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Pesome

O6ocHoeaHue. Ynpas/eHue penapdmugHbIM NPOYECCoM — AKmya/bHasl 3a0aya cospemeHHoll MeduyuHbl. I1o
HaweMmy MHeHU, nepcnekmueHa paspabomka namozeHemu4ecku 060CHOBAHHBIX N00X0008 K onmuMu3ayuu
npoyecca penapayuu 015 ynpas/aeHusi 63aumM0CO0OMHOUEHUEM KAeMOYHO-CMPOMAAbHBIX 31emMeHmos8. O0OHUM U3
nepcneKmMugHbIX Hanpas/aeHull 8 IMoM niaaue sigasemcs 8osdeticmsue Ha MAPK-kackadbi.

Leaw. M3yuumb skcnpeccuto MAP-KUHA3HbIX MEXAHU3MO8 8 pe2yAsayuu penapayuu Ha npumepe KOXCHO-Mbluley-
HOUl paHblL.

Memodul. JIluHeliHyH0 KOHCHO-MbIWEYHYI0 PAHY MOO0eAupo8aau C UCn01b308aHueM Kpulic AuHuu Wistar eecom
220-250 2 8 sospacme 9 mecayes (n = 24). [Iposoduau UMMyHOPA00pecyeHmHoe OKpawusaHue 015 8bls18/1€HUS
akmugHocmu p38-, INK- u ERK MAPK-kackados c cpoku om 1 do 30 cymok.

Pe3ynbmambl. YcmaHos/1ieHo, ¥mo cneyuguieckoe okpawusaHue 8 06s1acmu opmMuposarusi coeduHumeabHol
mkaHu npu okpacke Ha p38 MAPK u eé gpochopunuposaHHyto hopmy enepg8vie ommeveHo Ha 3-U Cymku, U Ha
amom Jce CpoK npuxoduaacb MaKCuMaabHas eé gvlpaxceHHocms, Ha 7-e u 14-e cymku MUHUMA/bHO OKpa-
wueanuch Hebobwue 30Hbl 8 06.1acmu gopmuposaHus pybya. PocgopuauposanHas yacme J[NK-kackada 8
30He MpasmMamu4ecko20 noepexcdeHus 8bls18/141aCb, HA4UHAas ¢ 1-x cymok nocse mpasmul. AApkasa okpacka
coxpaHsiaacs Ha 3-u cymku. Ha 7-e cymku okpacka 6bl1a MUHUMAAbHOU, a kK 14-M cymkam Habaodanacs
emopas 8oHa akcnpeccuu. OkpawusaHue Ha ERK ommeyanocs ¢ 1-x u do 14-x cymok ¢ nukom akmugHocmu
Ha 3-u cymku

3akarouenue. Takum 06pasom, HAMU 8bls18/1€HO 0OHOBPEMEHHOE 808./1€4eHUe 8 pe2yAayUur0 penapamueHozo npo-
yecca 8 ycaA08UsiX KOHCHO-MblwevHol paHbl p38-, INK- u ERK-kackados. [Ipu amom obpawaem Ha ce6si BHUMAHUE,
4mo nukosasi akmusHocMsb 8cex Kackados coenadaem u hpuxodumcsi Ha 3-U Cymku.
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Abstract

Background. Management of the reparative process is an urgent task of modern medicine. In our opinion, the devel-
opment of pathogenetically grounded approaches to optimizing the repair process for managing the interrelations of
stromal cells is promising. One of the promising areas in this regard is the impact on the MAPK-cascades.

Aim: to study the expression of MAP-kinase mechanisms in the regulation of repair by the example of a musculocuta-
neous wound.

Methods. A linear muscular skin wound was modeled using Wistar rats weighing 220-250 g at the age of 9 months
(n = 24). Immunofluorescence staining was performed to detect the activity of p38, INK, and ERK MAPK cascades from
1 to 30 days.

Results. It was established that specific staining in the area of connective tissue formation during staining with
p38 MAPK and its phosphorylated form was first observed on the 3rd day, and its maximum severity occurred at
the same time. On the 7th and 14th day, small zones in the area of scar formation were minimally stained. The
phosphorylated part of the [NK-cascade in the zone of traumatic injury was detected starting from the 1st day
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after the injury. Bright color persisted on the 3rd day. On the 7th day, the color was minimal, and by the 14th day
a second wave of expression was observed. ERK-staining was observed from the 1st to the 14th day with a peak

activity on the 3rd day.

Conclusion. Thus, we revealed the simultaneous involvement of p38, JNK-, and ERK-cascades in the regulation of the
reparative process in the conditions of a musculoskeletal wound. At the same time, it is noteworthy that the peak activ-

ity of all cascades coincides and falls on the 3rd day.

Key words: MAPK, healing process, adhesive process, p38 cascade, [NK cascade, ERK cascade.
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OBOCHOBAHUE

B nocnepHee gecatunetue B cBA3W C OYpHbIM pa3Bu-
TUEM pereHepaTUBHOW MeANLHbI OCTUMHYTbl 3HaYVIMble
ycrnexu B BOCCTaHOBMIEHUN GYHKLUM OPraHoOB U CTPYK-
TYypbl OPraHoB, NOABEPKEHHbIX XMPYPruyeckoMy Bme-
waTtenbcTBy. OQHAKO NpY 3TOM Ha BTOPOW MiaH OTXoAAT
n3MeHeHnA B 06nacTn Npon3BOAUMOro ONepaLMoHHOro
pa3pe3sa. B 10 e BpemMA BO3HUKaOLWME N3MEHEHUS KOXN
M noanexawmx TKaHel B 061acTu onepauoHHON paHbl
B nocnegytouiemMm npuBoaAaT NauMeHToB K Heobxoanumo-
CTU obpalaTbCa ANA KOPPEKLUN NOC/IeonepaLoHHbIX
MU3MEHEHUI K MnacTuyeckum xmpypram [1]. Hanbonee
Bblpa)keHbl JaHHble NPOABNEHNA Y NNL, CO CKIOHHOCTbIO
K runepnnacTmyeckum npoueccam (obpasoBaHue Kesno-
MAHBIX PYOLOB) M B MPOTUBOMONIOKHOW MNocTacy — npu
3aMeANIeHnAX penapaTuBHOro npotecca u GopmMmpoBaHmm
HeCoCToATeNIbHOCTU WBa [2].

Mpu aHanu3e natoreHesa paHeBOro npouecca Hamu
6bIN0 OOpalLeHO BHUMaHKE Ha TO, YTO MPaKTUYECKN BCe
CTVMMYJTbI, MHALMANM3npyowmne penapaymio npy paHeBom
npouecce, peanusyoTca yepes cuctemy Kackagos MAP-
KunHa3s (mitogen-activated protein kinase), obecneunsatoLmnx
CBA3b MeXAy CTUMYNALUeN peLenTOPHOro NoA KNeTKn 1
AKTMBaLMEN SKCNPeCccun reHoB, 3amnycKaLmx NpoLeccol
nponudepaumm, auPPepeHUNPOBKM U CUHTE3A BHEKNIETOY-
Horo BewecTsa [3, 4, 5].

OpfHoOW 13 aKTyanbHbIX TPO6IEM 3a>KUBNIEHWA PaH KOXU
ABnaetca GopmMrpoBaHme rmnepTPoGUUECKX KOXKHbIX py6-
LoB. CoBpeMEHHbIe flaHHbIe MO3BONAOT NPEANONOXKNTb, UTO
akTnBauua MAPK (ERK1/2, p38, JNK) urpaet ponb B natore-
He3e pa3BMTUA 3TOro cocToAHuA [6, 7, 8,9, 10].

Mo HaweMy MHEeHMIO, MepCrneKTBHA pa3paboTka na-
TOreHeTnYeckn 060CHOBaHHbIX NMOAXOAO0B K ONTMMMU3aLMM
npouecca penapauuy B 30He MOBPEXAeHNA ANA ynpaBieHna
B3aVIMOCOOTHOLLEHNEM KNETOYHO-CTPOMaJIbHbIX 3/1EMEHTOB
1 CO3[aHVEeM HaMeUYeHHOWN ONTUMAaIbHON ECTKOCTK $op-
MUPYIOLLENCA COeAUHNUTENBHON TKaHM C NCMONb30BaHNEM
MAP-KMHa3HbIX MEXaHN3MOB.

LEJIb NCCNIEAOBAHUA

M3yuntb akcnpeccnio MAP-KMHa3HbIX MeXaHM3MOB B pe-
rynAumm penapaymmn Ha npumepe KOXXHO-MbILLEYHOW PaHbl.

MATEPUAJIbl U METOAbI

MopgenvpoBaHue NMMHENHON KOXXHO-MbILLIEYHOWN paHbl

JIHEeHyY0 KOXHO-MbILLEYHYI0 paHy MOAENMpPOBanu C
ncnonb3oBaHnem Kpbic nuHum Wistar secom 220-250 r B
Bo3pacTe 9 mecAueB (n = 24). DKCNePUMEHT BbINOJIHANCA
B COOTBETCTBUU C HOPMAMM T'YMaHHOrO ObpalleHUns C Xu-
BOTHbIMW COIIAaCHO NPOTOKONY, ofobpeHHoMYy KomuteTom
no 3tuke MHLIXT. SkcnepumeHT nogpo6Ho onwncaH B 6onee
paHHUx nybnukaumax [11, 12]. Tpy MHTAKTHBIX XMBOTHbIX
CNY>KNIN B KaUeCTBe KOHTPOSIA.

@OparmeHTbl KOXKHO-MbILLIEYHOW paHbl 1 chOPMUPOBaH-
HOW Ha eé MecTe CoeAUHUTENIbHOW TKaHU GpUKCMpoBanu
pactBopom FineFix (Milestone, Tanus) gns nocneayowero
rMCTONOMMYECKOro U MMMYHOMOPGONOrMYecKoro nccre-
LloBaHuWA.

B KauecTBe nepBMYHbIX aHTUTeN NpumeHann p38 MAPK
Rabbit Monoclonal Antibody (Epitomics, Cat. N 1544-1, Lot
YE-02-12-11C), p44 MAPK (Erk1) (MAPK3) Rabbit Monoclonal
Antibody (Epitomics, Cat. N 3739-1, Lot YH111626), JNK1
Phospho (pT183) / JNK2 Phospho (pT183) / JNK3 Phospho
(pT221) (MAPK10) Rabbit Monoclonal Antibody (Epitomics,
Cat.N 3893-1, Lot YH122306C), p38 MAPK Phospho (pT180/
pY182) (MAPK14) Rabbit Monoclonal Antibody (Epitomics,
Cat. N 1229-1, Lot YH080601C). Ana ummyHodntoopec-
LeHTHbIX NCCIefOBaHNI MPUMEHANN BTOPUYHbIE aHTUTenNa
Alexa fluor 488 goat anti-rabbit IgG (H+L) (Invitrogen, Cat. N
11034, Lot 870976), Alexa fluor 568 goat anti-rabbit IgG (H+L)
(Invitrogen, Cat.N A-11036 Lot 757102). Agpa gokpaluvsanu
Hoechst 33342.

Busyanusauyuio cneunduryeckoro ceeveHmsa Gaioopox-
POMHBbIX METOK MPOBOAWAN Ha UCCIIeJOBATENbCKOM MUKPO-
ckone Nikon Eclipse 80i c npuctaskoi ans anudnioopecLieH-
umm DIH-M. NccnepoBaHme BbINOMIHEHO C UCMOMb30BaHMEM
o6opyposaHuma LK «dunarHoctnueckne n3obpaxeHus B
Xnpyprumms».

PE3YJIbTATbl NCCJIEQOBAHUA

Y ONbITHBIX XXMBOTHbIX NpoLecc popMUPOBaAHNA CO-
efVNHNTENbHOTKAHHOIO py6Lia Ha MecTe KOXHO-MblLLEeYHOW
paHbl COOTBETCTBOBAJI KAHOHAM Pa3BUTUA BOCMANUTeNb-
HOro OoTBeTa B YCNOBUAX acenTuyeckon paHbl. C 1-x CyToK
HauMHanacb HelTpodunbHaa dasa BocnaneHus, ¢ 3-x
cyToK — pnbpobnactuueckasn. K 14-m cytkam Habnoganacb
NonHaA aNMTenn3aLma paHbl, HAYMHANOCh CO3PeBaHNe Co-
eVIHUTENIbHOW TKaHWU.

Hamu nsyuena skcnpeccma aktuBHOCTY MAP-KHa3HbIX
KaCcKafoB MpU 3a)KMBNEHUN KOXHO-MbILIEYHOI paHbl.
NccnepoBaHbl Kackagbl p38 (mapkep — p38 MAPK) n ero
aKkTUBHas ¢ochopunnpoBaHHas YacTb (Mapkep — p38
MAPK Phospho (pT180/pY182) (MAPK14), akTnBHan
dochopunmpoBaHHas yacTb Kackaga JNK (mapkep — NK1
Phospho (pT183) / JNK2 Phospho (pT183) / JNK3 Phospho
(pT221) (MAPK10)), ERK-kackag (mapkep — p44 MAPK (Erk1)
(MAPK3)).

MocKoNbKy 3KCNpeccma AaHHbIX MapKepoB TeCHO
cBA3aHa C QYHKLMOHaNbHOWM aKTUBHOCTbIO KJ1ETOK, JIOrny-
HO OXMAaTb €€ N3MeHeHne B JMHaMMKe penapaTyBHOro
npotecca.

YCTaHOBNEHO, YTO Y OMbITHOW FPYMMbl XKMBOTHbIX CreL-
nduyeckoe okpalveaHve B obnact GopmMmpoBaHmA co-
eAVHNTENIbHON TKaHM Npu okpacke Ha p38 MAPK Bnepsble
OTMEYEHO Ha 3-1 CYTKW, N Ha 3TOT e CPOK Npuxoannacb
MaKCcMMasibHasa eé BblpaXXeHHOCTb. Ha 7-e n 14-e cyTku
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Puc. 1. TpeTbu cyTKy 3KCnepumeHTa. dkcnpeccusa p38 MAPK (a) n p38 MAPK Phospho (6) B o6nacTu paHbl. IMMyHodnioopecueHums. [Nepsuy-
Hble aHTUTena — p38 MAPK (Epitomics), BTopuuHble aHTUTENa, MeyeHHble Alexa Fluor 488, nepBuryHble aHTuTena — p38 MAPK Phospho
(Epitomics), BTopuuHble aHTUTeNa, MeueHHble Alexa Fluor 568, pokpalureaHue sgep Hoechst 33342, yB. x100.

Fig. 1. The third day of the experiment. Expression of p38 MAPK (a) and p38 MAPK Phospho (6) in the wound area. Inmunofluorescence. Primary

antibodies - p38 MAPK (Epitomics), secondary antibodies labeled with Alexa Fluor 488, primary antibodies — p38 MAPK Phospho (Epitomics),
secondary antibodies labeled with Alexa Fluor 568, nuclei counterstaining with Hoechst 33342, magnification x100.

MWHMMaNbHO OKpaLIMBanucb Hebosnblumne 30HbI B 061acTn
dbopmumpoBaHua pybua. AKTrBHaA dochopunmpoBaHHas
yacTb p38 MAPK oKpalumBanacb aHanormyHo CymMapHoi
OKpacke Ha p38 (puc. 1).

D®ocdopunuposaHHaa yacTb JNK-Kackaga B 30He
TPaBMaTUYECKOro MOBPEXAEHMA BbIABNANACh, HAYNHAA C
1-X CyTOK Mocsie TpaBMbl. fipKaa oKpacka CoXpaHAnacb Ha
3-n cyTKW. Ha 7-e cyTKn oKpacka 6bina MUHVMANbHOM, a K
14-m cyTKam Habnoganacb BTopas BonHa skcnpeccmm JNK
Phospho. OTcyTcTBUE OKpacky Ha 30-e CyTKM COBMagasno C
MOPHONOrMyeckM co3peBaHem pybLia B 30HE MOBPEX-
AeHua (puc. 2).

Puc. 2. TpeTbu cyTKkn aKkcnepumeHTa. Skcnpeccua JNK B obnactn
paHbl. UMmmyHobntoopecueHuusa. MepBuyHble aHTuTena — JNK1
Phospho (pT183) / JNK2 Phospho (pT183) / JNK3 Phospho
(pT221) (MAPK10) (Epitomics), BTOpuyYHble aHTUTeNa, MeYeH-
Hble Alexa Fluor 568, pokpaluvsaHve agep Hoechst 33342.

Fig. 2. The third day of the experiment. JNK expression in the wound
area. Immunofluorescence. Primary antibodies — JNK1 Phospho
(pT183)/INK2 Phospho (pT183) / JNK3 Phospho (pT221) (MAPK10)
(Epitomics), secondary antibodies labeled with Alexa Fluor 568,
nuclei counterstaining with Hoechst 33342.

OkpawwuBaHue Ha p44 MAPK otmeyanocb ¢ 1-x 1 go
14-X CYyTOK C MMKOM aKTMBHOCTU Ha 3-1 CyTKHM (puc. 3).

Puc. 3. TpeTbu CyTKM 3KCnepumeHTa. dkcnpeccna p44 MAPK (ErkT).
NmmyHodntoopecueHums. MepBuuHble aHTuTena — p44 MAPK
(Erk1) (MAPK3) (Epitomics), BTOp1YHble aHTWUTENA, MeYEHHbIe
Alexa Fluor 488, pokpawmsaHue agep Hoechst 33342,

Fig. 3. The third day of the experiment. Expression of p44 MAPK (Erk1).
Immunofluorescence. Primary antibodies — p44 MAPK (Erk1)
(MAPK3) (Epitomics), secondary antibodies labeled with Alexa
Fluor 488, nuclei counterstaining with Hoechst 33342.

3AKJIOYEHME

Takvm 06pa3om, Hamu BbIAIBNEHO OAHOBPEMEHHOE BO-
BleYeHue B perynauuio penapaTMBHOro npoLecca B yC/10BU-
AX KOXKHO-MblweyHo paHbl p38-, INK- n ERK-Kkackagos. MNpu
3TOM ObpalLaeT Ha ceba BHYMAHME, YTO NMUKOBas akTUBHOCTb
BCEX KaCKaZloB COBMAaAaeT v MPUXOANTCA Ha 3-1 CYTKM.

WNHTepecHOo, UTo B yCNIOBUAX aCeNTUYECKON KOXKHO-MbI-
LweyHon paHbl Ana p38- n ERK-kackagos xapaktepeH Bcero
OAMH MUK aKTUBHOCTY — Ha 3-U CyTKW, B TO BpeMsA KakK A
JNK-kackapa Habnoganoch fBa nvka — Ha 3-u n 14-e cyTKku.

Takum 06pa3om, MUK aKTUBHOCTY M3yyeHHbIx MAPK-
KacKkafoB COBMajaeT ¢ Hayanom ¢nbpobnacTnyeckon
¢da3bl BocnaneHus. MNo-sngrumomy, MAPK-kackaabl nrpatot
BaXXHYto posib B AnddepeHLmposke ¢pnbpobnacTos B 30He
acenTMYecKoro BOCMaseHna, YTo CornacyeTca ¢ AaHHbIMMN
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06 yuactum p38-, JNK- u ERK MAPK-KkackapoB B 3aXkuBne-
HUWN KOXKHbIX paH. B yacTHOCTW, MOKa3aHo, YTO UHIM6K-
poBaHuve p38 MAPK ¢ nomolblo Manbix MoneKyn 6bino
[OCTaTOYHbIM AnA ocnabnenua TGFB-onocpenoBaHHOM
akTuBauum ¢uobpobnactos [13]. A uHrnbmposaHue ERK1
/2 n JNK1 / 2 npuBOANT K 3HAUNTENIbHOMY CHV>KEHWIO
nponudepaunn n Murpaumm gepmanbHbix ¢rbépobnacTos
yenoseka [14].

MonyyeHHble faHHbIe MO AVHaMWKe akKTUBaLUW CUr-
HasbHbIX KaCKaJoB MO3BOJAT pa3pabaTbiBaTb CNOCOObI
HanpaBfeHHOW perynaunmy penapaTMBHOro npouecca B
06nacTu paHbl.
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