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METOOUKA YCKOPEHHOIO NMONYYEHUA MOAEJIbHbIX KULLEYHbIX BAPLEPOB /N VITRO

C. B. Hukynmn'? = A, A. MonoaHvkos!, . A. Caxapos?

" HaumoHanbHbI NCCNeaoBaTENsCKUM YHBEPCUTET «BbICLLas LWKona SKoHOMKMKM», Mocksa, Poccus
2 Hay4Ho-TexHU4ecKkuii LieHTp «BroKnnHukym», Mocksa, Poccust

[ns noBblLLEHNS dPPEKTUBHOCTN Pa3paboTKN NeKapCTBEHHbIX MPenapaToB HEOOXOAMMO YBENMYMBATE MPON3BOAUTENBHOCTL 3KCMEPUMEHTOB, MPOBOAVMBIX
Ha [AOKMHMYeCKo cTaaun. CyLLeCTBEHHbIM HELOCTaTKOM UCTONb3YEMbIX Ha CErOAHALLHUA AeHb in vitro Mopenei KuwevHoro 6apbepa SBMSETCA CKOPOCTh
06pasdoBaHns HYHKLMOHAIBHOMO MOHOCNOS SHTEPOLWMTOB CO CPOPMUPOBABLUMMMNCS MAOTHbIMM KOHTakTaMu. Llensto paboTbl Oblo MPOBECTV KOMMIEKCHBI
noadop MapameTpoB (PasnyHble MOKPBITUS 1 MAOTHOCTb KIETOK) AN ObICTPOro M 3PMEKTUBHOMO NONY4EHNS MPUrOAHOMO K MPOBEAEHUIO SKCMEPUMEHTOB
MoHOCNos KneTok Caco-2. [ANsi OLeHKV COCTOSHMS KymbTypbl KNETOK MPY PasnnyHbIX YCNOBUSX MPUMEHSIN MPVXKUBHEHHYIO MUKPOCKOMMIO W MMMEAaHCHYI0
cnekTpockonuio. [nsd onpefeneHnst BO3MOXHOIO B1ONOMMHECKOro MexaHnama LeiCTBUS PasnnyHbix GenkoBbIX CybCTPaToB Ha SHTEPOLMTBLI MCMONbL30BaM
TPaHCKPUNTOMHbIN aHanm3. [okasaHo, YTO MOKpbITHE cybcTpaTta Ans pocTa KNETOK KonnareHoM |V CyLlecTBEeHHO MOBbILLAET CKOPOCTb nponudepaumm
N MUrpaumm knetok nvHum Caco-2. Takoe BO3[AENCTBME MO3BONSET B TedeHre 24 4 cchopmmpoBaTh PyHKLMOHABHBIA MOHOCON anuTenvanbHbiX KNeToK C
MAOTHBIMW KOHTakTamMu. C LieNbto MolyYeHUst MPUroaHOro A1 NMPOBEAEHNS SKCMIEPUMEHTOB KULEYHOrO 6apbepa in vitro B TedeHue 24 4 HayYanbHas MNoTHOCTb
KNETOK [IomKHa nexkaTb B AnanadoHe 90-200 Tbic. KneTok Ha 1 cm?. OBHapy»KeHo, HYTO kneTkn Caco-2 cnabo aKCrpeccrpytoT KonnareH 1V, npy 3ToM peLenTopb! K
konnareny IV y AaHHbIX KNETOK 3KCMPECCHpOBaHbl Ha AOCTATOYHO BbICOKOM YPOBHE. [TokasaHo Takxke, 4TO eLLe OA1H KOMMOHEHT 6a3abHo MeMbpaHbl TaMUHIH
332 He OkasblBaeT 3aMETHOMO BAVSHISA Ha CKOPOCTb (DOPMUPOBaHMS (OYHKLIMOHANIBHOMO MOHOCOS SNUTENManbHbIX KNETOK. Takum 06pa3oM, B paboTe Oblnm
onpepeneHbl oNTUMasbHbIE NapameTpbl, MO3BONSIOLLYE CYLLECTBEHHO MOBbICUTL NMPOV3BOANTENBHOCTE SKCMEPUMEHTOB C in Vitro MOLAENAMY KULLIKW.

Knto4yeBble cnosa: konnareH |V, 6apbepHas TkaHb, naMnHuH 332, TEER, BHeKkeTo4HbIN MaTpuke, Caco-2, MMnefaHcHasi CnekTpoCKonmns
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A METHOD FOR RAPID GENERATION OF MODEL INTESTINAL BARRIERS /N VITRO
Nikulin SV, Poloznikov AA', Sakharov DA?

" National Research University Higher School of Economics, Moscow, Russia
2 SRC Bioclinicum, Moscow, Russia

To increase the efficiency of drug development process, it is important to improve performance of preclinical experiments. A major drawback of the currently used in
vitro intestinal barrier models is that it takes a significant time to obtain functional enterocyte monolayers with formed tight junctions. In this work, we have optimized
various parameters such as cell density and different coatings, for a more rapid and efficient producing Caco-2 cell monolayers suitable for further experiments. In
vivo microscopy and impedance spectroscopy were used to monitor cells state under various conditions. To determine possible biological mechanisms affected
by exposure to various protein substrates, the transcriptomic analysis was applied. It was shown that collagen IV coating of the cell growth substrate significantly
increased the rate of proliferation and migration of Caco-2 cells. This effect allows forming a functional monolayer of epithelial cells with tight junctions within
24 hours. Optimally, the initial cell density should be 90,000 to 200,000 cells/cm?. It was observed that collagen IV was poorly expressed by Caco-2 cells while the
collagen IV receptor was expressed at a relatively high level in these cells. Laminin-332, another basement membrane component, was found to have no significant
effect on times of formation of functional epithelial monolayers. Thus, using the optimal parameters determined in this study allows to significantly improve efficiency
of using the in vitro intestinal barrier models.
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Knwka s9BnsaeTcst BaXXHbIM OpPraHoM, B KOTOPOM MPOVICXOOUT
nepeBapVviBaHvie MILLLXA, BCACbIBaHNE B KPOBOTOK NUTATENbHbIX
BELLIECTB U PasnmyHbIX TIEKAPCTBEHHBIX MPEnapaTos, a Takxe
B3aNMOLENCTBME MUKPOOPraHM3MOB C KJIETKaM OpraHmnama-
x03srHa. OfHa 13 OCHOBHbIX (OYHKLWA KULLKN — HapbepHast
dyHKUMS. HapylleHne 6apbepHOM yHKLIM accoummnMpoBaHO
C LefblM pPsSaoM MaToNorM4YecKnX COCTOSHWIA, BKIKOYas
BOCMaNMTeNbHblE U ayTOMMMYHHble 3aboneBanus [1]. HacTo
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K HapyLUeHO BapbepHO YHKLUAM KUK MPUBOOUT MpUeM
Pa3NYHbIX MPOTUBOOMYXONEBLIX NMPenapaTos [2].

PasnnyatoT Tpr OCHOBHbIX cnocoba TpaHCcnopTa MOSEKys
4Yepes KuLLeYHbIN Gapbep: akTVBHbIA TPaHCMOPT, naccvBHas
onddysns vepes KNETOYHYO MembpaHy W naccuBHas
Onddy3na Heped MEXKKIIETOHHOE MPOCTPaHCTBO. KIto4eBbIM
KOMMOHEHTOM KIIETOK, PEryMpyoWnM napauenitonsgpHbIi
TPaHCNOPT, SABASIOTCS MNOTHble KOHTakTbl [3]. [MnoTHble
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KOHTaKTbl MNpeacTaBnaoT cobon OenKoBble KOMMIEKCHI,
pacnonoXkeHHble BnXKe K anMkanbHOM 4YacTu anuTenmanibHOM
KINETKM 1 COCTOSALLME N3 HECKONBKMX LUTOMNa3MaTU4eCKMX
N TpaHCcMeMbpaHHbIX 6enkoB, BKJKOYaA OKKMIOAVH U
KnayouHbl. 3a CHET OUHAMUYECKUX U3MEHEHUM MOTHbIX
KOHTAKTOB BO3MOXKHO ObICTPOE U3MEHEHVE MPOHULLAEMOCTH
Kuwkn  [4].  CoCTOsiHME MNOTHbIX KOHTaKTOB  MOTyT
perynupoBaTb pas/inyHble CUrHasIbHblE MOJEKYSbl, B TOM
Y1ICNe HEKOTOPble KMHAa3bl (C-Src, c-Yes, 1 Ap.) U UATOKNHDI
(PHOa, nHTepdeppoH — 1 ap.) [5]. B cBs3N ¢ BaXKHOCTHIO
MAOTHbIX KOHTAKTOB [N (DYHKUMOHMPOBAHMSA KULLKM Kak B
HOpMe, Tak 1 NMpwv NaToorm, akTyanbHa 3afgada co3nanHuvs in
Vitro Mogdenen ans OUEHKN BAUSIHUS pasnnyHblX BO3OENCTBUM
Ha MIOTHbIE KOHTaKTbI [6, 7].

CyLLECTBYET HECKONBKO PasfiNyHbIX CrocOO0B U3MepeHNs
napaLentoNapHO MPOHMLAEMOCTH, OTpadKatoLLEel COCTOsHME
MAOTHBIX KOHTaKTOB. B 4YacTHOCTW, MONyNsipHO MpPUMEHEHNe
pa3nnNYHbIX MOSIEKYNSPHBIX METOK, KOHLEHTpaLMsa KOTOPbIX
MOXET OblTb TOYHO M3MepeHa No 0be CTOPOHbI Bapbepa
[8, 9]. OOHaKO AaHHbIN MeTon, OOCTATOYHO TPYAOEMKUIA U
BpemsazaTpaTHbIi. ANbTepHaTUBOM MOXET ObITb M3MepeHne
TpaHcanuTenmaneHoro conpotueneHus  (TEER)  [10].
[arHbin cnocob siBnseTcs ObICTPbIM 1 XOPOLIO MNOAXOANT
01151 BbICOKOMPON3BOANTENBHbIX CKPUHWHIOB, MPU 3TOM
MOBbILLIEHWS TOYHOCTU namepeHnss TEER MoxxHO 0obutbes 3a
CYET MPUMEHEHWS MNedaHCcHoM cnekTpockonun [11, 12].

Ha cerogHAWwHWA AeHb ANS MOOEMPOBaHNSA KULLEYHOrO
Bapbepa n Vitro WWPOKO MCMOAL3YIOT JIMHUIO KNETOK
Caco-2 [13]. VicxopHo kneTkn Caco-2 6binn nony4eHbl 13
afeHOKapLMHOMbI TONCTON KULKK, 1N OKa3asioCb, YTO OHU
MOFyT CMOHTaHHO AnbPEePEeHUNPOBaTECA B KybType U
npuobpeTaTb MHOrME CBOWCTBA 3MUTENNS TOHKOW KULLKK
[14, 15]. N3BecTHO, 4TO KneTkn Caco-2 obpasyroT MIoTHbIe
KOHTaKTbl MO Mepe pocTa 1 AohdepEeHUMPOBKN, MNPV STOM KX
MAOTHOCTb BbILLIE, YEM B HOpMasbHOW Kuluke [14, 15]. B cBasu
C TakMM CBOWCTBOM KneTku Caco-2 npeactaBfstoT cobon
XOPOLUYIO MOAENb AN N3YHEHUsT PasNYHbIX BO3OEUCTBUM Ha
MAOTHblEe KOHTaKTbl. OaHako /19 60see LUMPOKOro MPUMEHEHMS
OaHHOWM KETOYHOM MOAENN HeOobXOAMMO CYLLECTBEHHO
MOBbLICUTb MPOV3BOAUTENBHOCTL 3KCMEPUMEHTOB. HacTU4HO
3TOM0 MOXHO [0O6UTBCS MpX MOMOLLM  aBTomMaTudauun
KYNBTUBUPOBaHUS, HampUMEP C MOMOLLBIO MUKPOMIIFOMOHBIX
4yinoB [16-18], ogHako HeobxoauMo OnpedenvTb Hanbonee
BnaronpusTHbIE YCIOBUSA KyNBTVBMPOBAHNS, KOTOPbIE MO3BOMST
ObICTPO NOMyYaTh FOTOBbLIE KETOYHbIE MOOEN.

Llenbto paHHoM paboTbl 6bI10 onpeaeneHne onTrUMarbHbIX
YCOBUIN KYNETUBMPOBaHMSA KNeTok Caco-2, MO3BONAIOLLMX KaK
MOXXHO ObICTPEE MOMAYYUTb LENOCTHBIM MOHOCION KIETOK CO
CHOPMNPOBABLLNMUCA MAIOTHBIMN KOHTaKTaMU.

MATEPVAJIbl 1 METObI

Knetkn nuHum Caco-2 (MHCTutyT umtonorin PAH; Poccus)
KynsTMBMPOBaM B nuTatensHon cpefe MEM (Gibco; CLLA),
copepxatLen 20% 06. heTanbHoM bbibbel cbiIBOPOTKM (Gibco;
CLUA) n 1% 06. pacTtBopa NeHUUMNINHA U CTPenToMUUmHA
(Gibco; CLUA). KynbtmBmpoBaHve nposoaunn npu 37 °C B
atMmocdepe 5%-ro CO,. CyoKynsTMBMPOBaHNE NPOU3BOONIN
Kaxkaple 2-3 OHA MO CTaHOApPTHON METOAMKE MNPV MOMOLLIM
pacTtBopa TpuncuHa-SOTA («[laH3ko»; Poccus). NMopcyet
yMcna KNeTokK NPOBOAMAM MPW NOMOLLY aBTOMaTU4ECKOro
cyeTumka knetok Countess (Gibco; CLUA) cornacHo
pexkoMeHaLVsM MPON3BOAUTENS.

Mepen MOCEBOM KNETOK B MeMbOpaHHble MonvadupHble
(PET) BcTaBku HTS Transwell-96 (Corning; CLLIA) ¢ pasmepom

nop 1 MKM Mpon3BOAMAN MOKPbITUE 4YacTu MembpaH
nammHnHoM-332 (BioLamina; LLBeunst) n konnareHom IV
(«VImTek»; Poccung). Ona storo B MembpaHHble BCTaBKM
nobasnanm no 30 MK pacTBopa COOTBETCTBYHOLLErO 6enka
B DPBS ¢ koHueHTpauven 10 mkr/mn. 3ateMm 96-1yHO4YHbIN
nnaHweT ¢ MeMbpaHHbIMK BCTaBKaMu MHKyOupoBanu npu
Temnepatype 4 °C B TedeHune 24 4. [Nlocne unHkybaumm
oTbVpan pacTeopbl 6eNKOB 13 BCEX JIYHOK WM MPOMbIBan
Kavkyto NyHKy 3 pada ¢ nomoupto 100 Mk pacteopa DPBS.
MembpaHHble BcTaBku HTS HEMOCPenCcTBEHHO Mepeq, MoCEeBOM
KIETOK 3anonHANW nuTatensHom cpenon (50 MK B BEPXHIOO
Kamepy, 235 MK/ B HWKHIOW Kamepy) 1 WHKyOupoBann B
KNETOYHOM MHKybaTope 1 4. [danee B kakayd MemMOpaHHyto
BCTaBKY A00aBNSMN pa3nMyHoe Y1cno Knetok (6250, 12 500
1 25 000 KNeToK Ha NyHKy) B 50 MK nUTaTensHOM cpedpl Ans
OOCTUXKEHNA HavanbHOM MIOTHOCTM kneTok 43 700, 87 400
n 174 800 knetok Ha 1 cM?. SKCNepyMeHT NPOBOAVIM B TPEX
noeTopax. [NnaHweTbl ¢ MemMOpaHHbIMK BCTaBKamy B TeHeHne
BCEro 3KCrepUMeHTa UHKYOPOBaIM B KNETOYHOM WHKyOaTope.

Ona onpepeneHns sHavenun TEER vepes 24 n 48 4 o1
Hadana asKcnepyMeHTa U3MEepsIN UMMNeaaHC-CNeKTPbl, Mpu
NOMOLX CUCTEMBI MMMNedaHCHoW cnekTpomeTpun (HTL,
«BUoKnnMHMKym»; Poccust) n opuriHanbHbIX anexkTpoaos (HTL,
«BroKnmHmkym»; Poccus). SHadeHns TEER paccuntbiBanv 13
OMMCaHHOM paHee 3KBUBASIEHTHOM ANEKTPUHECKON cxembl [19]
npwr nomoLy MO CEISA Impedance fitting (HTL, «BroKnnHmkym»;
Poccus). CtatmcTudeckyto 06paboTky MOMyHeHHbIX AaHHbIX
NPOBOAMAM MPK MOMOLLIM A3blka MporpammmpoBanna R 4.0 ¢
NHTErpupoBaHHo cpenolt paspadotkm RStudio 1.1 (RStudio
PBC; CLUA). Ons oueHKM CTaTUCTUYECKOW 3Ha4MMOCTU
Habnogaembix pa3nuydnii TEER npumeHany TpexdakTopHbIv
(TVN MOANOXKM, HaYanbHasa MAOTHOCTb KJIETOK M Bpemsi OT
Hadana aKCnepuMmeHTa) OMCNepCuoHHbIM aHanma (ANOVA) ¢
nonpaBKoW ThOKM Ha MHOXXECTBEHHbIE CPaBHEHMS. Pas3nnyns
cyUTann 3Ha4MbIMU npu p < 0,05.

Ona nonydyeHns mukpodoTtorpadguin knetok Caco-2
Ha PasnM4YHbIX MOAIOXKKAX YaCTb JYHOK B KyNbTypasnbHbIX
96-nyHo4HbIX mnaHweTax (Corning; CLUA) nokpbiBanu
namMnHnHoM-332  (BioLamina; LlBeuns) un konnareHom
IV (MvTek; Poccug) no aHanorm4HomMy ¢ membpaHHbIMU
BCTaBKamy MpPOTOKOfy. st MOKPbITUS MCMONb30BaIM MO
50 Mk pacteopoB 6enkoB. Lanee B nyHky BHocum no 100 MK
KIETOYHOM CYyCMeH3Un B MOSHOM MUTaTenbHOM cpene C
KoHLeHTpauwmen knetok 100 000 1 200 000 knetok Ha 1 Mn
(COOTBETCTBYET HadanbHOM nnoTHOCTK Knetok 31 300 n 62
600 Ha 1 cM?). MNMnaHWeTbl B TeYeHWe BCEero aKCrepurmeHTa
NHKYBMPOBa B KNETOYHOM MHKybHaTope. Mukpodotorpatum
nofy4an Apy AOMOLM MHBEPTUMPOBAHHOIO MUKPOCKOMNA
PrimoVert (Carl Zeiss; lepmaHns).

Ona nonydeHuss MNOMHOCTbIO  AnddepeHUPOBaHHbIX
knetok Caco-2 KynbTUBMPOBaHWE MPOBOAVAN MO OMMUCAHHON
paHee meToamke [11, 19]. AHann3 ypoBHEN SKCMPECCUN FEHOB B
VP hepeHUMPOBaHHBIX 1 HeaNPMEPEHUMPOBAHHBIX KETKax
Caco-2 nposognnu npu nomMoLm mukpoymnos GeneChip
Human Genome 1.0 ST (Affymetrix; CLUA) [20]. KneTku
nmM3npoBany npu nomoLm nnaupytowlero dydepa QlAzol
(Qiagen; l'epmanng). Janee npoBoanv BblAeneHne TotanbHOM
PHK npun nomowm Habopa peareHtoB miRNeasy Mini Kit
(Qiagen; TepmaHnsa) cornacHo NPOTOKOSY MPOU3BOANTENS.
KoHueHTpaumio BblgeneHHon TotansHon PHK namepsann npu
nomouym cnektpodotometpa NanoDrop 1000 (Thermo Fisher
Scientific; CLLUA). KadectBo PHK oueHvBan1 ¢ nomMoLpto
cuctembl Experion (Bio-Rad; CLUA). Ons rubpuamsaumm Ha
MUKpo4Mnax rcnonbdoBanm no 500 Hr kaxkgoro obpasua
PHK. OkcnepuMeHT NpoBoaunv B TpexX noBTopax.
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[Nony4eHHble pedynsTatbl obpabaTtbiBaav Npu NOMOLLM
nporpammHoro obecnedennst TAC 4.0 (Thermo Fisher Scientific;
CLUA). OueHKy CTaTUCTUMHYECKOM 3HAYMMOCTW pasnuyuni
YPOBHEN 3Kcnpeccun mexay anddepeHUMpoBaHHbIMU 1
HeanepeHumpoBaHHbIMN KneTkamn Caco-2 NpoBOAMIN
npy NOMOLLM OAHOMAKTOPHOIO AMCMEPCUOHHOIO aHanmaa
(ANOVA) ¢ nonpaekon beHpxamunHr—-Xox6epra. [oporosbi
YPOBEHb 3Ha4MMocTu 6bin paBeH 0,05. leHbl C ypoBHEM
akecnpeccun Huke 6,0 B norapudmmdeckon wkane Affymetrix
CHUTANN HESKCMPECCHPYIOLLIMMUCS.

PESYJIETATBI NCCNEOOBAHVIA

o pesynbtatam u3mepeHusa 3Hadenun TEER (puc. 1) B
MeMOpaHHbIX BCTaBkax 4Yepe3d 24 4 mnocne noceBa KeTok
ObIno NokasaHo, 4to TEER Bo3pacTaeT npu pocTe HavannbHoM
KNETOYHOW MNOTHOCTW. Hanpumep, AN  KOHTPOSbHbIX
MeMOpaHHbIX BCTaBOK 6e3 MOKpbITUS OblNo 0BHapy»XeHo,
41O 3Ha4eHus TEER npumepHo Ha 118 Om-cM? Bbille npu
MaKCVMasbHON MPOTECTUPOBAHHOW HaYalbHOW  MAIOTHOCTU
MocafK/ KIETOK Mo CpaBHEHWIO C MUHMMansHoM (o < 0,001).
Mpy 3TOM 3HAYMMbIX Pa3ANHUIA MEXAY MPOMEXYTOHHOW ©
MWHVMMaNbHOM MMOTHOCTAMU OBHapy»XeHo He 6bino (o = 1).
AHanornyHble pesynstarbl OblI MOMyYeHbl 1 AN1S MOKPLITUSA
NYHOK faMuHnHOM 332, [Tlpudem B chnydae MNOKPbITUA
NaMUHVHOM 332 HU AN OAHOM NPOTECTUPOBAHHOM HaYaslbHOM
MAOTHOCTU KJIETOK He OblNo OBOHapYXeHO  3HaYMTEeNbHbIX
oty TEER OT KOHTPOMbHBIX JIYHOK ©e3 MOoKpbITUS (BCe
p = 1). OgHako npy MOKpPbITUM KonnareHoM IV pesynetatbl
CYWIECTBEHHO OTvYanucb. B gaHHOM cnydae  Obinuv
OoBHapy>XeHbl 3Ha4YUTENbHblIE OTANYMA OT MUHUMAIbHOM
1“ccnegoBaHHOW HadanbHom nmnoTHocTh 43 700 Knetok Ha
KBadpaTHbIN CaHTUMETP Kak 015 HadanbHOW MNOTHOCTU,
paBHoi 87 400 (ysenudeHne Ha 147 Om-cm?; p < 0,001), Tak
1N ANs HaYanbHOM MoTHOCTW, pasHon 174 800 (yBenudeHuve
Ha 208 OM-cM?; p < 0,001). Takum 06pa3om, NP NOKPLITAM
konnareHoM |V 3aBncnMOoCTb 3HadeHun TEER oT HavanbHom
NAOTHOCT KNETOK Obina 6osee BblIpaykeHHOW. [1nd Ha4anbHbIX
nnotHocTen knetok 87 400 n 174 800 cMm-2 Takxke Obino
0BHapy»XeHO cunbHoe mnosbilleHe TEER (Ha 188 Om:-cm? n
142 OM-CM? COOTBETCTBEHHO) MPW MOKPbITUM KosinareHom 1V
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MnoTHOCTb KNEeToK (cM?)

OPUTMHAJIbHOE NCCJIEJOBAHUE | ®3NOJ10INA

MO CPaBHEHWIO C KOHTPOSMbHBIMA MOANSMUPHBIMA NlyHKaMM
(o < 0,001 B 060MKX Ccny4asix).

Yepes 48 4 OT Havana akcneprmeHTa 3HadeHns TEER B
KOHTPOJBHBIX JIYHKaX 6€3 MOKPLITS CyLLIECTBEHHO BbIDOC/M NP
HaYasbHOV MIIOTHOCTU KNETOK, paBHom 87 400 1 174 800 cm?,
No CpPaBHEHUD C N3MEPEHVSMU, MPOBEOEHHbIMU Yepes
24 4 nocne nocesa knetok (Ha 202 Om-cm? 1 110 Om-cMm?
COO0TBETCTBEHHO; p < 0,001 1 p = 0,002 cooTBeTCTBEHHO). [pNn
3TOM 3Ha4MMbIX pasnnymin TEER B nyHKax ¢ MUHMMAabHOM
NPOTECTMPOBAHHOW  Ha4anbHOM  MAOTHOCTBIO  KNETOK
43 700 cM? Yepes 48 4 Mo cpaBHeEHWMO C 24 4 OT Havana
aKcrnepuMeHTa obHapy»eHo He 6bino (p = 1). B cnyyae
MOKPBITUA NlYHOK NaMUHUHOM 332 Obln MOyYeHbl CXOXKnNe
peaynbraTtbl NpW cpaBHeHWM 3HadeHUn TEER vepes 48 4 u
24 4 nocne nocesa KIeTok: Mpu HadaibHoM MoTHoCTH 43 700 cv?
3HAYMMbIX Pasnuymin 0bHapy>keHo He Obino (o = 0,1), npwu
HavanbHon NnoTHocTn 87 400 cm? 3HadeHus TEER 3Haunmo
Bblpoc/n Ha 165 Om:-cM? (p < 0,001), ogHako Npu Ha4abHOWM
nnotHocT 174 800 cm? Habnogaembln pocT Ha 83 Om-cm?
He Obln CTaTUCTUYECKMU 3Ha4YMbIM (0 = 1). B TO e Bpems
B MOKPbITbIX KofinareHoM |V nyHkax 4epesd 48 4 3HadeHust
TEER sHaummo yBennumnnck Ha 175 OM-CM? Mo cpaBHEHMIO C
N3MePEeHNAMI, NPOBEOEHHBIMU B MPEapIayLLNA [eHb, TONMbKO
npY MUHUMaJTBHOW HavaslbHOM NAIOTHOCTU KNETOK (0 < 0,001),
a npu 87 400 cm2 n 174 800 cm? 3HaA4MMbIX Pa3NMHMiA
0BHapy>keHo He Bbino (o = 0,2 U p = 1 COOTBETCTBEHHO).

/IHTepecHo, 4TO AN NyHOK 6e3 MOKPbITUS 1 MPY MOKPBITUAN
namuHnHoMm 332 3HadveHuss TEER Bce ewle 3aBucenn ot
HavasibHOM MIOTHOCTW KNETOK Yepes 48 4 nocne nx nocesa.
[Mpn cpaBHEHUN C MWUHUMANBHOM MNPOTECTVMPOBAHHOM
KNIETOYHOW MNOTHOCTBIO B Clly4ae HEMOKPbITbIX MOMUAMUPHbBIX
NYHOK 3HadeHusa TEER ©Obinn Bbille Kak nMpu HadanbHOW
nnotHoct 87 400 cm? (Ha 172 Om-cm?, p < 0,001), Tak 1
npv HadanbHon nnotHocT 174 800 cm? (Ha 188 Om:-cMm?;
p < 0,001). AHanorvyHble pesynsratbl OblI NOyYeHbl U B
clyyae noKpbITUA NamuHrHOM 332. [pu aToM 3HadeHnsd TEER
B JIYHKaX, MOKPbITbIX KosareHoM 1V, 3Ha4Mmo He 3aBucenu
OT Hava/lbHOW MAOTHOCTU KETOK Yeped 48 4 nocne Hadana
aKcnepumeHTa (Bce p = 1) 1 6binm Bbiwe 200 Om-cm?,

C Uuenblo OUEHKM BIMSHUSA MOKPbITUS cybcTpaTta
ONs pocTa Knetok koanareHoM IV 1 namuHnHom 332 Ha

b -8~ COLIV = LAM332 - PET
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5 200
£
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o
w
w
[
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0
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QQQ QQQ QQQ QQQ
S S 5 B

MNoTHOCTbL KNETOK (CM?)

Puc. 1. 3asncumocTb TEER Ha pasnnyHbix cybcTpatax OT HavaslbHOW MAOTHOCTY KNETOK 4eped 24 4 (A) un vepes 48 4 (B). MnaHku norpeLHocTer NokasbiBatoT
CTaHOAPTHOE OTKJIOHEHME. ¥ — CTaTUCTUYECKM 3HaYMMble ot TEER Ha MembpaHax ¢ MOKPbITVEM OT KOHTPOSBbHbIX MeMbpaH 6e3 nokpbimust; COL IV — konnareH 1V;
LAM 332 — namuHunH 332; PET — nonmadhup (MembpaHbl 6e3 NoKpbITYS)
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MnoTtHocTb knetok 31 300 cm2

PS 244

COLIV24y4

LAM 332
244

MnoTHocTb kneTok 62 600 cm2

Puc. 2. MvkpooTorpaimm MoHOCNOS kneTok Caco-2 4epes 24 4 Ha pasn4HbiX MOAIOXKKAX M MPU Pa3INYHbIX Ha4asbHbIX MAOTHOCTAX KNeTok. OTpe3ok maclutaba
paseH 200 mkm. COL IV — konnareH IV; LAM 332 — namuHuH 332; PS — nommcTmpon (MyHKy 6e3 NoKpbITUS)

MOPCOSONMKD M CKOPOCTb POCTa KIIETOK Obifa NpoBeaeHa
MPWKN3HEHHas MUKPOCKOMUS kKneTok Caco-2 npun pasnmnyHbIX
HavanbHbIX NNOTHOCTAX Yepesd 24 4 nocne nocesa KIeToK
(puc. 2). Okasanock, YTO AN KOHTPOJSIbHBIX HEMOKPbITbIX
MOSIVCTUPOSIOBBLIX IYHOK U B Cllydae MOKPbITUSA NaMUHUHOM
332 npn pacCMOTPEHHbIX HaYaslbHbIX MAIOTHOCTAX KIETOK
100%-5 KOH(NO3HTHOCTL He pocTuraetcs. OgHako npwu
MOKPbITUN KonareHoM IV yxxe npu HavaibHOW MIOTHOCTU
31 300 cm? okono 80% MOBEPXHOCTM OKa3bIBAETCS MOKPLITO
KneTkamu, a npu HadanbHon nnotHoctn 62 600 cm™? B
NyHKax obpasyeTcs chopMUPOBaHHbIA MOHOCMON. [1pu
3TOM MNPV NOKPbITUK KonareHoM IV B KynbsType 0BHapy»XeHO
MOBbILLUEHHOE COAEPXaHVe BbITAHYTbIX BepeTeHOoobpa3HbIX
KNETOK, MO CPaBHEHMIO C KOHTPOSbHBIMU SlyHKaM 1 TyHKamu
C NOKPbITMEM NaMUHUHOM 332.

B pesynsrate npoBeaeHHOro TPaHCKPUMTOMHOIO aHanmaa
ObI10 MokagaHo (CM. TabJ.), 4To kak B AMdepeHUMpPOBaHHbIX,
TaK 1 B HeamddepeHLpoBaHHbIX KneTkax Caco-2 akcrnpeccus
BCex Lenen konnareHa IV HaxoanTcsa Ha OOCTAaTOYHO HU3KOM
YPOBHE (BCE 3HAYEHNSI MeHbLLUEe 7 B NIOrapudMmMHECKON LKase
Affymetrix). Bonee Toro, no Mepe onddepeHUNPOBKN KNETOK
HabnMoJanocb HeOOMbLLOE CHWDKEHWE SKCMPEeCCUM eHOB
COL4A1 n COL4AB.

13BECTHO, 4TO OCHOBHbLIMK peLenTopamMin KonfiareHa
IV aensaotcsa nHTerpunbl a1l 1 a2f1 [21]. Mo paHHbIM
NPOBEAEHHOro TPAHCKPUMTOMHOIO aHanmaa 6bl10 nokasaHo,
41O reH ITGB1 (B1-uenb WHTerpuHa) SKcnpeccupyeTcst Ha
JOCTaTO4HO BbICOKOM YPOBHE Kak B AN dEpPEHLIMPOBaHHbIX,
Tak 1 B HeguddepeHUMpoBaHHbIX KieTkax Caco-2 (3HaYeHWst
B norapupmundeckon wkane Affymetrix — 10,0 n 10,1
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Tabnuua. YpoBHu akcnpeccum Lieneit konnareHa IV B anddepeHumpoBaHHbix U HegupepeHLmMpoBaHHbIx kneTkax Caco-2 (B norapudmmdeckon wkane Affymetrix)

fex p,mqa?b’:;ep?:HMLTm)pl)zgzi:bmii:lﬁi(;imgaioQ He,u,mgg)ng:amjuagggz::lj;?(lpeiigl(mczcoé Crener nameneHns FDR p
COL4A1 6,15 6,39 -1,18 0,0235
COL4A2 6,7 6,74 -1,02 0,3724
COL4A3 5,92 5,96 -1,03 0,3166
COL4A4 5,66 5,67 -1,01 0,5068
COL4A5 6,54 6,74 -1,15 0,0904
COL4A6 5,91 6,29 -1,3 0,0302

COOTBETCTBEHHO), MPMYEM ero SKCMPEeCcCUst 3HAYUMO He
MeHseTca no Mepe anddepeHumposkn (p = 0,4). TeH
ITGA1 (a1-uenb MHTErpuHa) TOXKE SKCMPEecCMpoBancs B
ondepeHUnMpPoBaHHbiX 1 B HeanddepeHUMpPOBaHHbIX
knetkax Caco-2 (3HaveHuss B norapudmMmyeckon Likane
Affymetrix — 8,6 n 9,0 COOTBETCTBEHHO), OOHAKO €ro
9KCMpeccusd cnerka nagana B AnddepeHUMpOBaHHbIX
knetkax (B 1,3 pasa; p = 0,002). AHanorn4Hble pesynsraTtbl
Obinn nonyyeHbl 1 onga reHa ITGA2 (a2-uenb MHTErpuHa):
cpefdHVe 3HayeHus aKcnpeccun B AnddepeHLMpoBaHHbIX
1N HeanddepeHUMpPOBaHHbIX KneTkax coctasum 9,2 un 9,5
norapudpmMmyeckmx eguHnL, Affymetrix, npu atom HebosbLUoe
CHWXKEHMNe aKcnpeccun B AN dEepeHLMPOBaHHbIX KeTkax
ObINo CTaTUCTUYECKN 3Ha4MMbIM (B 1,3 paga; p = 0,04).

OBCY>KOEHNE PE3YITTATOB

113 nonyyeHHbIX OaHHbIX CRedyeT, YTo KonnareH IV asnsetca
Havbonee athheKTVIBHBIM CyOCTPATOM, SHAYUTENBHO YCKOPSHOLLIM
CKOPOCTb (hOPMMPOBaHNSA (DYKLMOHANBHOIO anUTENMansHoro
bapbepa KNETOK KULIKNU. [I3BECTHO, 4TO HEKOTOpble Lenm
konnareHa IV (a1, a2, ab 1 ab) y4acTBytOT B (hOPMUPOBaHIN 1
Pa3BUTUN KULLIKW, MPUHEM AaHHble Oenky MOryT CYHTE3NPOBATb
Kak anuTenManbHble, Tak 1 MeseHxMalbHble KneTku [22]. Cyns
no pesynsrataMm MpPOBEAEHHOMO TPaHCKPUMTOMHOIO aHanaa,
knetkn Caco-2 He MOryT B JOCTaTOYHOWM Mepe CHHTE3NPOBATb
konnareH IV, mpy aTOM Ha BCeX CTaamsxX OHW 3KCrPEeCcCUpytoT
peLenTopbl K KonnareHy IV, 4To CBUOETENBCTBYET O BO3MOXHOCTU
€ro BIVISHNS Ha XXU3HEAEATEeNIbHOCTb KIETKMN.

icxogs m3 nonyyeHHbIX MukpodoTorpauim: MOXXHO
chenatb BbIBOA, YTO komnareH IV cnocobCcTByeT Kak
nponudepaunn, Tak 1 murpaugum knetok Caco-2. Ha
CEroAHALLIHNIA AeHb HaKOMIeH OOCTAaTOYHO 60/bLLION MaccuB
OaHHbIX, CBUAETENbCTBYIOLIMX O TOM, 4TO KonnareH IV
CTUMYNUPYET MNpuKpenseHne 1 murpaumio knetok Caco-
2 [23-25]. VI3BecTHO Takxe, 4TO KomnareH IV MoxeT
CTUMYNMPOBaTb NponMdepaLmio HEKOTOPbLIX APYrMX TUMOB
anuTeNManbHbIX KNETOK [26, 27]. Takm 06pa3oM, NoyHeHHbIe
pesynbTaTbl XOPOLLO COrMacytoTcsd C MPOBEAEHHBIMU paHee
VICCNEAOBaHVISIMM.
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PaHee yxe 0bIno n3y4eHO BAMsHWE konnareHa IV Ha
BenuynHy TEER MoHocnos knetok Caco-2 1 06Hapy»eHo, YTo
4epes HECKOMbKO AHEN MOCNe NoceBa KNETOK 3HaqeHns TEER
OblN 3HAYUTENBHO BbILLIE B JIyHKAX, MOKPbITbIX KOIareHoOM
IV, ogHako avHamunky mameHeHwin TEER B TeudeHne nepBbix
HECKOMBbKMX OHEN KynsTUBUPOBaHWUS He onpedenann [28]. B
OaHHoM paboTe 6bIN0 MoKadaHo, YTo KonnareH IV BAvsieT He
TONbKO Ha BenuudmHbl TEER, HO 1 Ha CKOPOCTb AOCTUXKEHMS
MUHUMAabHO AOCTATOYHbIX AN151 NPOBEAEHNSA 3KCMEPUMEHTOB
Cc 6GapbepHbiMM MoAenamu 3HadeHun TEER (mpumepHO
200 Om:-c™m?) [9], MpMYeM TakMX 3HAYEHUA TOYHO MOXKHO
0obuTbCca B TedeHMe 24 4, a BO3MOXHO W paHblle.
Mony4eHHass MeToamMka MOXET ObITb NIErko nepeHeceHa Kak
Ha gpyrve ctaTudeckue in vitro Mmoaenu GapbepHbIX TKaHel,
TaK 1N Ha COBPEMEHHble AMHaAMUYecKMe MUKPOMIOVAHbIE
cuctemsl [29, 30].

BbIBOb!

B maHHon paboTte 6bI1o mokasaHo, YTO MOKpbITUE cybcTpaTa
ONst pocTa KJeToK KonnareHom [V cylleCTBeHHO MOoBbILLIAeT
CKOPOCTb Mponmdepaumn 1 Murpaun Knetok nvHim Caco-2.
Takoe BO3HeNCTBME MO3BONAET ObICTPO B TeudeHue 24 4
chopmmpoBaTb PYHKUMOHABHBIA MOHOCON SnuTenMaibHbIX
KJIETOK C MNOTHbIMM KOHTaKTamu. Bbin onpeaeneH onTMasisHbIn
[1anas3oH HaYanbHOM NIOTHOCTY KneTok. C Lienbto NosyHeHrs
NPUrOAHOrO ANS MPOBEAEHUS 3KCMEPUMEHTOB KULLEYHOO
Gapbepa in Vvitro B Te4eHne 24 4 HavanbHasi MIOTHOCTb KNETOK
JomkHa nexatb B ananasoHe 90-200 ThiC. KNETOK Ha 1 cm?.
O6Hapy»eHo, 4To konnareH IV cnabo akcnpeccupyeTtcs
knetkamm Caco-2, npu 3TOM peLenTopbl K konnarery IV y
JaHHBIX KJIETOK 3KCMPEeCcCUpoBaHbl Ha OOCTATOYHO BbICOKOM
ypoOBHe. B TO >xe Bpemsi Obl10 MOKa3aHo, YTO elle OavH
KOMMOHEHT 6azanbHor membpaHbl (namuHnH  332) He
OKa3blBaeT 3aMETHOMO BASIHMSA HA CKOPOCTb (hOPMUPOBaHWA
yHKUMOHATBHOMO MOHOCIOS 3NUTENMATbHBIX KIETOK.
[Mony4eHHble pe3ynbTatbl B Oyaywlem MoryT ObiTb
NCMOb30BaHbl  ANS MOBbIWEHUS MPOU3BOANTENBHOCTY
9KCMEPUMEHTOB C in Vitro MoaensMm KULWeYHOro 6apbepa, Kak
B CTATUHECKNX YCNOBUSIX, TaK 1 B MUKPOMIOUAHBLIX CUCTEMAEX.

Implication on Inflammatory Bowel Diseases. Intest Res [Internet].
2015; 13 (1): 11. Available from: http://irjournal.org/journal/view.
php?doi=10.5217/ir2015.13.1.11.

4.  Varadarajan S, Stephenson RE, Miller AL. Multiscale dynamics of
tight junction remodeling. J Cell Sci [Internet]. 2019 Nov 15; 132
(22): jcs229286. Available from: http://jcs.biologists.org/lookup/
doi/10.1242/jcs.229286.

5. Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal
barrier integrity and its pathological implications. Exp Mol Med



10.

11.

12.

13.

14.

15.

16.

17.

ORIGINAL RESEARCH | PHYSIOLOGY

[Internet]. 2018 Aug 16; 50 (8): 103. Available from: http://dx.doi.
org/10.1038/512276-018-0126-x.

Peters MF, Landry T, Pin C, Maratea K, Dick C, Wagoner MP, et
al. Human 3D Gastrointestinal Microtissue Barrier Function As a
Predictor of Drug-Induced Diarrhea. Toxicol Sci [Internet]. 2019
Mar 1; 168 (1): 3-17. Available from: https://academic.oup.com/
toxsci/article/168/1/3/5145097.

Hashimoto Y, Tachibana K, Krug SM, Kunisawa J, Fromm M,
Kondoh M. Potential for Tight Junction Protein-Directed Drug
Development Using Claudin Binders and Angubindin-1. Int J Mol
Sci [Internet]. 2019 Aug 17; 20 (16): 4016. Available from: https://
www.mdpi.com/1422-0067/20/16/4016.

Hidalgo 1J, Raub TJ, Borchardt RT. Characterization of the human
colon carcinoma cell line (Caco-2) as a model system for intestinal
epithelial permeability. Gastroenterology [Internet]. 1989 Mar;
96 (3): 736-49. Available from: http://linkinghub.elsevier.com/
retrieve/pii/S0016508589800721.

Hubatsch I, Ragnarsson EGE, Artursson P. Determination of
drug permeability and prediction of drug absorption in Caco-2
monolayers. Nat Protoc [Internet]. 2007 Sep; 2 (9): 2111-9.
Available from: http://www.nature.com/doifinder/10.1038/
nprot.2007.3083.

Srinivasan B, Kolli AR, Esch MB, Abaci HE, Shuler ML, Hickman JJ.
TEER Measurement Techniques for In Vitro Barrier Model Systems.
J Lab Autom [Internet]. 2015 Apr; 20 (2): 107-26. Available from:
http://journals.sagepub.com/doi/10.1177/2211068214561025.
Nikulin SV, Gerasimenko TN, Shilin SA, Zakharova GS, Gazizov IN,
Poloznikov AA, et al. Application of Impedance Spectroscopy for
the Control of the Integrity of In Vitro Models of Barrier Tissues. Bull
Exp Biol Med [Internet]. 2019 Feb 19; 166 (4): 512—6. Available
from: http://link.springer.com/10.1007/s10517-019-04384-5.
Gerasimenko T, Nikulin S, Zakharova G, Poloznikov A, Petrov V,
Baranova A, et al. Impedance Spectroscopy as a Tool for
Monitoring Performance in 3D Models of Epithelial Tissues. Front
Bioeng Biotechnol [Internet]. 2019; 7: 474. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/32039179.

Shah P, Jogani V, Bagchi T, Misra A. Role of Caco-2 Cell
Monolayers in Prediction of Intestinal Drug Absorption. Biotechnol
Prog [Internet]. 2006 Feb 3; 22 (1): 186-98. Available from: http://
doi.wiley.com/10.1021/bp050208u.

Hilgendorf C, Spahn-Langguth H, Regardh CG, Lipka E, Amidon GL,
Langguth P. Caco-2 versus Caco—2/HT29-MTX Co—cultured Cell
Lines: Permeabilities Via Diffusion, Inside— and Outside-Directed
Carrier-Mediated Transport. J Pharm Sci [Internet]. 2000 Jan;
89 (1): 63-75. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0022354916305408.

Artursson P, Palm K, Luthman K. Caco-2 monolayers in
experimental and theoretical predictions of drug transport.
Adv Drug Deliv Rev [Internet]. 2012 Dec; 64 (SUPPL.): 280-9.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0169409X12002657.

Sakharov D, Maltseva D, Knyazev E, Nikulin S, Poloznikov A,
Shilin S, et al. Towards embedding Caco-2 model of gut interface
in a microfluidic device to enable multi-organ models for systems
biology. BMC Syst Biol [Internet]. 2019 Mar 5; 13 (Suppl 1): 19.
Available  from:  https://bmcsystbiol.biomedcentral.com/
articles/10.1186/512918-019-0686-y.

Mehling M, Tay S. Microfluidic cell culture. Curr Opin Biotechnol
[Internet]. 2014 Feb; 25: 95-102. Available from: https://
linkinghub.elsevier.com/retrieve/pii/S0958166913006794.

References

1.

Turner JR. Intestinal mucosal barrier function in health and
disease. Nat Rev Immunoal [Internet]. 2009 Nov; 9 (11): 799-809.
Available from: http://dx.doi.org/10.1038/nri2653.

Bajic JE, Johnston IN, Howarth GS, Hutchinson MR. From the
Bottom-Up: Chemotherapy and Gut-Brain Axis Dysregulation.
Front Behav Neurosci [Internet]. 2018 May 22; 12 (May): 1-16.
Available from: https://www.frontiersin.org/article/10.3389/
fnbeh.2018.00104/full.

Lee SH. Intestinal Permeability Regulation by Tight Junction:

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Caicedo HH, Brady ST. Microfluidics: The Challenge Is to Bridge
the Gap Instead of Looking for a “Killer App.” Trends Biotechnol
[Internet]. 2016; 34 (1): 1-3. Available from: http://dx.doi.
org/10.1016/j.tibtech.2015.10.0083.

Nikulin SV, Knyazev EN, Gerasimenko TN, Shilin SA, Gazizov IN,
Zakharova GS, et al. Non-Invasive Evaluation of Extracellular
Matrix Formation in the Intestinal Epithelium. Bull Exp Biol Med
[Internet]. 2018 Nov 12; 166 (1): 35-8. Available from: http://link.
springer.com/10.1007/s10517-018-4283-7.

Samatov TR, Senyavina NV, Galatenko VV, Trushkin EV,
Tonevitskaya SA, Alexandrov DE, et al. Tumour-like druggable
gene expression pattern of CaCo, cells in microfluidic chip. Bio
Chip J. 2016 Sep;10 (3): 215-20.

Khoshnoodi J, Pedchenko V, Hudson BG. Mammalian collagen IV.
Microsc Res Tech [Internet]. 2008 May; 71 (5): 357-70. Available
from: http://doi.wiley.com/10.1002/jemt.20564.

Simoneau A, Herring-Gillam FE, Vachon PH, Perreault N, Basora N,
Bouatrouss Y, et al. Identification, distribution, and tissular origin
of the a5(IV) and a6(IV) collagen chains in the developing human
intestine. Dev Dyn [Internet]. 1998 Jul; 212 (3):437-47. Available
from: https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-
0177(199807)212:3%3C437::AID-AJA11%3E3.0.CO;2-Y.
Basson MD, Modlin IM, Madri JA. Human enterocyte (Caco-2)
migration is modulated in vitro by extracellular matrix composition
and epidermal growth factor. J Clin Invest [Internet]. 1992 Jul 1; 90
(1): 15-23. Available from: http://www.jci.org/articles/view/115828.
Sanders MA, Basson MD. Collagen IV regulates Caco-2 cell
spreading and p130Cas phosphorylation by FAK-dependent and
FAK-independent pathways. Biol Chem [Internet]. 2008 Jan 1;
389 (1): 47-55. Available from: http://www.degruyter.com/view/j/
bchm.2008.389.issue-1/bc.2008.008/bc.2008.008.xml.
Sanders MA, Basson MD. Collagen IV regulates Caco-2 migration
and ERK activationvia a1 1 - and a 2 B 1 -integrin-dependent
Src kinase activation. Am J Physiol Liver Physiol [Internet]. 2004
Apr; 286 (4): G547-57. Available from: https://www.physiology.
org/doi/10.1152/ajpgi.00262.2008.

Matsuura-Hachiya Y, Arai KY, Muraguchi T, Sasaki T, Nishiyama T.
Type IV collagen aggregates promote keratinocyte proliferation
and formation of epidermal layer in human skin equivalents. Exp
Dermatol [Internet]. 2018 May; 27 (5): 443-8. Available from:
http://doi.wiley.com/10.1111/exd.13328.

Ohlund D, Franklin O, Lundberg E, Lundin C, Sund M. Type IV collagen
stimulates pancreatic cancer cell proliferation, migration, and inhibits
apoptosis through an autocrine loop. BMC Cancer [Internet]. 2013
Dec 26; 13 (1): 154. Available from: http://bmccancer.biomedcentral.
com/articles/10.1186/1471-2407-13-154.

Vllasaliu D, Falcone FH, Stolnik S, Garnett M. Basement membrane
influences intestinal epithelial cell growth and presents a barrier to
the movement of macromolecules. Exp Cell Res [Internet]. 2014
Apr; 323 (1): 218-31. Available from: http://dx.doi.org/10.1016/].
yexcr.2014.02.022.

Maoz BM, Herland A, Henry OYF, Leineweber WD, Yadid M, Doyle J,
et al. Organs-on-Chips with combined multi-electrode array and
transepithelial electrical resistance measurement capabilities. Lab
Chip [Internet]. 2017; 17 (13): 2294-302. Available from: http://
dx.doi.org/10.1039/C7LC00412E.

Kim HJ, Huh D, Hamilton G, Ingber DE. Human gut-on-a-chip
inhabited by microbial flora that experiences intestinal peristalsis-
like motions and flow. Lab Chip [Internet]. 2012; 12 (12): 2165.
Available from: http://xlink.rsc.org/?DOl=c2lc40074;.

Implication on Inflammatory Bowel Diseases. Intest Res [Internet].
2015; 13 (1): 11. Available from: http://irjournal.org/journal/view.
php?doi=10.5217/ir2015.13.1.11.

Varadarajan S, Stephenson RE, Miller AL. Multiscale dynamics of
tight junction remodeling. J Cell Sci [Internet]. 2019 Nov 15; 132
(22): jcs229286. Available from: http://jcs.biologists.org/lookup/
doi/10.1242/jcs.229286.

Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal
barrier integrity and its pathological implications. Exp Mol Med

BULLETIN OF RSMU | 6, 2020 | VESTNIKRGMU.RU



OPUTMHAJIbHOE NCCJIEJOBAHUE | ®3NOJ10INA

10.

11.

12.

13.

14.

15.

16.

17.

[Internet]. 2018 Aug 16; 50 (8): 103. Available from: http://dx.doi.
org/10.1038/512276-018-0126-x.

Peters MF, Landry T, Pin C, Maratea K, Dick C, Wagoner MP, et
al. Human 3D Gastrointestinal Microtissue Barrier Function As a
Predictor of Drug-Induced Diarrhea. Toxicol Sci [Internet]. 2019
Mar 1; 168 (1): 3-17. Available from: https://academic.oup.com/
toxsci/article/168/1/3/5145097.

Hashimoto Y, Tachibana K, Krug SM, Kunisawa J, Fromm M,
Kondoh M. Potential for Tight Junction Protein-Directed Drug
Development Using Claudin Binders and Angubindin-1. Int J Mol
Sci [Internet]. 2019 Aug 17; 20 (16): 4016. Available from: https://
www.mdpi.com/1422-0067/20/16/4016.

Hidalgo IJ, Raub TJ, Borchardt RT. Characterization of the human
colon carcinoma cell line (Caco-2) as a model system for intestinal
epithelial permeability. Gastroenterology [Internet]. 1989 Mar;
96 (3): 736-49. Available from: http://linkinghub.elsevier.com/
retrieve/pii/S0016508589800721.

Hubatsch I, Ragnarsson EGE, Artursson P. Determination of
drug permeability and prediction of drug absorption in Caco-2
monolayers. Nat Protoc [Internet]. 2007 Sep; 2 (9): 2111-9.
Available from: http://www.nature.com/doifinder/10.1038/
nprot.2007.3083.

Srinivasan B, Kolli AR, Esch MB, Abaci HE, Shuler ML, Hickman JJ.
TEER Measurement Techniques for In Vitro Barrier Model Systems.
J Lab Autom [Internet]. 2015 Apr; 20 (2): 107-26. Available from:
http://journals.sagepub.com/doi/10.1177/2211068214561025.
Nikulin SV, Gerasimenko TN, Shilin SA, Zakharova GS, Gazizov IN,
Poloznikov AA, et al. Application of Impedance Spectroscopy for
the Control of the Integrity of In Vitro Models of Barrier Tissues. Bull
Exp Biol Med [Internet]. 2019 Feb 19; 166 (4): 512-6. Available
from: http://link.springer.com/10.1007/s10517-019-04384-5.
Gerasimenko T, Nikulin S, Zakharova G, Poloznikov A, Petrov V,
Baranova A, et al. Impedance Spectroscopy as a Tool for
Monitoring Performance in 3D Models of Epithelial Tissues. Front
Bioeng Biotechnol [Internet]. 2019; 7: 474. Available from: http://
www.ncbi.nlim.nih.gov/pubmed/32039179.

Shah P, Jogani V, Bagchi T, Misra A. Role of Caco-2 Cell
Monolayers in Prediction of Intestinal Drug Absorption. Biotechnol
Prog [Internet]. 2006 Feb 3; 22 (1): 186-98. Available from: http://
doi.wiley.com/10.1021/bp050208u.

Hilgendorf C, Spahn-Langguth H, Regardh CG, Lipka E, Amidon GL,
Langguth P. Caco-2 versus Caco—2/HT29-MTX Co—cultured Cell
Lines: Permeabilities Via Diffusion, Inside— and Outside-Directed
Carrier-Mediated Transport. J Pharm Sci [Internet]. 2000 Jan;
89 (1): 63-75. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0022354916305408.

Artursson P, Palm K, Luthman K. Caco-2 monolayers in
experimental and theoretical predictions of drug transport.
Adv Drug Deliv Rev [Internet]. 2012 Dec; 64 (SUPPL.): 280-9.
Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0169409X12002657.

Sakharov D, Maltseva D, Knyazev E, Nikulin S, Poloznikov A,
Shilin S, et al. Towards embedding Caco-2 model of gut interface
in a microfluidic device to enable multi-organ models for systems
biology. BMC Syst Biol [Internet]. 2019 Mar 5; 13 (Suppl 1): 19.
Available  from:  https://bmcsystbiol.biomedcentral.com/
articles/10.1186/512918-019-0686-y.

Mehling M, Tay S. Microfluidic cell culture. Curr Opin Biotechnol
[Internet]. 2014 Feb; 25: 95-102. Available from: https://
linkinghub.elsevier.com/retrieve/pii/S0958166913006794.

BECTHV/IK PITMY |6, 2020 | VESTNIKRGMU.RU

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Caicedo HH, Brady ST. Microfluidics: The Challenge Is to Bridge
the Gap Instead of Looking for a “Killer App.” Trends Biotechnol
[Internet]. 2016; 34 (1): 1-3. Available from: http://dx.doi.
org/10.1016/j.tibtech.2015.10.0083.

Nikulin SV, Knyazev EN, Gerasimenko TN, Shilin SA, Gazizov IN,
Zakharova GS, et al. Non-Invasive Evaluation of Extracellular
Matrix Formation in the Intestinal Epithelium. Bull Exp Biol Med
[Internet]. 2018 Nov 12; 166 (1): 35-8. Available from: http://link.
springer.com/10.1007/s10517-018-4283-7.

Samatov TR, Senyavina NV, Galatenko VV, Trushkin EV,
Tonevitskaya SA, Alexandrov DE, et al. Tumour-like druggable
gene expression pattern of CaCo, cells in microfluidic chip. Bio
Chip J. 2016 Sep;10 (3): 215-20.

Khoshnoodi J, Pedchenko V, Hudson BG. Mammalian collagen IV.
Microsc Res Tech [Internet]. 2008 May; 71 (5): 357-70. Available
from: http://doi.wiley.com/10.1002/jemt.20564.

Simoneau A, Herring-Gillam FE, Vachon PH, Perreault N, Basora N,
Bouatrouss Y, et al. Identification, distribution, and tissular origin
of the a5(IV) and a6(IV) collagen chains in the developing human
intestine. Dev Dyn [Internet]. 1998 Jul; 212 (3):437-47. Available
from: https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-
0177(199807)212:3%3C437::AID-AJA11%3E3.0.CO;2-Y.
Basson MD, Modlin IM, Madri JA. Human enterocyte (Caco-2)
migration is modulated in vitro by extracellular matrix composition
and epidermal growth factor. J Clin Invest [Internet]. 1992 Jul 1; 90
(1): 15-283. Available from: http://www.jci.org/articles/view/115828.
Sanders MA, Basson MD. Collagen IV regulates Caco-2 cell
spreading and p130Cas phosphorylation by FAK-dependent and
FAK-independent pathways. Biol Chem [Internet]. 2008 Jan 1;
389 (1): 47-55. Available from: http://www.degruyter.com/view/j/
bchm.2008.389.issue-1/bc.2008.008/bc.2008.008.xml.
Sanders MA, Basson MD. Collagen IV regulates Caco-2 migration
and ERK activationvia a1 1 - and a 2 B 1 -integrin-dependent
Src kinase activation. Am J Physiol Liver Physiol [Internet]. 2004
Apr; 286 (4): G547-57. Available from: https://www.physiology.
org/doi/10.1152/ajpgi.00262.2008.

Matsuura-Hachiya Y, Arai KY, Muraguchi T, Sasaki T, Nishiyama T.
Type IV collagen aggregates promote keratinocyte proliferation
and formation of epidermal layer in human skin equivalents. Exp
Dermatol [Internet]. 2018 May; 27 (5): 443-8. Available from:
http://doi.wiley.com/10.1111/exd.13328.

Ohlund D, Franklin O, Lundberg E, Lundin C, Sund M. Type IV collagen
stimulates pancreatic cancer cell proliferation, migration, and inhibits
apoptosis through an autocrine loop. BMC Cancer [Internet]. 2013
Dec 26; 13 (1): 154. Available from: http://bmccancer.biomedcentral.
com/articles/10.1186/1471-2407-13-154.

Vllasaliu D, Falcone FH, Stolnik S, Garnett M. Basement membrane
influences intestinal epithelial cell growth and presents a barrier to
the movement of macromolecules. Exp Cell Res [Internet]. 2014
Apr; 323 (1): 218-31. Available from: http://dx.doi.org/10.1016/j.
yexcr.2014.02.022.

Maoz BM, Herland A, Henry OYF, Leineweber WD, Yadid M, Doyle J,
et al. Organs-on-Chips with combined multi-electrode array and
transepithelial electrical resistance measurement capabilities. Lab
Chip [Internet]. 2017; 17 (13): 2294-302. Available from: http://
dx.doi.org/10.1039/C7LC00412E.

Kim HJ, Huh D, Hamilton G, Ingber DE. Human gut-on-a-chip
inhabited by microbial flora that experiences intestinal peristalsis-
like motions and flow. Lab Chip [Internet]. 2012; 12 (12): 2165.
Available from: http://xlink.rsc.org/?DOl=c2lc40074;j.

107




