neutrophils in the upper inner lin-
ing of the air sac in mice receiving SkQ1 was reduced
by 1.5 times in comparison with the control. At the
same time, the relative monocyte / macrophage con-
tent in the lining in mice treated with SkQ1 was sig-
nificantly higher than in the control. These data
suggest that SkQ1 promotes faster transition to the
macrophage stage of the inflammatory response [58].
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B roii ske Moziesin ObLITO UCCIeI0Ba-
Ho Biauanue SkQ1 Ha coxepkaHue u
AKTUBALIUIO TYYHBIX KJIIETOK B OYare BOC-
nayieHust. B Monesn Bo3iyHoro Memmka
GBLJIO TIOKA3aHO, YTO OOIIast YMCIECHHOCT
TK 1 B 0ocOGEHHOCTH COJIEPKAHNUE IeTpa-
nymupytomux TK B BepxHeil BHyTpeH-
Hell BBICTUIIKE ObLTa CHIKEHA Y MBITITEH

nosyyasmmux SkQ1 ¢ nurbeBoil Bogoi Injury

[57, 58]. Kak u B ciyyae Heiitpoduios, i

6osiee BoIpaxkeHHoe BaugHue SkQ1 ma

||
Targets:
Neutrophils Targets;
Macrophages Fibroblas
Mast cells Epitheliocytes
Endothelium Endothelium
Microorganisms
5| Infl i Proliferation Remodeling
minutes 0-5 days 3-12 days 3 days-6 months

cojiepskaHue u crernedb aktupaun TK
HaOJIIOJIATIUCH B TOW JKe MOJIeJ, HO IIPU
BHYTPUOPIOIIMHHOM BBEJICHUH TIPETapa-
ta [59]. Uccnenoanusi in vitro (cm
HIKE ) IOATBEPNIIN [TOIABJIEHE JIerpa-
uyssauuu TK o geiicreuem SkQ1. Otu
HaOJIIOJIEH ST TTO3BOJISIIOT TIPE/IIOJIATATD,
uyto SKQ1 ahPeKTUBHO MOHMIKAET AKTH-
Baiio TK B panax, uTo mnpezoTspaniaer
TUCTAMUH-3aBUCUMOE TIOBBIIIIEHNE TTPO-

MeCAILbI.
HUITa€MOCTH COCYIOB 1 OT€YHOCTb. 1

MexaHu3MbI CTUMYJISIIUH
pereHepaTUBHBIX IPOLECCOB
noz aeiicrBuem SkQ1

K nacrostiiemy BpemMeH# ycraHoBseHo, uto SkQ1
OKa3bIBaCT BJIMSHUE KaK HA BOCIIATIMTEIBHYIO (ha3y paHo-
3Q)KMBJICHUS, TaK M Ha TPOJUMEPATUBHYIO CTaJHIO.
Murensmu SKQ1 ABIAIOTCA KJIETKM PasHbIX TUIIOB,
OTBETCTBEHHbIE 32 paHo3akuBJeHue. Hirke pencrasiie-
HbI OCHOBHbBIE PE3YJIBTAThl NCCJIC/IOBAHIS MEXaHU3MOB
neiictesg SkQ1 Ha 3aKuBIIeHYe paH in vitro (Puc. 4).

[lng wuccieoBaHus MEXaHU3MOB JIeHCTBUS
SkQ1 Ha BOCHAIMTENIBHYIO aKTHBALUIO DHIOTENNS
OBbIIM MCITIOJIH30BAHBI KYJIBTYPhI KJIETOK JHIOTENS,
aktuBupoBaHHbie TNE, ocHOBHBIM ITPOBOCTIAJINTEH-
HBIM ITUTOKMHOM. BblJI0 ycTaHOBJIEHO, YTO:

1) SkQ1 nogasisger TNF-3aBucumyIo skcipec-
CHIO MOJIEKYJI QJITe3UN U UX DKCITO3UIINIO HA [TOBEPX-
HocTH kietok. Kak ciencrsue, o aeiicrBuem SkQ1
CHUKAeTCs a/ire3usi HEUTPOMUIOB K MOHOCJIOIO KJle-
TOK aHJ0TeHS |55, 56].

2) SkQ1 nogasasier TNF-3aBucumyio axcpec-
CHIO TIPOBOCIIAJIUTEIBHBIX [IMTOKKUHOB [55, 56].

3) SkQ1 npenorspamniaer TNF-3aBucumoe Hapy-
IEHKE [[UTOCKeeTa U Pa3bopKy MEKKIETOUHBIX KOH-
TAaKTOB, YTO BeJET K HapYyIIEHUIO HW30JUPYIONUX
CBOWCTB aH0TEN NS [S6].

4) IlporusoBocnanutenbtoe neiicteue SkQ1
olpeiesIsieTCs MoJaBICHUEM aKTUBHOCTH TPAHCKPHII-
nuoHHoro dpakropa NFkB, koTopblili KOHTpOIpYyeT
akcnpeccuio MosekyJs aareaun 1 MMP-9, paciern-
JISTIOTIHI OCHOBHOI O€JIOK MEKKJIETOYHBIX KOHTAKTOB
VE-kanreput [56].

5) SkQ1 samuinaer KIeTKN 9HIOTEIUS OT aIlOII-
TOTUYECKOI rubesH, BHI3BAHHON BLICOKUMHU J[03aMU
TNF [60].

Puc. 4. OcHoBubie Mumienu neiictBust SkQ1 Ha npouecc paHo3asKUBJIEHHS.

Fig. 4. The main targets of SkQ1 action in wound healing.

Note. SkQ1 accelerates resolution of inflammation and promotes proliferative phase.
Explanations are given in the text.

IIpumeuanne. SkQ1 croco6eTBYET pa3penieHn o BOCIATICHUS 1 MPOXOKACHUIO PO~
snudepatuBHoii haswl. [loscuenus npusenensl B Tekcte. [njury — nospexaenue; He-
mostasis — remocras; Inflammation — Bocnanenue; Proliferation — nposmdepanust,
Remodeling — pemogenunr; Targets — mumenu; Neutrophils — weiirpodubr;
Macrophages — makpogaru; Mast cells — tyunbie kinerku; Endothelium — sugore-
smit; Microorganisms — Mukpoopranusmbl; Fibroblasts — ¢pu6po6:racter; Epithelio-
cytes — snuresmanbubie kaetky; Endothelium — suporenmii; days, months — cyTkn,

In the same air sac model, the effect of SkQ1 on
the mast cells (MC) in the inflamed area was inves-
tigated. It was shown that the total number of MCs,
and particularly the content of degranulated TCs in
the upper inner lining tissues, was reduced in mice
that received SkQ1 with drinking water [58]. As in
the case of neutrophils, more significant effects of
SkQ1 on the content and degree of activation of MC
were observed when intraperitoneal administration
of the drug was employed [59]. In vitro studies (see
below) confirmed the suppression of MC degranula-
tion by SkQ1. These observations suggest that SkQ1
can effectively reduce MC activation in wounds,
which prevents histamine-dependent vascular per-
meability and tissue swelling.

Mechanisms of Regenerative Processes
Stimulation Induced by SkQ1

To date, it has been established that SkQ1 accel-
erates both the inflammatory phase of wound healing
and the proliferative phase. SkQ1 targets the different
cell types responsible for wound healing. Below the
main mechanisms of SkQ1 action on wound healing
using the in vitro studies data is proposed (Fig. 4).

To study the mechanisms of SkQ1 action on in-
flammatory activation of the endothelium, endothelial
cell cultures were activated by the major pro-inflam-
matory cytokine, TNF. It has been found that:

1) SkQ1 suppresses TNF-dependent expression
of the adhesion molecules and their exposure at the
cell surface. As a consequence, the adhesion of neu-
trophils to the monolayer of endothelial cells decreases
under SkQ1 action [55, 56].

2) SkQ1 suppresses TNF-dependent expression
of pro-inflammatory cytokines [55, 56].
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OmnucaHHoe BbIIIIe IIPOTUBOBOCIIAIUTEIBHOE JIeii-
creue SkQ1 Ha aHAOTEII BO MHOTOM O0BSACHSIET CHHU-
JKeHre nHpUABTpau HeuTpoduioB B panbl. OHAKO
YCKODPEHHBIIT epexoj K MAaKpodaraabHO CTaJuu BOC-
HaJIUTeIbHON peakiiy Hab 0 AABIIMIAC IO A€iCTBU-
em SkQ1 in vivo ykasblBaeT Ha BO3MOMKHOE y4acTue
MuToADK B peryJsiium ak THBHOCTH HEUTPODUIOB U
IPYTUX UMMYHHBIX KJIeTOK. Ha MMMYyHHBIX KJIeTKax
4eI0BeKa ex vivo GBI YCTAHOBJIEHO, UTO:

1) SkQ1 cTuMyaupyer Kak CIIOHTAHHBII aIlol-
TO3 HEHTPOMUIOB, TaK U, B 0OCOOEHHOCTH, alloNTO3,
YACTUYHO MOJABJIEHHBIN MOJ JEHCTBUEM IAaTOTeH-
ACCOIMUPOBAHHBIX CUTHAJIBbHBIX MoJsiekyan (PAMP)
[56] niu curHANTBHBIX MOJIEKYJI, CBSI3AHHDIX C TIOBPEIK-
nernnem (DAMP) [55].

2) SkQ1 noxasasier akrusarmio HAITDH oxcu-
J1a3bl ¥ CBSI3AHHBII C 9TUM OKUCIUTEBHBII B3PbIB IIPU
AKTUBAIMK HEUTPODUIOB KOMIIOHEHTAMU, UMUTH-
pylomuMu GaKTepuaibHble IaToreHsr [56].

3) SkQ1 unrubupyer sK30LUTO3 (AErpPaHyis-
I[UI0) BHYTPUKJIETOUYHBIX BE3UKYJ IIPU AKTUBAIUK
HeiTpoduios [56]. CxonHoe noiaBeHme aerpanyJisi-
uu oz geidcrereM SkQ1 Hab/04a10Ch B TYYHBIX
kieTkax [61].

4) CrpykrypHO cxomaublii ¢ SKQ1 MuToxXoHApH-
aJIbHO-HAIPABJIEHHbI aHTHOKCUAAHT MitoQ nHrubu-
POBAJI TIPOLYKIINIO TPOBOCIIAIUTEIbHBIX IIUTOKUHOB 1
HOBBIIIEHUIO TIPOAYKIIMK TPOTUBOBOCIAIUTEBHBIX
1TOKUHOB (c1BUT K (heHoTHy M2) B Makpodarax [41].

[lonaBnenrie akKTUBHOCTU HEUTPOMUIOB MO
neiictreM SkQ1 MOKeT IpensTcTBOBaTh UX OaKTe-
PUIIIHOMY JeiicTBUIO. B Toske BpeMst ycTaHOBIIEHO,
4TO BBICOKME KOHIeHTpauuu SkQ1 obmazaior aHTH-
CEeNTUYECKUM [IefICTBUEM TIPOTHUB IIMPOKOTO KPyra
I'pam-nostokuTenbHbIX U [paM-0TpHULIATENHHBIX OaK-
tepuit [62]. Takum o6pasom, SKQ1 npu noKaIbHOM
PUMEHEHUU MOJKET CIOCOOCTBOBATH YHUUTOKEHUIO
HAaTOTeHHBIX MUKPOOPTAaHU3MOB B PaHe, KOMIIEHCUPYSI
HEJOCTATOK HENTPO(UIOB.

Vccnenosanus Mexannsmos geiictsust SkQ1 Ha
pOXoKeHue nposrdepaTuBHON (a3l paHO3AKIB-
JIEHU TTOKA3aJIH, 4TO:

1) B kyzabrype mnoakoxubx (Gudpobaactos
yestoBeka SKQ1 BoisbiBaer gudepPeHIUPOBKY YacTh
nonysiin (okosio 30%) hubpobractos B Muohuo-
pobuactsl [63]. DT0T ahdeKT ObLI CBA3AH C AKTUBA-
mueit TGFB1, ocHOBHOTO IUTOKUHA, PETYIUPYIONIETO
maddepeHInpoBKy GubpobaactoB. Bmecte ¢ Tem
SkQ1mnomasasier HakorieHue MuoGUOPOOGIACTOB,
Boi3Bantoe n3bbitkom TGFE(1, mnrunbupyst TGES1-
3aBUCHMbIC CUTHAJIbHBIE TTYTH [63]. DTH TaHHBIE COOT-
BETCTBYIOT OTCYTCTBHIO TUIIEPTPOGUPOBAHHBIX PYO-
OB ¥ WHBIX TPU3HAKOB (GUbOPo3a y KUBOTHBIX
nosnyuasimx SkQ1;

2) SkQ1 crumysaupyer moABUKHOCTH (HuOPO-
6JIaCTOB B MOZEJIN <PAHbI» i1 vilro IPU TUIIEPIJIAKe-
mun [51];

3) SkQ1 crumyaupyer aHTHOTEHES in vitro Gia-
rofiapst aktusaiu B pudpodiacrax TGFB1 u ctumy-

3) SkQ1 prevents TNF-dependent disruption of
the cytoskeleton and disassembly of the intercellular
contacts, which leads to permeabilization of the en-
dothelium [56].

4) The anti-inflammatory effects of SkQ1 are re-
lated to inhibition of the pro-inflammatory transcrip-
tion factor NFkB, which controls the expression of the
adhesion molecules and matrix metalloprotease
MMP-9. The latter cleaves VE-cadherin, the main
protein of the intercellular contacts [56].

5) SkQ1 protects endothelial cells from apop-
totic death caused by high doses of TNF [60].

The anti-inflammatory effects of SkQ1 on the
endothelium largely explain the reduction of neu-
trophil infiltration into the wounds. However, the in
vivo SkQ1-induced accelerated transition of inflam-
mation reaction toward the macrophage stage demon-
strates the possible involvement of mitochondrial
ROS in regulation of the activity of neutrophils and
other immune cells. Experiments using human im-
mune cells ex vivo have found that:

1) SkQ1 stimulates both spontaneous apoptosis
of neutrophils and, in particular, apoptosis, partially
suppressed by PAMP [56] or DAMP [55].

2) SkQ1 suppresses the activation of NADPH
oxidase and the associated oxidative burst when neu-
trophils are activated by compounds that mimic bac-
terial pathogens [56].

3) SkQ1 inhibits the exocytosis (degranulation)
of intracellular vesicles upon activation of neutrophils
[56]. A similar suppression of the degranulation by
SkQ1 was observed in mast cells [61].

4) MitoQ, a mitochondria-targeted antioxidant
structurally similar to SkQ1, inhibited production of
pro-inflammatory cytokines and increased production
of anti-inflammatory cytokines (shift to M2-pheno-
type) in macrophages [41].

Suppression of neutrophils activity by SkQ1 can
prevent their bactericidal effect. It was found that
high concentrations of SkQ1 have an antiseptic effect
against a wide range of Gram-positive and Gram-neg-
ative bacteria [62]. Thus, local application of SkQ1
contributes to the destruction of pathogenic microor-
ganisms in the wound, compensating the deficit of
neutrophils.

Evaluation of mechanisms of SkQ1 action in the
proliferative phase of wound healing demonstrated
that:

1) In the culture of human subcutaneous fibrob-
lasts, SkQ1 causes differentiation of a part (approx.
30%) of fibroblasts toward myofibroblasts [63]. This
effect was associated with the activation of TGFf1,
the main cytokine regulating the differentiation of fi-
broblasts. At the same time, SkQ1 suppresses the ac-
cumulation of myofibroblasts caused by an excess of
TGFf1, inhibiting TGFS1-dependent signaling path-
ways [63]. These data correspond to the absence of hy-
pertrophic scars and other signs of fibrosis in animals
receiving SkQ1.
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JISIIIUY CUHTE3a APYTUX (GaKTOPOB POCTA, IPUBOISIIINX
K YCKOPEHHIO POcTa cocy/10B [52].

4) SkQ1 crnocobCTBYET YCKOPEHUIO SIINTEIN3a-
I[UU B MOJIEJTM «PAHbI» B MOHOCJIOE KJIETOK UMMOPTA-
JIN30BAHHO JINHUU SMUTENUST KPBICHI, YCKOPSIST MUT-
pAIUIO ATUX KJIETOK K KpasiM «paHbl» [54].

3akiaoyeHue

MuToXoHAPUU UTPAIOT OTIPE/EIAIONIYIO POJb B
(hopmupoBaHUN OKMCIUTENBHOTO CTPECCA, KOTOPBIi
ABJIAETCS KIIOUEBBIM (haKTOPOM MaToreHe3a TpyAHoO-
3aKMBAIOMIMX ¥ XPOHUYECKUX paH. Boicokoaddek-
TUBHBI MUTOXOHIPHAIbHO-HAIIPABICHHDLIN aHTH-
okcugant SkQ1 cruMyanupyer 3akuBAeHIE KOKHBIX
paH, JIeMiCTBYS Ha BOCTIATUTEIbHYIO U Tposudepa-
TUBHYIO (pa3bl paHO3aKUBJICHUSA B PA3JIUYHBIX dKC-
MepUMEHTATbHBIX MOJIEJISAX i1 0ivo U in vitro. ViMetoT-
cd OCHOBaHUWA TIIoJaraThb, YTO TIpemapaTbl s
JIOKQJIbHOW Tepanuu TPYAHO3AKUBAIOIINX PaH Ha
ocuose SkQ1 nocayxar spHEKTUBHBIM CPeICTBOM
GOpBOBI ¢ JINTENBHO HE3aKUBAOIUMI PAHAMU Y
Pa3HBIX KaTETOPUH MalMeHTOB, B TOM 4HCJe — TIPU
caxapHoM guabere, a Takyke y MalueHToB ¢ XpOHuYe-
CKUMU KPUTUYECKUMU COCTOSTHUSAMU U PEIUANBU-
PYIOIUMU UHQPEKITUAMHU.

Baaromapuocru. PaGora BbITIONHEHA TIPH TIO]I-
nepskke Poceniickoro Hayunoro @owa, mpoekT Ne 14-
50-00029 (pasmesbl 0630pa ¢ OIbITaAMK Ha ;KHBOTHBIX )
a Takske mpu mojepkke mpoekta PODU Ne 16-04-
01074_a (paszmessl 0030pa ¢ onbITaMu in vitro). Otaeib-
Hast Giaroapocth A. [IpUX0bKO 32 KPUTHYECKOE MTPO-
YTEeHKE TEKCTa ¥ TOMOIIb B pabOTe € PUCYHKAMH.
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4) SkQ1 promotes epithelization in the
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Conclusion

Mitochondria play a critical role in the forma-
tion of oxidative stress, which is a key factor in the
pathogenesis of wounds with impaired healing and
chronic wounds. Highly effective mitochondrial an-
tioxidant SkQ1 stimulates the healing of cutaneous
wounds by accelerating both the inflammatory and
the proliferative phases of wound healing in various
models in vivo and in vitro. Reviewed data suggest
that SkQ1-based topical drugs for the local wound
healing possess high potential to become effective
treatment for wounds with impared healing in pa-
tients suffering from diabetes, chronic critical illness
and recurring infections.
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ObIIAA PEAHUMATOJOINA

Hayuno-npaxkrudeckuii skypHais «O01as peaHinMaToN0T s,
Bxozstmuii B nepeuerb BAK PD, B Scopus u apyrue 6a3bl JaHHBIX,
Ipe/iHasHavyen JJisi Bpaueil aHecTe3noI0roB-PeannMaToI0roB U HAyYHbIX COTPYIHUKOB.

Tematuka JKYpHaJIa: MaTOTe€HE3, KIIMHNKA, INarHOCTUKA, JIEeYCHNE, HpOCI)I/IJIaKTI/IKa 1 IIaTOJIOTHYECKAad aHAaTOMU A
KPUTHUYECKUX, TEPMUHAJIbHBIX W TMOCTPpEaHUMAIIMOHHDBIX COCTOﬂHI/IfI; OKa3aHue I[OI‘OCHI/ITH.JII)HOfI TImoMomun 1pu
KPUTUYECKUX COCTOAHUAX; o6yquMe HacejieHUuA U MEJUIMHCKOTIO IIepCoHaJla IIpueMaM OKa3aHuA HEOTJIOKHOMN
ToMomu 1mpu KpUTHIECKUX COCTOAHUAX; OIITUMU3allNA pa6OTI)I OPMT, IOpuan4eCcKrue n 3TU4YeCKrue BOIIPOCHI B

obmactu AHECTE3NO0JIOTUN-PEAHUMaTOJIOT .

Aynuropusi: sedeGHble yUPEsK/eHs; BbICIIMe yueOHble 3aBe/leHIs MEANIIMHCKOTO TIPOMIIIS; MeAUIIUHCKIE
VUPEKIEHUS MIOCTIEAUTIIIOMHOTO 0OpasoBaust, DeziepasibHble U PErMOHAIbHBIE OPTaHbl YIIPABJICHUS 3/[PAaBOOXPAHEHUEM,
MEIUIIMHCKUE HAYYHO-UCCIIE0BATEIbCKIUE HHCTUTYThI; MEAUIIUHCKUE OUGINOTEKH.

IOAIINCKA

B mo60om nourosom OT/JCJIEHUH CBS3U 110 KaTaJaory «KHI/II‘a-CepBI/IC»
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