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JTabopaTopua CTPYKTYpPHO-PYHKLMOHANIbHOIO KOHCTPYUPOBAHUA N1IEKapCTB

KomnbloTepHana oueHKa 6enkoB-mulLeHel
NeKapCTBeHHbIX COeaUMHEeHUI, CBA3AHHDIX C
NPOABNEHUEM UX renaToTOKCUYHOCTH

C.M. NBaHoB, M.N. Cemun, A.A. NNaryHuH, O.A. DunnmonHos, B.B. lMoponkos




[eNnaTOTOKCUYHOCTb /IeKapCTB

lenaToTOKcnYyHOCTb ([T) NeKapCTBEHHbIX COeAUHEHUM
(NC) ABnsetca rnNaBHOM NPUYUHOM PaA3BUTUA OCTPOM
Ne4yeHOYHON HeaoCTaTOYHOCTUM M OAHOWU U3 OCHOBHDIX
NPUYNH OT3bIBOB NpenapaToB € pbiHKA (Reuben A. et al.,
2010; Hornberg J.J. et al., 2014).

Okono 50% renatotokcnuHbix JIC He ypaeTcA BblIABUTb B
KcnepmmeHTax Ha XunsoTHbix (Olson H. et al., 2000).

120 1 MporHo3 [T npu nomoWM B3aMMOCBA3EMN CTPYKTypa-
100 A . * .
oy . ',' #%"  aKkTMBHOCTb (SAR) AEMOHCTPUPYIOT HEBDLICOKYID TOYHOCTb.
oy e Kpome Toro, oTcyTCTBYeT MexaHUCTMYeCcKaa UHTepnpeTauus.
0 N

0.

" ’016 R (Chen, M., et al., 2014).

[na NpPOrHOCTUYECKMX MOAENEeN, OCHOBAHHbIX Ha NpoPmnax
NHAYLUMPOBAHHOM FEHHOM 3KCNPeccumn, a TakKe rubpuaHbix moaenemn
c SAR TpebyeTcA MHOro 3KCNEPMMEHTOB M OHM peann3oBaHbl ANS
cpaBHUTENbHO Hebonbloro Konndectsa JIC (Muller, C., et al., 2015).




benkn-muuueHu, ceasaHHble cI'T

NHayKuma 6onblinMHCTBA NODOOYHbIX 3DPEKTOB MOXKET ObiTb 0O6BACHEHA
Bo3genctenem J1IC Ha 6enku yenoseKka, Hanpumep 610kaga HERG MOHHbIX
KaHa/0B B cepAaLle npuBoauTt K aputmumam (Torsade de Pointes).

B3anmopencrene C TaKMMM  MULIEHAMU MOXKET OblTb  M3MepeHo

3KCMNEePUMEHTA/IbHO UAK NpeacKa3aHo ¢ nomouwbto (Q)SAR nnm AoKUHTra.

B3aumopeicrteme
6enkamu-muLLIeHAMM

0
HO e
HsC F -

Moxxet am I'T 6bITb 06BbACHEHa B3anmoaeucresmem J1C ¢ 6enkamm
yenoseka? ,



Cxema uccneposaHuna

-

AHann3 CUrHa/sbHbIX NyTe U reHHOMU
3KCNpPeccun, Knacrepmsauusa, TenaoBanA Kapta




Bbibopku /1€ c unpopmauyueir o I'T

Ony6nukoBaHHble BbI6OpKHU:
SIDER wvavr Ay
Zhu X. and Kruhlak N.L., 2014 _iveriox

Greene N. et al., 2010

http://sideeffects.embl.de/ Aronson J. K., 2006 http://livertox.nih.gov/
J1C renaTOTOKCHUUYHO XOTA 6bl B ABYX J1C HerenaTOTOKCMYHO BO BCexX
BblOOpKax Bbl6OpKax

|

OcTpas ne4yeHOYHaA HeJo0CTaTOYHOCTb?

B uenom Bbibopka copepxut 699 J1C

OrpaHuyeHusa:

e JIC ncnonb3yroTca CUCTEMHO, XopoLwaa bMoaoCcTynHOCTb

e JIC npucyTcTBYIOT XOTS Obl B ABYX BblOOPKaXx, N1MOO 0TO3BaAHbI C PbIHKA

* CTpyKTypbl ¢ mon. secom meHble 50 uan Bbiwe 1250 [la, a TakKe HeopraHu4yeckue wu
3apPAXKEHHbIE CTPYKTYpPbl OblNn yaaneHbl N3 BbIDOPKH 5



Pacnpepenerue J1C Bbibopku no knaccam ATX

MHrmburopbl NpoTeMHKNHA3bI

HMNBC (npon3BoAHbIEe YKCYCHOWU KUCNOTbI)
HMNBC (npou3BoaHble NPONMOHOBOI KUCNOTbI)
MHrnburtopbl ANP

MHrubutopbl npoTteasbl

MHrubutopbl FMr-KoA-peayKrasbl
Hecen. UHr. O6p. 3axs. MoHam.
®TOPXUHONOHDI

Cen. UHr. O6p. 3axs. Cep.

AHTaroHuctbl AHrmoTeHsuHa ll
MpoussogHbie cyIbOHUIMOYEBUHDI
MpoussogHble gurngponMpuamHa
MHrMbuTtopbl 06paTHOI TPAHCKPUNTA3bI
LlepanocnopuHbl TpeTbero NokoneHns
MHrbutopbl arrperauum Tpombouutos

MpoussogHblie 6eH30ana3enumHa

N Bbipa)keHHanA

B YmepeHHas

= OTtcyTcTBME

6 8 10
Konuuecrtso coeauHeHui

12 14 16



MNpeackasaHue 6enkos-muweHen J1C

PASS

(Prediction of Activity Spectra for Substances)

decKkpuntopbl:
“Multilevel neighborhoods of atoms” (MNA)
Anroputm:
OCHOBaH Ha HaMBHOM HaliecOBCKOM KnaccudukaTope J :

PASS Targets:

e [1aHHble NO B3anmoaencTesmam nmraHa-6enok ns ChEMBL 19

* [lporHo3 B3anmoaenctsmm ¢ 1534 6enkammn-muLLIEHAMU YE/T0BEKA
* CpeagHAa ToyHocTb (IAP, %) = 97% (Ha OCHOBE CKO/Nb3SLLEro KOHTPOAA C

NCKNOYEHMEM NO O4HOMY)

* MuUHMManbHasa To4HOCTb cpean 1534 muweHen = 85%

Pogodin P.V., et al. (2015) SAR QSAR Environ. Res. 26, 783-793.



UpeHTudUKauma accoumnauyui mexay éenkamum n I'T

Koppenauua KeHganna

[MonpaBKka beHbAMUHM-XoXxbepra 3HaYeHUM p
OTobpaHbl benkmn-muLieHn co 3HadeHnem p < 0.005

309 6enKkoB-muLLEHer, NPeaNON0XKUTENBHO aCCOLMUPOBAHHbIX CTT

KuHasbl

Apyrve depmeHTbI

DOpyrue 6enkn

GPCR

MoTteHuunan-ynpasnsembie NOHHbIE KaHaNbI
TpaHCKpUNUMOHHbIE PaKTOPDI
TpaHcnopTepbl

Apyrue peuenTtopbl

dnureHeTUYECKUE perynaTopbl

LUutoxpombl P450

16 10

11

13 21 15

194

CuUrHanbHble NyTH
B MeTtabonunueckue nytu

B He BXoAAT B NyTH

50

100

150 200 250



Natonoruvyeckue npoueccobl, ceBasaHHble CI'T

AHanuns oboralleHma curHanbHbix/metabonmuecknx nyte ns KEGG n npoueccos
Gene Ontology 6bin  BbINONIHEH Cc nomouwbto  Beb-cepBuca DAVID

(https://david.ncifcrf.gov/). NMonyyeHHble pe3ynbTaTbl MOryT bbiTb cBeAeHbl K 11
obwmm npoueccam.

MumoxoHOpuarnbHsle
namosioz2uu ®dubpos
Anonmos
Memabonu3zm
bnokada aymogaauu KceHobuomukos

BocnaneHue u aymoumMmMyHHble

bunuapHeie peakyuu
namosio2uu
HapyweHrue peceHepayuu
HapyweHue eueny HapyweHue
Memaboau3ma memabonusma
2/1H0KO3bl
nunuoos UHcynuHope3zucmeHmHocmseo

BONbLWMHCTBO NPOLECCOB aCCOLMUPOBAHO C TKAHbIO NeYeH



JKcnpeccuna reHoB U 6eNKoB B neyeHu

UCTOYHUKM AaHHDbIX

* Human Protein Atlas (http://www.proteinatlas.org/) — B3aumopencTeua c
MOHOK/IOHA/IbHbIMW aHTUTENAMMU

* Multi-Omics Profiling Expression Database (http://moped.proteinspire.org) —
[aHHble N0 Macc-CNeKTPoOMEeTPMM (3 HE3aBUCMMbIX IKCNEPUMEHTA)

» Expression Atlas (https://www.ebi.ac.uk/gxa/home) — RNA-seq (5 He3aBUCUMbIX
3KCMNEePMMEHTOB)

NMoporoBble 3Ha4YeHUA NO IKCNpPeccun

* benkn, NOEHTUPMUMPOBAHHbBLIE C MOMOLLbIO AHTUTEN AO/KHbI MMETb YPOBEHb
3Ha4YumocTun “Supportive”

* benkn, naeHTMPMUNPOBAHHbIE HE MEHEE YeM B ABYX SKCNEPMMEHTAX No macc-
cnektpomeTpuu ¢ False Discovery Rate < 0.01

* MeawnaHa 3HayeHnn FPKM no 5 RNA-seq akcnepumeHTam > 1

184 n3 309 6enKoB 3KCNPECCUpPYOTCA B NEeYEHMU


http://www.proteinatlas.org/
http://moped.proteinspire.org/
https://www.ebi.ac.uk/gxa/home

UpeHTUPUKaLMA NPUUUHHO-CNEACTBEHHbIX accoumnauuin c I'T

Kateropna BbicOKOM poctosepHoctn (76 6enkoB) — yyactme atux Henkos B 11
NaTONOrMYECKUX NPOLLeCcax YCTAaHOBAEHO B SKCMEPUMEHTAX Ha NeYeHMn.

Kateropna cpegHen pocrosepHoctn (69 6enkos) — yudactne astmux b6enkos B 11
NaTONOrMYECKUX NPOLLeCCax YCTAHOB/IEHO B 3KCMEPUMEHTaX Ha APYrnux opraHax, Ho

OHW 3KCMNPECCUPYIOTCA B NEYEHM.

B uenom BbiaBneHo 145 6enKkoB-mulleHewu

HapyweHue pereHepauuu (nponndepauusn)
MHAayKuMA anonTto3a

HapyweHue pereHepauuu (aHrmoreHes)
BocnaneHue

®dunbpo3 neyeHum
MHcynnHoOpe3nucTeHTHOCTb

HaypweHue metabonnsma nmnmagos
HapyweHune GpyHKUUN MUTOXOHAPUIA
HaypweHua metabonnsma rnoKosbl
leHepauua akTMBHbIX Gopm Kucnopopa
HapyweHue aytodarum

MaTonorum }KenuHbix KUCNOT
MeTtabonnam KceHo6MOTUKOB

H BbicOKaa A0CTOBEPHOCTb

B CpegHAA fOCTOBEPHOCTb

10 20 30 40 50 60 70 |, 80



0630p npeackasaHHbIX B3aumopgeinctamnii 699 J1C co 145 6enkamm

Color Key

Ll

-0.5 ] 0.5
Pa-PiValue

1 AMMHOXUHOAMHDI ™ 28 MULLEHEeN

' % HeHykneo3suaHble MHrM6UTOPLI 06paTHOM
ik 'j TpaHCcKpunTasbl ~ 39 muLLeHel

{:% S ﬂr' HeceneKkTuBHble MHIM6UTOPbLI 06paTHOrO
T s i { 3aXBaTa MOHaMMHOB ~ 15 muLLeHel

L

ik
E HEE
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Compounds
l BbipaxeHHaa I'T YmepeHHaa T l OtcytcrBue I'T 12




3aBMCMMOCTb cTteneHu I'T ot A03bl U cnocoba npumeHeHua J1C

m Otcyrcteme [T W YmepeHHaa [T M BbipaxkeHHaa T
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UpeHTudUKauuma accoumauuin mexxay 6enkamu u I'T B npegenax
Knhacrepos

3Ha4veHune p < 0.05

61 13 145 muweHei (42%) 6bian HalaeHbl B npegenax Xxota 6bl o4HOTo

KNnacTtepa

KuHasbi

Opyrue pepmeHTbI

Dpyrmne 6enkn

GPCR

MoTteHumnan-ynpasnassemble MOHHbIE KaHaAbl
TpaHCKpUNUUOHHBbIE paKTOpbI
TpaHcnopTepbl

Opyrue peuenTtopbl

dnNUreHeTUYeCKne perynaTopbl

LUutoxpombi P450

12
7 12 5
7 13
3
CurHanbHble nyTH
l . B MeTtabonuueckue nytu
2 B He BX0AAT B NyTH
L F
3
3

5 10 15 20 25 30
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Mpumepbl BbIABAEHHbIX 6€N1KOB-MULLEHEN

Cyclooxygenase-2. BbisiBNeH B NATK Knactepax. MHriMbmnpoBaHue ycuamneaeT
nopa*keHne nevyeHu, BbI3aBaHHOE renaToOTOKCUYHbIM COeIUHEHUEM.

Niemann-Pick C1 protein. lpn 6one3nn HumaHa-lNnka tnna C nopakeHol,
rNMaBHbIM 06pa3oMm, NeYeHb U MO3XKEYOK. [eHETUYECKMIN HOKAYT yBe/InumMBaeT
3KCMPECCUI0 FeHOB, CBA3aHHbIX C MHAYKLMEN OKCMAATUBHOIO CTPECCa,
dnbpo3a 1 BoCnasieHUA B NeYEHMN.

Hematopoietic cell protein-tyrosine phosphatase 70Z-PEP. 31a ¢pocdaTasa
CHUXXAET nepeaayvy curHana ¢ T-knetoyHoro peuentopa. lNonnmmopdunsm
rs2476601 cooTBETCTBYIOLLEro reHa accCoLuMmMpoBaH C NOBbILLEHHOW
YYBCTBUTENbHOCTbIO K MANOCUHKPATUYECKUM NOPAXKEHUAM NEYEHMN,
BbI3BaHHbIM aMOKCULIMNIMHOM/K/1aBYy1aHOBOM KMUC/IOTOM, U CBA3AH C
MMMYHHbIM OTBETOM Ha TKaHWU NEeYeHM.

Toll-like receptor 9. AKkTBaUMA BbI3biBaeT MHOUNBTPALUIO NEYEHU
HenTpodmnamm NocpeacTBOM MHAYKLUN XEMOKUHOBbLIX PeLenTopos.
AKTMBALUMA TaKKe Bbi3blBAE€T HEA/IKOTO/1IbHbIN CTeaTorenaTuT.



CsAas3b J/1C ¢ mueHAMU U NATONOTUYECKMMU NpoLeccamu

JlekapctBo benok-muiieHb MaTonornuyecknin npouecc
bnokapa aytodarnm
AuetTnncanmumnosas AMPK alpha2/betal/gammal
, MwuToxoHApWasnbHaA
KMUCNoTa Cysteine protease ATG4B
TOKCUYHOCTb
AmoaunaxumH
LnHxodeH Cysteine protease ATG4B MunToxoHApUanbHanA
CynbdacanasuH FAD-linked sulfhydryl oxidase ALR TOKCUYHOCTb
TonkanoH
Cysteine protease ATG4B MunToxoHApUanbHanA
ATOBaKBOH )
Dihydroorotate dehydrogenase TOKCUYHOCTb
AnonTo3, HapyleHune
dnyTamng, Aryl hydrocarbon receptor by
meTabonnsama nMnngos
MWHOUWKANH Protein-tyrosine phosphatase LC-PTP AyTOMMMYHHbIW renaTuT
MwuToxoHApWanbHaA
OnaH3anuH FAD-linked sulfhydryl oxidase ALR AP

TOKCUYHOCTb 16




BbiBoAbl

Blamogencresme  NeKapCTBEHHbIX  COeAMHEHUWN  CO
cneumdnyecKMMmN Benkamm YenoBeKa WUrpaeT BaXKHYIO
POMIb B UHAYKLUNN NOPAXKEHUN MEYEHMU.

Mbl  BblABUAM 61 6enoK-muleHb N1eKAPCTBEHHbIX
CoOeANHEHUWN, ANA KOTOPbIX CBA3b C rernaTtoTOKCUYHOCTbIO
Hanbonee BepoATHA.

3T B6enkm MmoryT CAyXUTb OCHOBOW ANA AaZibHEULInX
KOMMNbIOTEPHbLIX U 3KCNEPUMEHTANbHbIX UCCNeA0BaHUN C
LEeNbio co34aHuns HOBBbIX MEeTOoA0B PaHHEN
ANOKNIMHUYECKON OLLEHKN renaTOTOKCUYHOCTM.
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In Silico Identification of Proteins Associated with
Drug-Induced Liver Injury Based on the Prediction of

Drug-Target Interactions

Sergey Ivanov,*™® Maxim Semin,® ® Alexey Lagunin,®® Dmitry Filimonov,” and Vladimir Poroikov®™

Abstract: Drug-induced liver injury (DILI) is the leading
cause of acute liver failure as well as one of the major
reasons for drug withdrawal from clinical tdals and the
market. Elucidation of molecular interactions associated
with DILI may help to detect potentially hazardous
pharmacological agents at the early stages of drug develop-
ment. The purpose of our study is to investigate which
interactions with specific human protein targets may cause
DILI. Prediction of interactions with 1534 human proteins
was performed for the dataset with information about 699
drugs, which were divided into three categories of DILIE
severe (178 drugs), moderate (310 drugs) and without DILI
(211 drugs). Based on the comparison of drug-target

interactions predicted for different drugs’ categories and
interpretation of those results using clustering, Gene
Ontology, pathway and gene expression analysis, we
identified 61 protein targets associated with DILU. Most of
the revealed proteins were linked with hepatocytes’ death
caused by disruption of vital cellular processes, as well as
the emergence of inflammation in the liver. It was found
that interaction of a drug with the identified targets is the
essential molecular mechanism of the severe DILI for the
most of the considered phamaceuticals. Thus, pharmaceut-
ical agents interacting with many of the identified targets
may be considered as candidates for filtering out at the
early stages of drug research.

Keywords: Hepatotoxicity « bicinformatics « off-target « structure-activity relationships « pathway analysis

1. Introduction

Drug-induced liver injury (DIL) is one of the main problems
associated with the use of drugs in clinical practice. Despite
its rare frequency of occumence, it is the leading cause of
acute liver failure (ALF) and liver transplantation in Westem

only been realized for a relatively small number of drugs.
Further investigations of DiLl-related mechanisms may
provide a basis for improving of existing approaches and
allow the development of new prediction methods with
higher accuracies and lower costs.

It is generally accepted that the main DILI mechanisms
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