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1. Roviditések jegyzéke

ABC
ADME

ADMETox

ADP
AMP
ASBT

ATP
BB
BCA
BCRP

BSA
BSEP
CAM
Caco-2
cAMP
CDCF
CFTR
cGMP
CYp
DDI
DHEAS
DILI
DMEM
DMSO
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ATP Binding Cassette, ATP-kot6 kazetta

absorption, distribution, metabolism, excretion
felszivodas, eloszlas, metabolizmus, kivalasztas
absorption, distribution, metabolism, excretion, toxicity
felszivodas, eloszlas, metabolizmus, kivalasztas, toxicitas
adenozin-difoszfat

adenozin-monofoszfat

apical sodium-bile acid transporter;

apikalis natrium-epesav transzporter
adenozin-trifoszfat

benzbromaron

bicinchoninic acid assay; bikinkoninik sav esszé

breast cancer resistance protein; emldkarcinoma rezisztencia

fehérje

bovine serum albumin; szarvasmarha szérum albumin
bile salt export pump; epesd export pumpa

calcein acetoximetil

carcinoma coli-2; kolon karcindéma-2

ciklikus adenozin monofoszfat
5-(and-6)-Carboxy-2',7"-Dichlorofluorescein

cisztas fibrozis transzmembran konduktancia regulator
ciklikus guanozin-monofoszfat

citokrom P450

drug-drug interaction; gyogyszer-gyodgyszer kdlcsonhatas
dehidroepiandroszteron szulfat

drug-induced liver injury; gyogyszer okozta majkarosodas
Dulbecco’s Modified Eagle Medium

dimetil-szulfoxid
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DTT ditiotreitol

EDTA etilén-diamin-tetraecetsav

EGTA etilén-glikol-tetraecetsav

EMA European Medicines Agency; Eurdpai Gyogyszeriigynokség

ER Efflux Ratio; efflux hanyados

ETBG Osztradiol 17-beta-D-gliikuronid

E3S Osztron-3-szulfat

FBS fetal bovine serum; magzati borji szérum

FDA Food and Drug Administration;
Elelmiszer- és Gyogyszerellenérzé Hivatal

GAPDH gliceraldehid-3-foszfat dehidrogenaz

GLUT gliikdz transzporter

HBSS Hank’s Balanced Salt solution

HBV hepatitis B virus

HCV hepatitis C virus

HDV hepatitis D virus

HEK293 human embryonic kidney 293 cell; huméan embriondlis vese
293 sejt

HRP horseradish peroxidase; torma-peroxidaz

ICso 50%-os gatlo hatast okoz6 koncentracid

KO knock-out (génkiiitott)

Ko Kol43

LLC-PK1 Lewis-lung cancer porcine kidney 1

MATE multidrog €s toxin extrizios

MDCKII Madin-Darby canine kidney strain II

MDR multidrug resistance; multidrog rezisztencia

NBD nucleotide binding domain; nukleotidk6té domén

NMQ N-methyl-quinidine; N-metil-kinidin

OAT organikus anion transzporter

OATP organikus anion transzportald polipeptid



PMSF
SDS
S19

SLC
TAP

TC
T™MD
VS
VT
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organikus kation transzporter

apparent permeability; latszolagos permeabilités
phosphate buffered saline; foszfat pufferelt séoldat
paraformaldehid

permeability glycoprotein; permeabilitas glikoprotein
anorganikus foszfat

Pharmaceuticals and Medical Devices Agency;
Gyogyszerészeti és Orvosi Eszkozok Ugynoksége
fenil-metil-szulfonil-fluorid

sodium dodecyl sulphate; natrium-dodecil-szulfat
Spodoptera frugiperda clonal isolate 9;

0szi seregherny6 9-es klonalis izolatum

solute carrier; oldott anyag szallito

Transporter associated with antigen processing;
antigén feldolgozashoz kapcsolddo transzporter
taurokolat

transzmembran domén

valspodar

vezikularis transzport
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2. Bevezetés

Az emberi szervezetben az epitélsejtek és azok specializalt formai fizioldgias hatarfeliileteket
alkotnak. A szoveti kotelékbe rendezddod epitélsejtek miikodésének alapvetd feltétele, hogy
a sejtkapcsold strukturdk és a molekulak szabad mozgasat korlatozd folyamatok
szabalyozasara kiilonb6z6 membranrégiok alakuljanak ki, vagyis a sejtek polarizalédjanak.
A kiilonbozd sejttipusok eltérd igényliknek megfelelden kiilonféle, az adott sejttipusra
jellemz6 transzporter fehérjéket fejeznek ki. Csak nagyon kevés molekula képes fehérjék
kozremikodése nélkiil belépni a sejtbe vagy elhagyni azt. A molekuldk komplex
fizikokémiai tulajdonsagai részben meghatarozzdk azok sejtes barriereken valo atjutasat,
passziv permeabilitasat (1). Aktiv és passziv transzportjukat az integrans membranfehérjék
nagy csoportjai az ABC transzporterek, ATP-az pumpafehérjék (2), a csatornafehérjék (3) és
az oldottanyag szallito fehérjek végzik.

A multispecifikus gyogyszertranszporterek az ATP-kotd kazetta (ABC) és az oldott
molekulakat hordozo (SLC) transzporterek szupercsaladjaba tartoznak (4). Ezek fiziologias
szerepiik mellett dontden befolyasoljak a gydgyszerek abszorpcidjat, disztribuciojat,
metabolizmusat, eliminaciojat (ADME) és toxicitasat (5, 6). A transzporterek pontos
szerepének megértése a gyogyszerek szervezeten beliili sorsanak alakitdsaban nem konnyti,
mivel egyesek ubikviterek, mig masok specifikusan és eltérd mértékben expresszalddnak;
gyakran széles, atfed0 szubsztrat- és inhibitorspecificitast mutatnak, egymassal ¢és
metabolikus enzimekkel koordinaltan miikddnek (7). Egy adott gyogyszer egyidejlileg lehet
tobb transzporter és/vagy metabolikus enzim szubsztratja, gatloszere, befolyasolhatja
expressziojukat is, igy a komplex mechanizmusok megértése klinikai farmakokinetikai
szempontbol még mindig kihivasokkal teli. Példaként emlithetjiik a bozentant, egy endotelin
receptor antagonistat (8). A bozentan a CYP2C9 ¢s CYP3A4A enzimekkel metabolizalodik,
a ketokonazol, mint CYP3A4 gatl6 megemeli plazmaszintjét, mig CYP indukaloszerekkel -
ciklosporinnal, glibenklamiddal, warfarinnal - hosszitdvon alkalmazva plazmaszintje
csokken. A hepatocitdkba OATP fehérjék kozremiikodésével keriil, DILI-t okozhat,
glibenklamiddal egyiittszedve majkarositd hatdsa még kifejezettebb lehet. Ismert, hogy a
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bozentdin az ABCBI1 gatloszere, az ABCC2 mukodését aktivalja. A fenti
membrantranszporter és metabolikus enzim kolcsonhatasok jol szemléltetik a folyamat

komplexitasat (9).

A gyogyszerhatosagi eldirasok (FDA, EMA, PMDA) és a novekvd gyodgyszeripari igények
miatt a multispeficikus gyodgyszertranszporterek miikodésének €s a transzporterek szintjén
megvaldsulo gyogyszer-gyogyszer kolcsonhatasok feltérképezése intenziv kutatas targya. Az
FDA ¢és EMA ma mar eldirja a bevezetésre varo 1 gyogyszerek és egyes farmakokinetikai
szempontbol kulcsfontossagu transzporterek vizsgalatat és javaslatot tesz a karakterizalasra
legalkalmasabbnak tartott in vitro modszerekre. Az iranyelvek in vitro kiiszobértékeket
hatdroznak meg, ezzel segitve a transzporter-medialt gyodgyszerkodlcsonhatasok klinikai

vizsgalatanak tervezését, kivitelézését.

2.1. Az ABC és SLC transzporterek attekintése

Az ABC ¢és SLC transzporterek szupercsaladjaba jelen tudasunk szerint tobb mint 500 fehérje
tartozik (10, 11). Az eddig megismert 48 human ABC transzportert 7 alcsaladba (ABCA-QG)
soroljak (10). A transzporterek nevezéktana ma egységes, a Human Genom Organizacio
(HUGO) Gén Nomenklatura Bizottsaga (12) minden génhez és az altala kodolt fehérjéhez
egyértelmil azonositd megjeldlést ad. Az egyes transzporterek nevét az alcsalad nevébdl
képezik egy, a transzportert definidlo szdm hozzdadasaval. Ugyanakkor a transzporterek
esetében kiillondsen igaz, hogy a hivatalos, szisztematikus név mellett tovabbra is elterjedtek
a hagyomanyos elnevezések. igy példaul az ABCBI fehérje elterjedt megnevezése az MDR1
vagy P-gp, az SLC22A6 transzporter OAT1 néven is ismert.

A legtobb emlés ABC transzporter elsddleges aktiv transzporterként mitkddik, a szubsztratok
sejtbdl vald eltavolitasat végzi, az efflux transzporthoz az energiat az ATP hidrolizise
szolgaltatja. Kivételt képez ez aldl a retindban expresszal6dé6 ABCA4 (13), a klorid csatorna
CFTR (14), és a szulfonilurea receptorok, a SURI és SUR2 (15). Az ABC transzporterek
neviiket a konzervativ ABC (ATP Binding Cassette) doménekrdl kaptak, melyeket NBD
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(Nucleotide Binding Domain) néven is ismeriink. A citoplazméban lokalizal6do, enzimatikus
aktivitasu NBD karakterisztikus elemei a 90-120 aminosavnyi tdvolsagra 1évé Walker A és
Walker B motivumok, valamint a Walker B el6tt talalhaté signature C motivum (16). A
funkcionalis ABC fehérje tipikusan két NBD ¢és két transzmembran doménbdl (TM) épiil fel.
Az egyes transzmembran domének 6-11 transzmembran alfa-hélixbdl allnak, foként a
szubsztratkotésért feleldsek. Szamos eukariota ABC transzporterre jellemzd, hogy a
transzmembran domének dsszekapcsolodnak a nukleotid kotd doménnel, és két ilyen entités
hoz létre egy funkcionalis ABC transzportert, tipikusan homo- vagy heterodimer forméban.
Ugyanakkor tobb eukariota ABC transzporterre jellemz6, hogy 4 doménje alkot egy
funkcionalis egységet. Egy hossza 6sszekotd (linker) szekvencia a nukleotid koté domén 1
(NBD1) C-terminusat 0sszekapcsolja a TMD2 N-terminalisaval (10). Az ABCB1, ABCB4,
ABCBS5, ABCBI11 fehérjékben, valamint az ABCA, és az ABCC alcsaladok tagjaiban
megtalalhatd ez a linker szekvencia. Az ABCC alcsalad néhany tagja egy extra
transzmembran domént (TMDO) is tartalmaz N-terminalisan (17). A fél transzporterek egy
NBD-t és egy transzmembran domént tartalmaznak, dimer vagy oligomer forméban
funkcionalisak. Fél transzporterek az antigén processzalasban kulcsszerepet jatszo TAP1 és
TAP2 fehérjék (18), és az ABCG alcsalad tagjai is. Az ABCG proteinek struktaraja is
egyediilallo, az NBD az amino terminalison, TM domén a karboxi-terminalison helyezkedik
el (19).

Az ABC transzporterek fiziologias szerepe sokrétli, s az alcsaladok is diverz funkcidju
tagokat foglalnak magukba. Az ABCA alcsalad legtobb tagja a lipidek, tobbek kozt a
koleszterol, foszfolipidek transzportjaban ¢és egyes sejtek lipid homeosztazisanak
fenntartdsaban jatszanak szerepet (20, 21). Az ABCA transzporterek mutacioi sulyos
betegségeket okoznak. Harlequin ichthyosis kialakuldsdhoz vezet az ABCAI2
funkcidvesztése (22), az ABCAT1 loss-of-function variansa Tangier betegség kialakulasahoz
vezet. Ez utdbbi korképre jellemzd a sejtekbdl torténd koleszterol efflux csokkenése, €s a
keringd high-density lipoprotein (HDL) hianya (23).

Az ABCB alcsalad prominens tagja az ABCB1 (MDR1, P-gp). Elsdként azonositottak, mint
a gyogyszertranszportban jelentds szerepet jatszo transzportert (24, 25). Ubikviter, magas az

expresszidja a barriereken, mint a vékonybél hdmsejtek luminalis membranjaban, a vér-agy



DOI:10.14753/SE.2023.2898

gat kapillarisaiban, a kivalasztast végz0 proximalis tubulus és a majsejtek apikalis
membranjaban (26). Egyes tumorsejtekben is nagymértékben expresszalodik (27, 28).
Fiziologidsan a testidegen anyagok, xenobiotikumok sejtekbe jutasat szabéalyozza (29).
Szubsztratspecifitasa rendkiviil széles, neutralis vagy pozitivan toltott hidrofob molekuldkat
preferal (30). Gyogyszerrezisztencia kialakulasat okozhatja (31), s fontos szerepet jatszik a
gyogyszer ADME-ban (32). Az ABCB4 és ABCB11 fehérjék a majban expresszalodnak, az
epeképzésben jatszanak fészerepet. Az ABCB4 foszfatidil-kolinokat valaszt ki (33), mig az
ABCBI1 a konjugélt epesavak transzportjat végzi (34). Mutécidik enyhe vagy stlyos
majbetegségeket okozhatnak, példaként emlitva a progressziv familidris intrahepatikus
kolesztazist (35, 36). Gatlasuk gyogyszer-indukalta majkarosodas (DILI) kialakuldsdhoz
vezethet (37-39). Az alcsalad féltranszporter tagjai a processzalt peptidantigéneket a
citosz6lbol endoplazmas retikulumba szallitd TAP1 és TAP2 fehérjék (40).

Az ABCC alcsalad tagjai is igen eltérd funkcioja fehérjék. Az ABCCI1 hidrofob €s anionos
molekuldk, gliitkoronid és glutation konjugatumok és a glutation effluxat végzi (41). A
leukotrién C4-et (LTC4) termeld sejtekbdl eldsegiti annak szekrécigjat (42, 43). Miikodése
kapcsolatba hozhat6 a klinikai multidrog rezisztencia jelenségével is (44). Az ABCC2
kizarélag a polarizalt sejtek apikalis membranjaban expresszalodik (45), s endogén vagy
xenobiotikum organikus anionok, gliikkuronid, szulfat, glutation konjugatumok transzportjat
medialja (46, 47). Az ABCC3 polarizalt sejtek bazolateralis membranjaban expresszalodik,
magas szinten fejezddik ki a majban és a gasztrointesztinalis traktusban (48, 49). Endogén
szubsztratjai az 0Osztradiol-17-béta-gliikkuronid, androgén gliikuronidok (50), a LTC4,
monovalens epesok mint a kolat és a glikokolat valamint egyéb gliikuronid konjugatumok
(pl.: fitoOsztrogének, rezveratrol és kurkumin) (51). Szerepet jatszik az epesok
enterohepatikus korforgasaban (52) is. Az ABCC4 a m4j, choroid plexus, gasztrointesztinalis
traktus sejtjeinek bazolateralis membranjaban, a proximalis tubulus, agyi kapillarisok endotél
sejtjeinek apikalis membranjaban expresszalodik (53). Intra- és intercellularis mediatorok,
ciklikus nukleotidok, eikozanoidok, urat, konjugélt szteroid hormonok transzportjadban
jatszik szerepet (54). Az ABCCS5 képes cAMP, cGMP transzportjara (55), az ABCC6
elsésorban a majban fejezddik ki (56), deficiencidja pseudoxanthoma elasticum korkép

kialakulasahoz vezet (57).

10
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Az ABCD alcsaladba tartozo 4 féltranszporter a peroxiszomakba juttatja a béta-oxidacio
szubsztratjait, a hosszulancu zsirsavakat (58). Az ABCE és F alcsaladba tartozé fehérjéknek
nincs transzmembran doménjiik, transzport funkcidjuk nem ismert (59).

Az ABCG alcsaladot diverz funkcioju, reverz féltranszporter fehérjék alkotjadk. Az ABCG1
a makrofagok lipid homeosztazisat regulalja, koleszterolt valaszt ki, szerepe lehet az
atherosclerosis kialakulasaban (60). Az ABCGS5/G8 a szterolok epébe torténd
kivalasztasaval, a koleszterol bélbdl valo felszivasaval kritikus szerepet jatszik a szervezet
szterol korforgalmaban (61). Diszfunkcidjuk szitoszterolémiat okoz (62). Az ABCG2
multidrog rezisztencia fehérjeként funkcional, az ABCB1 fehérjével a kemoimmunitas
halozat alapvetd elemei (29). Magas expresszidja és miikddése alapvetd a fiziologids és
farmakologiai barrier funkci6 fenntartasaban (63). Az ABCG2 legfontosabb funkciondlis
jellemzdit, szervezeten beliili lokalizaciojat, a xenobiotikumok, gyogyszerek ADMETox
sajatsagaira kifejtett hatasat, mutacidinak jelentoségét osszefoglald kozleménylink taglalja

(64).

Az SLC transzporterek topologidjardl keveset tudunk, predikciok alapjan 1-16
transzmembran doménnel rendelkeznek (65, 66). A jelenleg 65 csaladba sorolt 458 SLC
fehérje rendkiviil széles szubsztrat-felismerd képességgel rendelkezik, de az egyes csaladok
tagjaira jellemz6 egy altalanos, csaladon beliil konzisztens szubsztrat tipus preferencia (67).
Az SLC-k vagy a passziv facilitdlt diffuzidban vesznek részt vagy szekunder aktiv
transzporterekként miikodnek (68). Ismertek tercier aktiv transzporterek is, mint az OATI és
OAT3 (69). A transzport folyamat iranya szerint feloszthatoak uniporter, példaul a gliik6z
transzporter 1 (GLUT1 (70)) és kotranszporter: szimporter, mint a natrium-glikéz
transzporter 1 (SGLT1 (71)) és antiporter, példaul a natrium/kalcium cserélé (NCX (71))
fehérjékre.

Normal fizioldgias koriilmények kozt az SLC fehérjék kiilonféle molekuldk sejtbe valo
felvételét végzik. Kivételt képeznek az SLC47 csaladba tartoz6 MATE1 ¢és MATE2K

cyey

mukodéstik soran egy molekula felvételét egy masik molekula effluxahoz kapcsoljak. Ilyen
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exchanger a fent emlitett OAT1 transzporter is, amely a para-aminohippuratot o-
ketoglutaratra cseréli (73).

A SLC-k mikodése szamos fiziologias folyamathoz kapcsolhatd. Az SLCI, SLC2,
SLC3/SLC7, SLC5, SLC6, SLC16, SLC21, SLC22, SLC38, SLC44 és SLC47 csaladok
tagjai a vér-agy gaton keresztiili tapanyagok transzportjaban vesznek részt (74). Az SLC6 és
SLCI18 csaladokba tartozd transzporterek tobbek kozt a neuronok, glidk membranjaban
expresszalodnak, s neurotranszmitterek példaul dopamin, szerotonin natrium-fiiggd
felvételét medidljak (75). Transzport mitkddésiiktol fiiggetleniil egyéb funkcidjuk is ismert.
Szamos csalad tagja rendelkezik virusk6té doménnel, segitve a virusok sejtbe jutasat. Az
NTCP (natrium-taurokolat kotranszportald protein) a HBV és szatellita virusa, a HDV {6
receptora (76), a LAT1 (L-tipusi aminosav transzporter 1) heterodimer fehérje nehéz
alegysége - amellett, hogy L-tipusu aminosavak transzportjat végzi (77) - a HCV sejtbe
kialakulasaban ¢€s fenntartasaban is van szerepe (79-81). A gliikkdz transzporter 2 (GLUT?2)
gén mutdcidja miatt a gliikoz glikogén formajaban felhalmozddik a méjban és a vesében, s a
Fanconi-Bickel-szindroma tiineteit okozza (82). Malignusan transzformalt sejtek gyakran
overexpresszalnak leucin transzportereket, az igy elért magasabb intracelluldris leucin

koncentraci6 és az mTOR aktivacidja a daganatos sejtek szaporodasat segiti (83).

2.2. Transzport fehérjék a fizioldgids barriereken

A gyogyszerfejlesztés sordn a vékonybélhdm, a maj, a proximalis tubulus epitéliumaban és
a vér-agy gat endotéliumaban expresszalodé kulcs ADME transzporterek vizsgélatira

fokuszalnak.

A négy f0 barrierben legfontosabbnak tartott ADME transzportereket az 1. abran mutatom
be. A tesztelésre ajanlott transzporterek mellett az egyes barriereken kifejez6do

transzporterek koziil sok kimaradt a hatosagi ajanlasokbol.
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vékonybélhamban, majban, vér-agy giaton és a proximalis tubulusban. A SLC
transzportereket kék szin, az ABC transzportereket sziirke jeloli. A transzport irdnyat nyil

mutatja.

2.2.1. Az intesztindlis felszivodast befolyasolo transzporterek

A felszivodas az enterocitdk kefeszegélye feldl torténik a vér- €s nyirokerek iranyaba. Az
endogén anyagok, xenobiotikumok és gyogyszerek felszivodasaban SLC transzporterek
jatszanak szerepet. Ilyen példaul a széles szubsztratspecificitasu, gyogyszer-étel (84) és
gyogyszer-gyogyszer (85, 86) kdlcsonhatasokban is leirt OATP2B1. A peptidek és B-laktam
antibiotikumok felvételét facilitaldo oligopeptid transzporterek (PEPT) (87) és az epesavak
enterohepatikus korforgasaban kulcsszerepld ASBT (88) a prodrug megkdozelités célpontjai
is (89, 90). Prodrugnak nevezziik egy gydgyszervegyiilet inaktiv prekurzorat, amely kémiai

¢s/vagy enzimatikus atalakulds utan fejti ki farmakologiai hatasat. A prodrug technologia
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javithat egy igéretes hatdéanyag gyenge felszivodasi tulajdonsagain (91). A rdvid
egyeneslancu alifas monokarboxilatok (acetat) és a C2- vagy C3-szubsztitualt
monokarboxilatok (laktat, piruvat) proton-kapcsolt transzportjat végzé MCTI1 (92)
gyogyszerek (pl.: szalicilsav) felvételét is segiti (93). A koncentrativ nukleozid
transzporterek (CNT) nukleozidok felvételét facilitaljak, s nukleozid analdg gyodgyszereket
is transzportalnak (94, 95).

Az enterocitak apikalis membranjaban kifejez6dé efflux transzporterek koziil a széles
szubsztratspecifitasi ABCB1, az ABCG2 ¢és az ABCC?2 jatszanak kiemelt szerepet a szajon
at alkalmazott gyogyszerek bioldgiai hasznosuldsdban, de az ABCBI1 fehérje szerepét
vizsgaljak leginkabb. Az ABCB1 magasan expresszalodik a disztalis jejunum és ileum
hengerhdmsejtjeinek apikalis membranjdban, alacsony az expresszidja a gyomorban,
duodenumban ¢és a proximalis jejunumban (96, 97). Az ABCB1 szamos gyogyszer, mint a
digoxin (98), loperamid (99) vagy talinolol (100) felszivodasat befolyasolja. Az ABCBI1
preferalt szubsztratjai és a majban, vékonybélben is expresszaloddé CYP3A4 szubsztratjai
gyakran atfedést mutatnak (101).

Az ABCC2 domindnsan a majban expresszalodik, de a vékonybélben is kifejezddik,
strukturdlisan diverz xenobiotikumok ¢és konjugatumaik felszivodasat befolyasolja.
Példaként emlitve, az ABCC2 ¢és ABCG2 transzporter-szubsztrat flavonolignan, a szilibin
biohasznosuldsat segiti - egyidejii alkalmazasukkor - egy szintén ndvényi eredetii hatdéanyag,
a baikalein, mivel gatolja az ABCC2 és ABCG2 transzportereket (102). A szulfaszalazin
felszivodasat negativan befolyadsoljak az ABCC2 ¢és ABCG2 (103), igy az azonos
indikéacioban alkalmazott, egyszerre adott indometacin az ABCC2 gatlasdn keresztiil
megnoveli a szulfaszalazin plazmaszintjét (104). Az ABCG2 olyan gyogyszerek

biohasznosuldsat befolyasolja, mint a topotekan vagy nitrofurantoin (105, 106).

2.2.2. Transzporter hatdsok a vesén keresztiili kivalasztasban

Az organikus anionok ¢és kationok aktiv szekrécidja €s visszaszivasa javarészt a proximalis

tubulusokban torténik. A proximalis tubulus sejtjeiben expresszalodo transzporterek szamos
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folyamatban kulcsfontossagli szerepet jatszanak. Xenobiotikumok felvételét medialjak a
sejtekbe, azok effluxat végzik a glomerularis filtratumba, visszaszivjak azokat a filtratumbol
és vissza is pumpalhatjak azokat a vérbe.

A vese SLC transzporterei koziil az OAT és OCT transzporterek csaladjai a legjelentdsebbek
(107). Az organikus anion transzporterek kicsi, vizoldékony, albumin kotétt anionok
felvételét medialjak a proximalis tubulus sejtjeinek bazolaterdlis membranjaban, mint
példaul antiviralis, gyulladascsokkentd szerek, kacsdiuretikumok, B-laktdm antibiotikumok
(108, 109). Az organikus kation transzporterek kationos szubsztratok, tobbek kozt a
metformin, protonpumpa gatlok, kemoterapids szerek felvételében jatszanak szerepet (110,
111). Az OCT2 atfedé szubsztratspecificitast mutat a MATE1 és MATE2K fehérjékkel.
Funkcionalis egységet alkotnak, az OCT?2 éaltal a vérbdl felvett xenobiotikumokat a MATE
fehérjék valasztjak ki a vizeletbe (112, 113). Az apikélis ABCC2, ABCC4 efflux pumpak, és
az OAT4 szubsztrat spektruma (gyulladdscsokkentd szerek, diuretikumok, pB-laktam
antibiotikumok, stb.) a bazolateralis organikus transzporterekéhez hasonlo (114, 115). Az
ABCG2 példaul citosztatikumok, fluorokinolok, szteroidkonjugatumok transzportjara képes
(116, 117). E transzporterek gatlasa késleltetheti a kivalasztast, illetve a xenobiotikumok
intracellularis akkumulacioja miatt né azok nefrotoxicitasa (118, 119). Az ABCB1 a vesében
is gyogyszer-gyogyszer kolcsonhatasok kozvetitéje lehet. Ismert, hogy a digoxin
kivalasztasa csokken, ha a renalis ABCBI1-et ciklosporinnal (120) vagy ritonavirrel (121)

gatoljak.

Mostandban a hugysav kivalasztasaban, visszaszivasdban szerepet jatszd transzporterek
(OATI1-4, URATI1, GLUT9, ABCG2, NPT) a hiperurikémia kezelésére fejlesztett
gyogyszerek potencialis célpontjai (122).

2.2.3. Membrantranszporterek a vér-agy gatban

Az agy és a gerincveld mikroszkopos értelemben a szervezet mas teriileteitdl elkiiloniilt

keringéssel rendelkeznek. A vér-agy gat mikrokapillarisainak endotél sejtjei szorosan
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kapcsolddnak, ablumindlis oldaluk a bazéalis membrannal ¢érintkezik, melynek
kettdzodésében pericitdk taldlhatok. A kapillarisokat befedik még az asztrocitdk végtalpai,
ezzel is akadalyozva a szabad diffuziot.

A vékonybélhamhoz hasonléan az ABCB1 és ABCG2 fehérjék mitkddése tekinthetd itt is a
legjelentosebbnek. A vér-agy gaton Ilumindlisan kifejez6dé ABCB1 ¢és ABCG2
transzporterek amellett, hogy kiilonboz6 xenobiotikumok vérbdl agyba jutasat szabalyozzak,
miikddésiikkel a kozponti idegrendszerben a neurotranszmitterek és metabolitok szintjét is
szabalyozzak (123). A gliikoz felvételét medialo GLUT1, az aminosavak transzportjat végzo
SLCS5 és SLC7 csalad tagjai, a peptidek (SLC15), a monokarboxilatok (SLC16), az organikus
anionok (SLC21) transzportjdban szerepet jatsz6 SLC transzporterek mind az agy
mitkddéséhez elengedhetetlen tapanyagok felvételét végzik (124). A centralis timadasponti
farmakonok vér-agy gaton vald atjutdsa az efflux pumpak mikodése miatt korlatozott,

felvételiiket OATP1A2, OATP2B1 ¢és MCT]1 transzporterek segithetik (125).

2.2.4. Transzporterek a hepatobiliaris eliminaciéban

A mjj centralis szerepet jatszik a gyodgyszer-hatdéanyagok, metabolitok vérszintjének és
kitiriilési jellemzdinek kialakitdsaban a szerv keringési sajatsagainal fogva. A gyogyszerek
hepatobiliaris elimindcidjaban szamos folyamat mitkddik kozre. A gydgyszerek méjsejtbe
val6 felvételiik utan intracellularisan atalakulhatnak (Fazis I és Fazis II metabolizmus) és
kivalasztodnak vagy a vérbe vagy az epébe efflux transzporterek segitségével (52). A
bazolateralisan (szinuszodialisan) expresszalodo SLC transzporterek gyogyszerek felvételét
medialjak a vérbol, az apikalis (kanalikularis) membranra lokalizalédé efflux transzporterek
a gyogyszerek és/vagy metabolitjaik és epe Osszetevok kivalasztasat végzik az epébe (126).
A majban kifejez6dé6 OATP csalad fehérjéi (OATP1BI1, OATP1B3 és OATP2BI1) széles
szubsztratspecificitastiak, nagyszamu gyogyszer, mint a sztatinok, protedz inhibitorok,
antibiotikumok, citosztatikumok felvételét végzik (127, 128). A gyoégyszerek
farmakokinetikéjat az OATP fehérjék mellett a szintén multispecifikus SLC22 csalad (OAT,

OCT) tagjai befolyasoljak. Az organikus anion transzporterek organikus anionok
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transzportjat végzik natrium-fiiggetlen médon. Az OAT2 a kreatinin, prosztaglandinok, non-
szteroid gyulladascsokkentok felvételét medialja (129). Az OAT7 eddig azonositott
szubsztratjai szulfo-, de nem gliikkoronid- vagy glutationkonjugélt anionok (130). Eltérd
szerkezetli organikus kationok felvételét az elektrogén uniporter OCT fehérjék végzik
koncentraciogradiens mentén, majban az OCT1 €s OCT3 szerepe jelentds (131). Epesavak
¢s szteroidkonjugdtumok koncentraciogradiensnek megfeleld felvételét facilitdlja a
heterodimer forméban miikodé OSTo/B (132).

A maijsejtek apikalis membranjaban az SLC4A2 (AE2) és SLC47A1 (MATE]) fehérjék
elsOsorban védelmi funkciot toltenek be. Az AE2 klorid ionokat cserél bikarbonat ionokra,
az epe karosito hatasatol védi a majsejteket és a kolangiocitakat (133). Az ABCB1 és ABCG2
fehérjékkel egylittmiikodve a protoncseréld MATE1 szerkezetileg kiilonbozo
xenobiotikumok kivalasztasat végzi (134).

Fehérjeszinten 6t ABCC efflux transzporter fejezddik ki a majban. Nemcsak gyogyszerek,
hanem konjugatumok (szulfat-, glutation-, és gliikuronid-) transzportjat is végzik. A
gyakorlatban szubsztratjaik atfednek egymassal, de fiziologias szabdalyzas révén a kozos
szubsztratot mindig csak egy ABCC transzporter valasztja ki (135). Ezért lehetséges, hogy
egy defektiv ABCC fehérje mitkodését mas ABCC fehérjék kompenzaljak. Példaul az
ABCC2 (MRP2), de az ABCB11 (BSEP) deficiencidk esetén is az ABCC3 (MRP3) ¢és
ABCC4 (MRP4) fehérjék ellenstlyozzak a csokkent mikddést. Ugyanez torténik akkor is,
ha a fenti apikalis efflux transzporterek és az ABCG2 fehérje miikodését xenobiotikumok
gatoljak. Ebben az esetben a normalisan epébe kivalasztddo szubsztratok a masik két fehérje
eltérd lokalizacidja miatt a szinuszodialis véraramba keriilnek (45). A bazolateralis ABCC3
¢s ABCC4 fehérjék expresszioja fokozodik a kolesztatikus méjban, segitve a sériilt m4j
transzportjat végzi (137), deficiencidja a bilirubin csokkent kivalasztasdhoz vezet, klinikai
képe a Dubin-Johnson szindréméban nyilvanul meg (138).

A kanalikularisan kifejez6dé ABCB1 a bazolateralis OCT1 transzporterrel egyiittmiikodve a

kationos gyogyszerek és metabolitok epébe torténd kivalasztasat végzi, mig az ABCG2 az

crer
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A majnak nemcsak a metabolizmusban, detoxifikalasban, de novo epesav szintézisben van
esszencialis szerepe, hanem az epesavak és sok, valamint gyogyszerek enterohepatikus
korforgasaban is (140). Az NTCP, mint szekunder aktiv transzporter, natriumecserével végzi
az Osszes epesav, szamos szteroid, tiroid hormonok és bizonyos gyogyszerek, mint példaul a
rozuvasztatin majsejtbe valo felvételét (141, 142).

A majsejt kanalikularis membran efflux transzportereinek miikddése hatarozza meg az epe
Osszetételét és az epekivélasztast. Az ABCBI11 fehérje végzi az epesok kivalasztasat.
Funkciojanak eltérése kolesztatikus allapotok kialakuldsdhoz vezet, a gyogyszer okozta
majkarosodasban is kulcsfontossagu szerepet jatszik (34, 143). A triumviratus kovetkezo
tagjai az ABCGS5/G8 fehérjék, melyek xenoszterolok és a koleszterol kivalasztasat végzik
(144). Az ABCB4 (MDR3) pedig floppazként miikodve foszfatidil-kolinok transzportjat
teszi lehetové (145-148). A harom kivalasztott komponens kevert micelldkat képez az epében

(149, 150).

2.3. Az ABCB4 fehérje és lehetséges szerepe a gyogyszeres majkarosodasban

Az ABCB4 fehérje és a multispecifikus, gyogyszer ADME-ban kulcsszerepet jatsz6 ABCB1
fehérje kozott 76%-os az els6dleges aminosav szekvencia azonossag, s 85%-0s az aminosav
szekvencia hasonlosag (151). Az ABCB4 foszfatidil-kolinokat vélaszt ki (33), de felmertilt,
hogy gyogyszer transzporterként is miikodhet. Korabban az ABCB4-expresszald sejteken
végzett vizsgalatok még nem igazoltdk a multidrog rezisztens fenotipust (151, 152), a
kozelmultban viszont paklitaxel-, doxorubicin-, és vinkrisztin-rezisztens sejtvonalakban
végzett  kisérletek  alatdmasztjdk, hogy az ABCB4 fehérje hozzijarul a
gyogyszerrezisztenciahoz (153-155). Pont emiatt jelenthet Wilms-tumoros betegekben a
magas ABCB4 expresszio rossz prognodzist (156).

Krio-elektronmikroszkopia segitségével sikeriilt feltarni az ABCB1 és ABCB4 kozti
szerkezeti hasonldsagokat. Az ABCB4 a membran citoplazmatikus oldalanak hataran nagy,

a TMD-ek altal 1étrehozott hidrofob iireget tartalmaz. Ezt az iireget a zosuquidar és paklitaxel
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kotohelyeként azonositottak az ABCB1 fehérjében. Tovabbi mutagenezis vizsgalatokban
leirtak, hogy az iireg aminosav reziduumai konzervativak a két fehérje kozt (157).

Az ABCB4 miikodése kiilonleges, nehezen leirhatd adaptacioja a foszfolipid transzport és az
altalanos multidrog transzport mechanizmusoknak (148, 158). A szerkezeti vizsgalatok
eredményeit tdmasztjak ald azok a kézlemények, melyek leirjak, hogy az ABCB4 kdlcsonhat
ABCBI szubsztratokkal ¢és gatloszerekkel is. ABCB4 fehérjét taltermeld LLC-PKI
sejtvonalon végzett vizsgalatokban Smith és munkatarsai azt talaltak, hogy az ABCB4 képes
ismert ABCB1 szubsztratok (digoxin, paklitaxel és vinblasztin) transzportjara, s a digoxin
ABCB4-medialta transzportjat a tipikus ABCB1 inhibitorok, a verapamil, a ciklosporin vagy
a valspodar gatoltak (149, 159).

Szamos gydgyszer okoz kolesztazist, a kanalikularis efflux transzporterek funkcidjanak
gatladsa révén (160). Az ABCB11 transzporter gatlasdnak vizsgalata mellett az ABCB4 gatlas
vizsgalata a kolesztatikus kérképekben ezidaig kevés figyelmet kapott. Miutan két paciensnél
itrakonazol okozta majkarosodas Iépett fel, Yoshikado €s munkatarsai allatkisérleteik soran
kimutattdk, hogy az itrakonazol az epében az epesok mennyiségét nem, ellenben a
foszfolipidek szintjét jelentdsen csokkentette. ABCB4-et kifejez6 LLC-PK1 sejteken végzett
kisérleteikben pedig igazoltak, hogy az itrakonazol gatolja az ABCB4-medialta foszfatidil-
kolin transzportjat (161). Azol tipusi gombaellenes szerek ABCB4 fehérje miikodésére
kifejtett gatlé hatasat - szintén LLC-PK1-ABCB4 sejtekben — Mahdi és munkatarsai
vizsgaltak, és azt talaltdk, hogy az itrakonazol mellett a ketokonazol és a pozakonazol szintén
gatoljak az ABCB4 miukodését (162). Eredményeikkel azt is alatamasztottdk, hogy az
ABCB4 ¢s ABCB11 egyidejii gatlasa szamos gyogyszer kolesztatikus hatasat noveli.
Primer hepatocita esszében az ABCB4-medialta deutérium-jeldlt foszfatidil-kolin
transzportjat tobb, szerkezetileg eltérd kolesztatikus gyogyszer (klorpromazin, imipramin,
itrakonazol, haloperidol, ketokonazol, szakvinavir, klotrimazol, ritonavir €s troglitazon) is
gatolta (163). Szazhuszono6t, az FDA szakemberei szerint leginkdbb majkarosodast okozo
vagy azt egyaltalan nem okoz6 gyogyszer kdlcsonhatasat vizsgaltdk meg szintén primer
hepatocita esszében Aleo ¢és munkatarsai. Eredményeik egyrészt arra engednek
kovetkeztetni, hogy szamos gyogyszer kozos gatloszere az ABCB4 és ABCBI11 fehérjéknek,

masrészt a hepatocelluldris epesav homeosztazisban ¢és epeképzésben szerepet jatszo
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transzporterek gyogyszerkdlcsonhatasainak egyiittes vizsgalata segithet a fejlesztés soran
kisziirni a mdajkarosodast okozd gyogyszerjelolt molekulakat (39). Kutatdsaik masrészt
alatamasztjak a korabban leirtakat is (162).

Az ABCB4 gén muticioi és a fehérje kovetkezményes funkcid valtozasai szamos
majbetegség fenotipussal tarsulnak (149, 164). A kolesztatikus majbetegségtol kezdve a
progressziv familiaris intahepatikus kolesztazis 3-as tipusdn (PFIC3) &t a terhességi

intrahepatikus kolesztazis mellett még szamos eltérd stlyossagl korképet alakit ki (165).

2.4. A transzporter vizsgalatok szerepe és helye a gydgyszerfejlesztés folyamataban

Bizonyos gyogyszerek képesek jelentésen ndvelni vagy csokkenteni a veliik egyidejiileg
adott gyogyszerek plazmaszintjét. Ezeket a gydgyszereket elkdvetdknek (perpetrator)
nevezziik. A farmakokinetikai vagy farmakodinamias valtozast gy valtjak ki, hogy gatoljak,
esetleg indukaljadk a metabolizald enzimeket vagy specifikus transzportereket. Mivel az
aldozat (victim) gyogyszer plazma- és szoveti koncentraciojat jelentésen befolyasolhatja az
elkovetd gyogyszer altal okozott transzporterkinetikai valtozas, a gyogyszertranszporterek

vizsgéalatai alapvetd fontossagliak a gyogyszerfelfedezési és fejlesztési folyamatok soran.

A transzporter vizsgalatok a gyogyszerfejlesztés folyamata soran mar a felfedezési (kései
LOID, gyogyszerjelolt valasztas) és a preklinikai fazisokban is lehetové teszik a potencialis
szubsztratok és inhibitorok azonositasat (166, 167), a lehetséges toxikus hatdsok felfedését
(168), a farmakokinetikai sajatsagok in vitro predikciojat (169).

farmakologiai célpont adott szoveten beliil talalhato, a farmakodindmiés hatas alakitdsaban
is kulcsszerepiik lehet. Példaként emlithetjiik, hogy a majsejtek bazolateralis membranjaban
kifejez6d0 OATP transzporterek medidljak a sztatinok sejtbe valo felvételét, ahol
farmakologiai hatasukat a HMG-CoA reduktdz enzim gatlasan keresztiil fejtik ki (170).

Mar forgalomban 1évé gyogyszerek transzporter kolcsonhatésait is vizsgalhatjuk, hisz a

transzporter vizsgalatok segithetnek a nem vart mellékhatasok értelmezésében. Példaként
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emlithetjiik, hogy a JAK2 inhibitor, fedratinib klinikai vizsgalatait fazis 3 szakaszban
leallitottak, amikor kideriilt, hogy a mielofibrézisban szenvedd betegek egy részénél a
fedratinib kezeléssel Osszefiiggésben tiamin hidny kovetkeztében fellépd Wernicke-féle
enkefalopatia alakult ki (171). Mas JAK inhibitorokkal 0sszefliggésben nem jelentettek
tiamin deficienciat és kovetkezményes megbetegedést. A tiamin ¢és fedratinib molekula egy
részének szerkezeti hasonlosdga miatt in vitro és in vivo megvizsgaltak, hogy a fedratinib
gatolhatja-e a tiamin transzporterek (THTR1 és THTR2)-medidlta intesztinalis és cerebralis
tiamin felvételt. Zhang és munkatarsai azt talaltdk, hogy a fedratinib potensen gatolta a
(5-10 uM) a transzporter gatlasa, a gasztrointesztinalis tiinetekkel egyiitt (malabszorpcio)
hozzajarulhat a Wernicke-féle enkefalopatia kialakulasahoz (172). Masok ezt a kolcsonhatast
allatkisérletes adatok alapjan nem talaltak relevansnak (173). Jelenleg, a kezelés megkezdése
elott és alatt is ellendrzik a paciensek tiamin szintjét, s ha sziikséges gondoskodnak a
megfeleld tiamin potlasrol (174).

Mar forgalomban 1év6 gydgyszerek esetén folyamatosan monitorozzdk a transzporter-
gyogyszer kolcsonhatasok lehetdségét. Az in vitro vizsgalatok ebben az esetben is
segithetnek megérteni a klinikai jelenségeket, s az ujonnan talalt transzporter-gyogyszer
kolcsonhatasokkal, ha az in vivo is relevans, aktualizaljadk a betegtdjakoztatot. Példaul a
magasvérnyomas-betegség kezelésére hasznalt valzartan mar 10 éve forgalomban volt,
amikor megvizsgaltdk, hogy mely transzporterek vehetnek részt hepatobiliaris
transzportjaban. Az in vitro vizsgalatok megerdsitették a klinikai tapasztalatot, hogy egyéb,
OATP transzportereket gatld gydgyszerekkel torténd egyiittadasa farmakokinetikai

valtozashoz vezethet (175).

Az FDA, EMA ¢és PMDA iranyelvei az utobbi idében harmonizaltta valtak. Javaslatot
tesznek a vizsgalando transzporterekre, a vizsgalati modszerekre és dontési algoritmusokkal,
in vitro also kiiszobértékekek megallapitasaval segitik a klinikai vizsgalatok tervezését (12,
176, 177).

Szamos in vitro, ex vivo és in vivo modszer all rendelkezésre a xenobiotikumok és

transzporterek kolcsonhatasanak vizsgalatara.
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Az idealis in vitro kisérleti megkozelités tobb szempontot is figyelembe vesz. [lyen tényezok
példaul a tudomanyos kérdés, a gydgyszerjelolt fizikokémiai tulajdonsagai, a vizsgalat
végeredménye (kinetikai paraméterek, uptake klirensz, efflux hanyados, stb.) és a fejlesztési
folyamat stacioja (felfedezési vagy mar klinikai fazis).

A kisérleti tesztrendszereknek tobb feltételnek is meg kell felelnie. A megbizhatosagot
igazolni kell ismert transzporter szubsztratokkal és inhibitorokkal, ezek egy része
kontrollként beépiil a kisérleti rendszerbe, az eredmények megfeleldségét igazolja. E16ny0s,
ha az alkalmazott proba szubsztratok és gatloszerek segitik az in vitro eredmények
koriiltekintéssel valasztjdk meg, a megfeleld jel-zaj arany eléréséhez. Az eredmények

értelmezéséhez a teszt rendszerre alkalmazhatd szamolasi metddus hasznalhato.

A dolgozat tematikajahoz illéen a tovabbiakban az in vitro tesztlehetdségeket ismertetem.

2.5. Az in vitro transzporter vizsgalatok tipusai

A transzporter essz€ék lehetnek membran- vagy sejtalaptiak.

2.5.1. Membranalapu esszék

A membranalapt esszék elsésorban az ABC transzporterek vizsgalatat teszik lehetove. A

membranpreparatumok a vizsgalni kivant ABC-transzportert tultermeld sejtekbdl késziilnek.

2.5.1.1 Az ATPaz esszé

Az ATPaz essz¢ azon az elven alapul, hogy az ABC-transzporterek szubsztratjaik
kipumpalasdhoz az ATP hidrolizisébdl szarmazo6 energiat hasznaljak. Kimutattak, hogy az

ATPaz aktivitds €s a drogtranszport szorosan kapcsolt aktivitasok, igy a szubsztratfiiggo
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ATP-hidrolizis soran keletkezd anorganikus foszfat egyszeri kolorimetrias modszerrel
detektalhatd. A modszer lehetové teszi mind a transzporter szubsztratok, mind az inhibitorok
vizsgalatat (178). Elényei, hogy olcso, a vizsgalt anyag interakcidjanak indirekt mérését teszi
lehet6vé egy k6zos mérendd faktoron (Pi) keresztiil, nagy ateresztOképességii és az egyetlen
megbizhato essz¢é a magas permeabilitast szubsztratok vizsgalatara.

Bar sok szubsztrat esetén pozitiv korrelaciot mérhetiink a transzport és ATPaz aktivités
kozott eléfordul negativ korreldcio is, feltehetdleg nehezen atjutd szubsztratok esetén és akad
ATPéz aktivitdst nem befolyasold szubsztrat is (fals negativ lehet6sége). Ennek oka
feltehetdleg az elég jelentds Un. alap ATPaz aktivitas, amely szubsztrat hianydban mérhetd.
Az alapaktivitds maig vitatottan szarmazhat lipid flippaz vagy szétkapcsolt aktivitasbol.
Ezzel egyiitt mind a pozitiv, mind a negativ korrelacidé esetén bizonyitja a transzporter

specifikus kolcsonhatast és lehetdvé teszi a kdlesonhatas erdsségének jellemzését.

2.5.1.2 Vezikularis transzport esszé

A gyogyszerek és endogén szubsztratok egyirdnyt effluxat végzd transzporterek, példaul a
hepatocitdk kanalikularis membranjaban kifejez6d6 ABCBI11 transzporter vizsgélatara az
intakt sejtalapt metddusok nem a legalkalmasabbak, mert hidnyzik a relevans uptake
mechanizmus. Az ilyen fehérjék transzport tulajdonsdgait eldnyds olyan
membranpreparatumon végezni, mely részben un. kiforditott vezikulakat (inside-out vesicle,
IOV) is tartalmaz. Az ABC transzporter szubsztrat ktohelye igy a vezikula kiilso részén van,
s ATP jelenlétében a szubsztratokat a vezikula belsejébe pumpalja. Ezek a vezikulak
megfeleld szlirési technikéval elvalaszthatok és a felhalmozott molekula detektalhato,
mennyiségileg meghatarozhatd. Elényei, hogy informaciot nyerhetiink a transzporter
szubsztratspecificitasardl, ko-faktor igényérdl ¢és a szubsztrat affinitasardl. Nagy
ateresztOképességli modszer szubsztratok és inhibitorok részletes szerkezet és kinetikai
jellemzok Osszefliggéseinek vizsgalatara, illetve idealis az alacsony passziv permeabilitdsu
anyagok kolcsonhatasainak feltérképezésére is. Mivel a vezikuldk nem €10 sejtek, lehetdséget

nyUjtanak a mas esszékben citotoxikus hatdsi anyagok vizsgélatara is. Az esszék egyik
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jellemzd formajaban egy jol detektalhatd szubsztrat felhalmozasara vonatkoz6 gatlohatas
formajaban mérik az interakciot a transzporterrel, ami nem igényli a vizsgalt anyag specifikus
detektalasat. Hatranya, hogy magas passziv permeabilitdsii anyagok vizsgalatara nem

alkalmas, s hidrofob anyagok magas hatteret adnak a nem-specifikus kotddés miatt.

2.5.2. Sejtalapu esszék

Sokkal komplexebb informaciot szolgaltatnak. Primer sejtek és alternativaként ezekbdl
létrehozott sejtvonalak (RPTEC, HepaRG) transzporter kdlcsonhatdsok vizsgalatara kevésbé
elterjedtek, kivéve a majsejteket. Elsdsorban szelektalt vagy tultermeld sejtvonalakat

alkalmaznak ezen vizsgalatok elvégzésére.

2.5.2.1 Festék transzport esszék

A koréabbi kutatdsok alapjan megismert alkalmas fluoreszcens szubsztratok intracelluléris
transzporterek vizsgalatara még csak kisszamu alkalmas szubsztratot azonositottak. Példaul
az ABCBI kolcsonhatds mérésére hasznalhatdé a calcein esszé, ahol a sejtekhez magas
permeabilitasy, szintelen calcein-AM-et adnak, ami a sejten beliil fluoreszcens calceinné
alakul és alacsony permeabilitdsuva valik. Az ABCBI1 kipumpalja a calceint a sejtbdl, és a
sejtek csokkent fluoreszcencidt mutatnak a kontroll, ABCB1-et nem tartalmazod sejtekhez
képest. Az ABCBI transzporterrel kdlcsonhatd anyagok novelik a fluoreszcens szubsztrat
halmozodast a sejtbe, igy a calcein esszé lehetévé teszi az ABCBI fehérjével kdlcsonhato
inhibitorok és szubsztratok azonositasat ¢és jellemzését. Eldnyei: egyszerli, gyors,
koltséghatékony, nagy ateresztOképességii modszer. Hatranyai, hogy indirekt kolcsonhatést

mér, s az alacsony permeabilitasi anyagok vizsgalatara korlatozottan alkalmas.

2.5.2.2 Citotoxicitas esszék

Els6sorban revertalo szerek vizsgéalatara idealis. A modszer azon alapul, hogy a sziildi sejthez

képest az ABC transzportert kifejez0 sejtek magasabb xenobiotikum koncentracid
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jelenlétében is életképesek. S ha az ABC transzporterre specifikus szerrel gatoljak annak

mukodeését, a két sejt eletképessége kozti kiilonbség eltlinik. Kis ateresztOképességii modszer.

2.5.2.3 Vektorialis transzport esszék

In vivo a gyogyszereknek at kell jutniuk a farmakologiai barriereken, hogy felszivodjanak,
eljussanak a farmakoldgiai célpontjukhoz és kivalasztasra keriiljenek. A molekulédknak ezt a
transzcellularis mozgasat modellezik a vektoridlis transzport vagy masnéven kétiranyu
transzport vagy cellularis egysejtréteg efflux esszék. Ezt az essz¢ tipust egy kettdés kamra
apparatusban végzik, ahol az apikalis és bazolateralis kamrat egy szemipermeabilis filter
valasztja el egymastol. A szemipermedbilis filterre liltetett sejtek konfluens, polarizalt
egysejtréteget képeznek. A sejtek kozotti szoros mechanikai kapcesolatot a zonula occludens
biztositja, igy a sejtek kozotti, paracellularis transzport szabalyzott. A polarizalt sejtek vagy
endogén transzportereket (pl.: a vastagbél karcinoma eredetli Caco-2) fejeznek ki vagy
transzfekcid utan tul is termelhetik azokat. Szamos epitél sejtvonalat (pl.. MDCKII, LLC-
PK1) hasznalnak ebben a vizsgalati modszerben. Elényei: a vékonybélhdm és a vér-agy gat
transzporter vizsgalatainak standard moddszere, mindkét irdnyban mérheté a molekuldk
fluxusa. Kozepes ateresztoképességli modszer, de fejleszthetd nagy ateresztoképességiive.
Héatranyai: laborintenziv, koltségesebb, alacsony ¢és magas permeabilitasi molekuldk
vizsgalatara kevésbé alkalmas, a nem-human eredetli sejtvonalak endogén transzporterei
befolyasolhatjdk a mérési eredményeket, a sejttenyésztés és a mérés koriilményei
meghatarozzak az anyagok mért permeabilitdsat, igy a modszer nehezen standardizalhato

kiilonbo6z6 laborok kozt.

2.5.2.4 Uptake esszé

Az SLC transzporterek vizsgalatara legelterjedtebb vizsgalati mod az, hogy letapado
epitelidlis sejtvonalakban (HEK293, MDCKII, CHO, stb.) tultermeltetik a vizsgalando SLC
transzportert. A kifejezett transzporter a sejtbe halmozza szubsztratjat (uptake), s a kontroll
sejthez hasonlitva azonosithatok az SLC transzporter szubsztratok. A molekuldk SLC

transzporter kolcsonhatdsa vizsgalhatd ugy is, hogy ismert transzporter szubsztrat

crcer

25



DOI:10.14753/SE.2023.2898

gyors, kevésbé koltséges, indirekt kdlcsonhatas vizsgalatara is alkalmas (magat a teszt
molekuldt nem kell mérni). Hatranyai, hogy fbéleg alacsony és kozepes permeabilitasu

molekulak vizsgalatara alkalmas.

A ma4j uptake és efflux transzporterei hepatocitdkban is vizsgalhatok. Frissen izolalt vagy
fagyasztott majsejteket hasznalnak iltetett, szuszpenziés vagy szendvics-kultura

rendszerekben.

2.6. Xenobiotikumok, ndvényi hatéanyagok és gyogyszerek interakcio vizsgalatai

A ndvényekbdl nyert hatdanyagok, élelmiszerek, élelmiszer komponensek, vitaminok, egyéb
idegen anyagok ADMETox vizsgéalatira is a gyogyszer-transzporter vizsgalatokban
alkalmazott mddszerek hasznélatosak. Ezek a vizsgalatok felértékelddnek, mert a fejlett
orszagokban egyre nagyobb teret nyer a funkcionalis élelmiszerek, élelmiszer kiegészitok,
bioaktiv anyagokat tartalmazd nem vénykoteles szerek egylittszedése receptkoteles
gyogyszerekkel (179, 180).

Novényi hatdanyag-gyogyszer-transzporter kolcsonhatas klasszikus példaja, hogy az OATP
szubsztrat fexofenadin plazmakoncentracioja 65-75%-kal csokken abban az esetben, ha a
gybgyszert nem vizzel, hanem grépfrat-, narancs- vagy almalével veszik be a paciensek
(181). Ezen gytimoélcslevek, illetve az azokban talalhato hatdanyagok hatasat mas OATP2B1
¢s OATP1A2 gyogyszer szubsztratok esetén is leirtak (182-184).

A xenobiotikum-transzporter kolcsonhatasok in vitro jellemzése segit feltérképezni a
lehetséges in vivo kdlcsonhatdsokat. A bajkali csucsoka a hagyomanyos kinai gydgyaszatban
tobb ezer éve hasznalt gyogyndvény, gydkere nagy mennyiségben tartalmaz baikalint és
baikaleint. Felszivodas utdn a baikalein baikalinna alakul az enterocitdkban, hepatobiliaris
korforgasaban tobb transzporter szerepét leirtdk mar (185, 186). Bar ,,csodalatos”, széleskori
fiziologids hatdsarol rengeteg kozlemény beszamol, kevés in vivo adat all rendelkezésre
potencidlis gydgyszer és transzporter koOlcsonhatdsairdl. Leirtdk tobbek kozt, hogy
OATPI1BI haplotipus-fiiggden a baikalin csokkentette a rozuvasztatin plazmaszintjét (187)

emberekben, eldsegitette patkanyokban a szorafenib felszivodasat (188).
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A transzporterek tehat fontos szerepet jatszanak a gyogyszerfejlesztés folyamatdban, azok
farmakokinetikai tulajdonsadgainak megértésében, a xenobiotikumok szervezeten beliili
lehetséges sorsanak feltérképezésében. Az alkalmazott in vitro esszék fontos eszkdzok a
transzporterkdlcsonhatasok leirasara. Mig korabban elsésorban a klinikai megfigyelések
vezettek oda, hogy a gyogyszerek ADMETox sajatsagainak alakitdsaban a transzporterek
szerepét feltételezték, ma mar ez a teriilet dinamikus fejlodik és az in vitro eredmények mar

a klinikai vizsgélatok tervezéséhez is elérhetdek.
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3. Célkitiizés

A kutatomunkdhoz részben mar rendelkezésre alltak a sziikséges, jol karakterizalt
alapmoddszerek, technikak. A kisérletes munka e moddszereket a gyogyszermolekulak
transzporter kolcsonhatasainak vizsgalatara is optimalizalta. Munkdm soran szerettem volna

megmutatni a transzporter vizsgalatok széleskorti gyakorlati alkalmazasanak lehetdségét.
Részletes céljaim az alabbiak voltak:

1. Ujonnan fejlesztett Mycobacterium tuberculosis topoizomeraz-1 (MtTopo-I)

inhibitorok kdlcsonhatasanak vizsgéalata human ABC transzportfehérjékkel

A gyodgyszer-rezisztens tuberkuldzis esetek szamanak novekedése miatt siirgetd az igény uj,
hatasos antituberkulotikumok fejlesztésére. Egyik lehetséges gyogyszer célpont lehet az
MtTopo-I, mikobakterialis DNS repair enzim specifikus gatlasa. A Vichem Chemie Kutato
Kft. Nested Chemical Library™ molekuldinak egy részét virtudlis szliréssel, az MtTopo-I
enzim 3D szerkezetébe vald dokkolasaval vizsgaltdk, majd a kivalasztott molekulaszett
MtTopo-I in vitro gatlohatasat, H37Rv virulens mikobaktérium torzs szaporodasara kifejtett
gatlo hatasat is ellendrizték, illetve toxicitas vizsgalatokat is végeztek human sejteken (189).
A Vichem Chemie Kutatdé Kft. munkatarsai altal fejlesztett MtTopo-I inhibitorok koziil 7
jeloltet valasztottunk tovabbi kisérletek elvégzésére. Nemzetkozi kooperacidban végzett
részmunka soran célunk volt egy optimalizalt, szamos in vitro mddszert alkalmazo, humén
ABC transzporter vizsgalatara is alkalmas molekulasziird tesztrendszer fejlesztése, mely

segiti az igéretes molekula valasztasat.

2. A COVID-19 kezelésére hasznalt gyogyszerek DDI rizikojanak meghatarozasa

A SARS-CoV-2 virus altal okozott COVID-19 betegség kezelésére tobb, mar egyéb
indikécioval forgalomban 1évd, per os alkalmazott gydgyszert probaltak ki, tobbek kozt a
klorokin, a hidroxiklorokin, a lopinavir, a ritonavir és a favipiravir molekuldkat. Az
ivermektin hasznalata is felmertiilt szamos orszagban, mint terapias lehetoség. A remdezivirt

parenteralisan alkalmazzdk, s mai napig a terapia része. Célul tliztiik ki a fenti gydgyszerek
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transzporter kolcsonhatasainak vizsgalatat, foként a vér-agy géat és a hepatikus barrier
transzportereire fokuszalva, s eredményeink birtokaban az in vivo mellékhatasok

elérejelzését, magyarazatat.

3. Nem-majsejt alapu tesztrendszer létrehozasa ABCB4 fehérje és gydgyszerek

kolcsonhatasanak vizsgalatara

A szinte kizarolag a majban expresszalodo ABCB4 alapvetd szerepet jatszik az epeképzés
folyamataban, gyogyszerekkel és/vagy metabolitjaikkal torténd gatldsa kolesztazist és
gyogyszer-indukélta majkarosodast okozhat. Majsejt alapu tesztrendszerekben az ABCB4
gatlasanak vizsgalata nehézségekbe iitkozik a jelenlévd ABCB1 fehérjével atfedd aktivitas
¢s a foszfolipid kimutatdsanak technikai korlatai miatt is, emellett koltséges is. Ezért egy
olyan ABCB4-overexpresszalo6 MDCKII sejtvonal 1étrehozasat tliztiik ki célul, melyben az
ABCBA4 fehérjével rokon endogén kutya Abcbl fehérjét kodold gént kiiitdttiik. Célunk volt,
hogy vektoridlis transzport esszében probaszubsztratként digoxint hasznalva vizsgaljuk a
gyogyszer-indukalta majkarosodast okozo6 szerek, ismert ABCB1 kolcsonhatok hatasat az

ABCBA4 fehérje miikodésére.

4. Gyogynovény kivonat, a baikalin vizsgéalata potencidlis ndvényi hatoanyag-

gyogyszer ¢és transzporter interakciok feltérképezésére

A baikalein szajon at torténd alkalmazasa utdn allatkisérletekben azt talaltdk, hogy a
szisztémas keringésben a baikalin a f6 metabolit, melynek eliminécidja a majon at térténik.
Az éltalunk fejlesztett modszerek ndvényi hatdoanyagok vizsgdlatara is alkalmasak.
Megvizsgaltuk, hogy a mar ismert baikalin effluxaért felelos ABC transzporterek mellett
mely, a majban expresszalodo OATP fehérje lehet felelds a baikalin hepatocitakba torténd

aktiv felvételéért.
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4. Modszerek
4.1. Reagensek és pufferek

A munkéankhoz hasznalt vegytiletek, gyogyszerek analitikai tisztasdguak voltak, és a Merck-
Sigma-Aldrich Kft.-t6] vasaroltuk. Egyéb beszerzési forrdsokat a szovegben jeloltem. A
remdezivir és remdezivir-SBECD Szente Lajos (Cyclolab Kft.) ajandéka volt.

A radioaktiv jeldlt vegyiiletek gyartoi: Digoxin, [*H(G)]-, (NET222250UC); p-Osztradiol
17-(B-D-gliikuronid) [Osztradiol-6,7-H(N)]-, (NET1106250UC); Taurokolat, [*H(G)]-,
(NET322250UC); Dehidroepiandroszteron szulfat, [1,2,6,7-°H(N)]-, (NET860250UC) a
Perkin Elmer; Kinidin, [9-3H], (ART-0452) és Talinolol [ring->H(G),] (ART-2058)
American Radiolabeled Chemicals, Fexofenadin hidroklorid [*H], (MT-2066); Metformin
hidroklorid, [biguanidin-'*C]-, (MC2043) a Moravek Biochemicals Inc.; N-metil-kinidin
klorid, [PH(N)-], (BL-110) Szegedi Biolégiai Kutatokozpont. A vegyiileteket DMSO-ban

oldottuk, az ettdl eltérd szolvenst jeloltem.

A potencidlis antituberkulotikumok vizsgalatanak kémiai hatterét a Vichem Chemie Kutato
Kft. kutatéi altal létrehozott, szintetizalt és folyamatosan fejlesztett vegyiilettar, az
tgynevezett Nested Chemical Library™ (NCL) biztositotta. Munkank soran hét
(VCC340963, VCC450822, VCCI979812, VCC450327, VCC389777, VCC8I1909,
VCC47849) elokisérleti eredmények alapjan igéretes vegylilet tovabbi karakterizaciojat
végeztik el.

SARS-CoV-2 koronavirus okozta megbetegedés kezelésére kiilonféle terapias lehetdségek
meriiltek fel, a terapias szerek koziil a klorokin, a hidroxiklorokin, az ivermektin, a lopinavir,

a ritonavir, a remdezivir és a favipiravir kdlcsonhatésait tanulmanyoztuk.

Az ABCB4 kolcsonhatas vizsgalatok gyogyszerei a kovetkezOk: imatinib, metotrexat,
itrakonazol, erlotinib, lopinavir, ritonavir, szakvinavir, darunavir, azunaprevir, idelalizib,
fenofibrat, flukonazol, minoxidil, szorafenib, ivermektin, acetilszalicilsav, benzbromaron,
gefitinib, furoszemid, amiodaron, amlodipin, karbamazepin, ciprofloxacin, klaritromicin,

ciclosporin A, diklofendk, ketokonazol, levofloxacin, pantoprazol, troglitazon, valspodar,
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verapamil, prazozin, karvedilol, zosuquidar, mibefradil, diltiazem, elacridar, kinidin,

digoxin, fexofenadin é€s talinolol.

A kisérletekhez hasznalt pufferek Osszetételét az 1. tdblazat részletezi.

1. tablazat A kisérletekhez hasznalt pufferek dsszetétele. Osszetevok, koncentracidjuk és

az oldatok pH értékei

TRIS-mannitol puffer 50 mM TRIS, pH 7,0 és 300 mM mannitol
TMEP pufferben 50 mM TRIS, pH 7,0; 50 mM mannitol, 2 mM EGTA, 2 mM
DTT és proteaz inhibitor koktél: 260 uM PMSF, 8 pg/ml

aprotinin és 0,01 pg/ml leupeptin
APT4z esszé puffer 40 mM MOPS-TRIS, pH 7,0; 50 mM KCI, 0,5 mM EGTA-
TRIS, pH 7,0; 2 mM DTT, 5 mM Na-azid, | mM oubain, 1

mM natrium-ortovanadat

ATPaz detektald | 2,5 mM H2SO4, 1% ammoénium-molibdat, 0,014% kalium-

reagens antimonil-tartardt ~ oldat, 20%-os  ecetsav = megfeleld

térfogataranyt keveréke

HPMI médium 120 mM NaCl, 5 mM KCI, 0,4 mM MgCl,, 0,04 mM CacCl,, 5
mM Na;HPO4, 10 mM gliikéz, 10 mM NaHCOs;, 10 mM
HEPES; pH 7,4

Transzport puffer HEK293 prepardtumok:10 mM TRIS-HCI, 10 mM MgCl», 250

mM szachar6z, pH 7,4; Sf9 preparatumok: 46,5 mM MOPS-
TRIS, 65,1 mM KCl, 7 mM MgCl,, pH7,4

VT moso puffer HEK293 preparatumok: 10 mM TRIS-HCI, 100 mM NacCl, 250
mM szacharoz, pH 7,4; Sf9 preparatumok: 40 mM MOPS-
TRIS, 70 mM KCI, pH 7,4

1x HBSS puffer HBSS 10x (14065-049, Gibco) oldatbdl higitva, 4,2 mM
NaHCO;s, pH 7,4
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KH puffer 24 mM NaHCO:3, 4,83 mM KCl, 0,96 mM K>HPO4*3H>0, 1,2
mM MgSO04*7H,0, 13 mM HEPES, 5 mM gliikkoz, 1,53 mM
CaCl>*2H,0, 110 mM NaCl, pH 7,4 vagy pH 8,0

TBS-Tween 10 mM TRIS, 0,17 M NacCl, 0,1 v/v% Tween 20

Blokkol6 puffer 5% (v/v) FBS 1xPBS-ben, pH 7,4

4.2. Membranpreparatumok és ATPaz esszé

A human ABCBI1 és ABCG2 fehérjéket tartalmazd membranpreparatumok rekombinans
bakulovirussal fertézott Sf9 rovarsejtekbol késziiltek. A virusfeliiluszok eléallitasahoz az
ABCBI1 ¢s ABCG2 cDNS-t rekombinans bakulovirus transzfervektor (pAcUW21-L)
hasznalataval, BaculoGold transzfekcios kittel allitottak, allitottuk elé a gyartd Gtmutatisa
alapjan, korabbi munkdknak megfelelden (178, 190). Amplifikacio utdn a virusfeliiliszoval
tovabbfertéztik az 5% FBS-sel, 100 U/ml penicillinnel és 100 pg/ml streptomycinnel
komplettalt TNM-FH médiumban, szuszpenzids kultirdban 27 °C-on, 5% CO2 mellett tartott
S19 sejteket. 72 ora elteltével az 6sszegyljtott sejtekbdl mechanikai homogenizalassal és
differencidl centrifugaldssal membranpreparatumot készitettiink. A sejteket proteaz
inhibitort, PMSF-et (100 uM) is tartalmaz6é TRIS-mannitol pufferben vettiik fel, majd 4 °C-
on 1000 g-n 10 percen keresztiil centrifugaltuk. A leililepedett sejteket kétszeri TRIS-
mannitol pufferben térténd mosasi 1épés utan hipotonias TMEP pufferben gytijtottiik 6ssze,
majd manualisan feltartuk Oket Dounce iiveg homogenizatorral, végig jégen tartva. A
lizatumban elvalasztottuk a sejtalkotokat egy centrifugalasi 1épéssel (4 °C, 1000 g, 10 perc),
a membranfrakciot a kapott feliiluszobdl ultracentrifugalassal (4 °C, 25000 g, 60 perc)
iilepitettilk le. A membranfrakciot TMEP pufferben reszuszpendaltuk, majd 6sszfehérje-
tartalmat modositott Lowry-modszerrel meghatdroztuk. A membranpreparatumokat
felhasznalasig -80 °C-on taroltuk. Az ATPAaz aktivitds mérése a Sarkadi és munkatarsai altal
mar korabban leirt moddszer szerint tortént (178). Mintanként 5 pg membranfehérjét
tartalmazo reakcioelegyet készitettiink jégen ATPaz esszé pufferben. A DMSO-ban oldott
tesztanyagokat és a megfeleld pozitiv kontroll vegyiileteket (40 uM verapamil, ABCB1 vagy
5 uM quercetin, ABCG2 specifikus szubsztrat) a vizsgéalt ABC-transzportert tartalmazo
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membranszuszpenzidhoz adtuk és a reakcidelegyeket tartalmazd csoveket 5 percig
eldinkubaltuk 37°C-on. Az ATPaz reakciot 3,3 mM MgATP hozzaadasaval inditottuk el és
20 perc elteltével 5% SDS oldattal allitottuk le. A vizsgalt transzporterek vanadat-szenzitiv
alap ¢és drogstimulalta ATPaz aktivitasat a keletkez6 anorganikus foszfat komplex
mennyiségének kolorimetrids mérésével jellemeztiik. Ehhez elkészitettilk és a mintakhoz
adtuk a detektalo reagenst. A reakciot 1% aszkorbinsav oldat hozzdadasa inditotta. A 37°C-
on 20 percig tartd inkubdcid végén a mintdk abszorbancidjat 630 nm-en fotométerrel
(VictorX3, Perkin Elmer) megmértiik. A fent elkészitett mintakkal parhuzamosan kiilonb6z6
koncentracioju anorganikus foszfat kalibralosort készitettiink KH>PO4 oldatbol. A foszfat
kalibracid és a mért abszorbancia értékek segitségével meghatarozhatjuk a felszabadult
anorganikus foszfat mennyiségét. A viszonylag komplex mérés eredményeként a
transzproter aktivitds meghatdrozdsa a mért abszorbancia értékekbdl csak megfeleld
kontrollok alkalmazasaval lehetséges. A mért anorganikus foszfat mennyiség adodik
egyrészt a membrant és ATP-t tartalmazo reakcidelegy anorganikus foszfat szennyezésébol
¢s nem-enzimatikus ATP hidrolizisbdl szarmaz6 foszfatbol, masrészt jelen van egy Na-
ortovanadat-inszenzitiv hattér aktivitds is. Az ily mddon kapott és mért anorganikus
foszfatmennyiséggel korrigdljuk a transzporterspecifikus Na-ortovanadat-érzékeny
aktivitast. A maradék jel igy mar a transzporter-specifikus ATP hidrolizisébdl felszabaduld
anorganikus foszfat mennyisége. A fentieket figyelembevéve meghatiroztuk a
transzporterspecifikus ATPaz aktivitast a felszabadult anorganikus foszfat (nmol)/perc/teljes

fehérje tartalomként (mg).

4.3. ABCBI és ABCG2 sejtes festéktranszport mérések

A Kkisérleteket mar korabban lentivirusos transzdukcioval 1étrehozott ABCBI1 és ABCG2
fehérjéket stabilan expresszald PLB myeloid sejteken végeztiik (191). A transzport méréseket
is korabban kozolt metodus alapjan folytattuk (192, 193). Roviden Osszefoglalva: a sejteket
96-lyukt szovettenyésztd lemezre osztottuk 100000 sejt/lyuk denzitdsban, majd HPMI
médiumban inkubdltuk 6ket 37 °C-on 30 percig nem fluoreszcens szubsztrat-prekurzor,
ABCBI-specifikus 0,1 uM CAM (C3100MP, Thermo Fisher Scientific) vagy ABCG2-
specifikus 1 uM DCV (V35003, Thermo Fisher Scientific Vybrant™ DyeCycle™ Violet
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(5 uM) és ismert gatlészerek (ABCBI1: 20 uM verapamil, 5 uM Reversin 121; ABCG2: 5
uM Kol43, 5 uM kvercetin) jelenlétében, illetve anélkiil is vizsgaltuk. A fluoreszcencia
értékeket CAM (exc. 485 nm/ em. 535 nm) esetén a Victor X3, DCV (exc. 360 nm/ em. 440
nm) esetén EnSpire2300 Multimode Plate Reader késziilékekkel detektaltuk (Perkin Elmer).
A gyogyszermolekula-jelolt anyagok relativ transzporter gatldé hatasat a specifikus
transzporter gatloszerekkel (100 % gatlas) vald Osszehasonlitas utan hataroztuk meg. Két
antituberkulotikum-jelolt anyag és az ABCG2 fehérje kolcsonhatasat csak daramlasi
citometriaval (BD FACSCanto, 633 nm), mitoxantron (7,5 uM, 20 perc inkubalas) efflux

gatlas mérése soran tudtak megvizsgalni.

A Covid-19 terapidjara haszndlt szerek vizsgalatakor ABCG2- és ABCBI1-PLB-985 és
ABCCI-HL-60 és a sziil6i sejtvonalakon PhenGreen-SK diacetat (P14313, Thermo Fisher)
(ABCG2) ¢s CAM (ABCBI1 ¢és ABCCI1) transzport gatlast mértek aramlasi citometridval a
korabban mar leirtak alapjan (194). A vizsgalando vegyiiletek hatdsat Hoechst 33342
transzport gatlas esszékben dramlési citometrids modszerrel vad tipusu ABCG2- és Q141K-
ABCG?2 varianst kifejez6 Hela sejtekkel is megvizsgaltak, mar kordbban leirtak alapjan
(1995).

4.4. Membranvezikuldk preparalasa és vezikularis transzport gatlas essz¢ (VT)

Vezikularis transzport gatlds esszékben vizsgaltuk meg gyogyszerek ABC transzporter
szubsztratok transzportjara valo hatasat. A rekombinans bakulovirussal fert6zott rovarsejtbol
szdrmazo preparaitumok az ABCCI ¢s ABCC2 fehérjék és gyogyszerek kolcsonhatés
vizsgalatat tették lehetévé. A lentivirusos transzdukcioval létrehozott ABC transzportereket
expresszalo HEK293 eml0s sejtekbdl szarmazo membran vezikula preparatumokat, melyek
tartalmaztdk az ABCB1, ABCG2, ABCC2, ABCC3, ABCC4 és ABCBI11 fehérjéket a
SOLVO Biotechnolédgiai ZRt. szolgéltatta. A 2. tablazatban foglaltam 6ssze a VT esszék

kisérleti koriilményeit.
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2. tablazat A vezikularis transzport esszék paraméterei. Vizsgalt transzporterek és az
esszében alkalmazott inkubacios paraméterek (probaszubsztrat, koncentracid, inkubécios

1d6, lyukankénti 6sszfehérje tartalom, inkubacios idd, hdmérséklet és referencia gatloszer).

Membran vezikula preparatum

S9-ABC HEK293-ABC
Inkubaciés C1 C2 B1 G2 C3 C4 B11
paraméterek
Szubsztrat, ETBG CDCF NMQ LY CDCF DHEAS TC
(uM) (0,1) (5) (1) (5) (5) (0,5) (2)
1dé, (perc) 3 10 1 10 10 1,5 10
Protein 12,5 30 12,5 12,5 30 50 50
(ng)/lyuk
Hoémérséklet, 37 37 37 37 37 32 37
°C
Inhibitor, BB BB VS Ko BB MK571  gliburid
(uM) (200) (40) (1) (1) (40)  (50) (100)

A kisérlethez jégen Osszemértiik a transzport puffert, a megfelel6 mennyiségi
membranszuszpenziét ¢€s radioaktivan jelolt vagy fluoreszcens szubsztratot. Ezt a
szuszpenzidt 96-lyuktl lemezre szétosztottuk, és a DMSO-ban oldott, vizsgalni kivant
vegyiiletekbdl készitett higitasi sorral vagy DMSO-val vagy ismert inhibitorral eldinkubaltuk
a fent jelzett hOmérsékleten. A reakciot 4 mM AMP vagy 4 mM ATP hozzaadésaval
inditottuk, s folytattuk az inkubalast adott homérsékleten, megadott ideig. A reakcid
leallitasahoz a lemezeket jégre helyeztiik és jéghideg mosopuffert adtunk minden lyukhoz.
Ezt kovetden az elegyet 1 um pérusméretli B tipusu iivegfiltert tartalmazd lemezekre
elvalasztottuk (MSFBN6B10, Merck-Millipore) Millipore vakuum berendezéssel. Otszori
hideg mosopufferes mosast kovetden a lemezeket megszaritottuk, a vezikulaba transzportalt
riporterszubsztrat mennyiségi meghatarozasa Optiphase HiSafe (1200.437, Perkin Elmer)

szcintillacios koktél hozzdaddsa utan folyadék szcintillacidés technikaval 12-detektoros
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MicroBeta2 szcintillacios szamlalo berendezéssel (Perkin Elmer) tortént. A sziirékon, igy a
vezikulakban maradt fluoreszcens szubsztratokat 10 % SDS detektor oldattal leoldottuk, az
igy kapott mintakat 96-lyuka lemezekre vittiik tovabb, s a fluoreszcens jel stabilizalasara 0,1
N NaOH-ot adtunk minden lyukhoz. A fluoreszcens jelet Victor X3 és EnSpire2300
Multimode Plate Reader késziilékekkel detektaltuk. A specifikus transzporterfiiggd
transzportot az ATP-t tartalmazd €s nem tartalmazd (AMP) inkubécidkban mért értékek

kiilonbségébdl szamoltuk.

4.5. Uptake (SLC) transzportert kifejez6 sejtvonalak és esszék

Munkdm soran tobb, a SOLVO Biotechnolégiai ZRt. tulajdonat képezd SLC-transzportert
kifejez6 sejtvonalat hoztam létre, a kifejezett fehérjék transzport tulajdonségait jellemeztem
¢s a sejt-alapu esszéket ipari standardoknak megfeleléen validaltam. A HEK293 sejtvonal az
Invitrogentdl keriilt beszerzésre, az MDCKII sziil6i sejtvonal a Creative Cell Kft.-t6l
szarmazik. A kivant cDNS-t a GenScript szintetizalta, szekvenalta és klonozta. A lentivirus
partikulumokat HEK293FT sejtekben hoztuk 1étre. Az SLC-transzportert (OCT1, NTCP,
MATEI1, OATP1B3, OATP2BI1) tultermeld sejtvonalakat lentivirusos transzdukcidval
hoztuk létre. A transzdukalt és antibiotikum-szelektalt heterogén sejtpopulaciobol tgy
higitottuk a sejteket, hogy a 96-lyuku sejttenyésztd lemez minden lyukéba atlagosan egy sejt
jusson. A monoklonok transzporter specifikus uptake aktivitdsat funkciondlis tesztekben
ellendriztiik, parhuzamosan teszteltiik a transzporter expresszio stabilitasat is. A fentiek
szerint a legalkalmasabb klonbol sejtbankot hoztunk létre. A tultermeld és tlires vektorral
transzdukalt kontroll sejteket 10% FBS-sel (10270-106, Gibco/Thermo Fisher),
GlutaMAX™-szal ¢és 1% penicillin/streptomycinnel (09-757F Lonza) kiegészitett magas
gliikkéztartalmu (4,5 g/l) DMEM (31966-021, Gibco/Thermo Fisher) tapfolyadékban tartottuk
37°C-on, parasitott, 5% CO»-tartalmu inkubatorban. Mérésekhez a transzporter-expresszalo
¢s kontroll sejteket kezeletlen (MDCKII) vagy poly-D-lizin kezelt (HEK293) 96-lyuku
szovettenyésztd lemezekre iiltettiik 100000 sejt/lyuk denzitasban. Az iiltetést kdvetden 16-
24 ora elteltével végeztiikk az uptake gatlds méréseket. A konfluens kulturakrél vakuum
szivoval eltavolitottuk a tapfolyadékot, a sejteket kétszer mostuk 1x HBSS, illetve a MATE1

transzporter vizsgalatakor KH pufferekkel. A lemezeket megfeleld pufferben a vizsgalando
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legnagyobb transzport aktivitds mérésére szolgald lyukakba DMSO-t mértiink, illetve
specifikus gatloszereket alkalmaztunk kontrollként az arra szolgdlé lyukakban. Az
eléinkubalast kovetden az oldatokat vakuum szivoval leszivtuk a sejtekrdl, koinkubalast
inditottunk alkalmas radioaktivan jeldlt szubsztratot és a gyogyszerek higitasi sorait
tartalmazo pufferben 37°C-on, a SOLVO Biotechnologiai ZRt.-nél alkalmazott, validalt
kisérleti kortilményekkel. A 3. tdblazatban foglaltam Ossze az uptake gatlas esszék kisérleti
koriilményeit. Az inkubalast jégen, jéghideg pufferrel leéllitottuk, majd kétszeri mosast
kovetden a sejteket 0,1 M NaOH-dal lizaltuk és szcintillacidos koktél hozzaadédsa utan
folyadék szcintillacidos technikaval mértiikk a sejtekben akkumulalodott szubsztrat
mennyiségét. A transzporter specifikus értékeket a kontroll sejteken mért hattér kivonaséaval

kaptuk meg.

3. tablazat SLC transzportert Kifejez6 sejtvonalak és a mérési koriilmények.

Transzporterspecifikus szubsztratok, koncentracidjuk, inkubécios id6 ¢és referencia

gatloszerek.

Sejtvonal

MDCKII- HEK?293- A431-OATP
Inkubaciés MATEI1 OCT1 NTCP 1A2 1B1 1B3 2Bl
paraméterek
Szubsztrat, metformin metformin  TC sulfo- Piranin (10, 20,
(uM) (10) (10) (2) rodamin 20)

(0,5)

1dé, (perc) 15 5 2 10 15 30 15

Inhibitor, (uM) pirimetamin verapamil ~TCDC - - - -
(1) (100) (300)

A baikalin OATP1B3- ¢és OATP2B1-medialta transzportjat a fentiek szerint vizsgaltuk,
kisebb valtoztatasokkal. A sejteket a kisérlet elott 24-Iyuku lemezre tltettiik 400000 sejt/
lyuk denzitasban. Az eldkisérletekben a baikalint két koncentracioban (1 és 10 puM)
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alkalmaztuk, 2 ¢és 20 percig inkubaltunk. Megbecsiiltilk a baikalin transzport kinetikai
paramétereit, 1d6- €s koncentraciofiiggés kisérletekben. OATP2BI1 transzport kisérletekben
1, 3, 5, 10, 15, 20, 30 és 45 percig inkubaltunk a baikalinnal. A transzport 5 percig volt
linedris, igy a koncentraciofiiggést 3 perces inkubacios iddvel végeztiik, a baikalint 1-100
uM végkoncentracidban alkalmaztuk. A baikalin OATP1B3-medialta transzportjat 60 percig
mértiik, 8 idOpontban. A baikalin koncentraciofiiggd transzportjat e transzporter esetén 45
percig mértiik, az akkumulaciot 21,09 - 2700 uM tartomanyban vizsgaltuk. A kisérleteket
hideg KH-pufferrel allitottuk le, majd kétszeri mosast kovetden feltartuk a sejteket 2:1
metanol:viz elegyével. A lemezeket 4°C-on, 20 percig inkubaltuk, majd centrifugéltuk (10
perc, 5000 g). A feliiluszot atszedtiik és beszaritottuk. A mintdkat LC-MS/MS analizis elott
eluensben vették fel, a sejtekbe akkumulalodott baikalin mennyiségét Magda és munkatérsai
altal (196) leirtak szerint hatdroztdk meg. A sejtek teljes fehérje tartalmat BCA esszével
hataroztuk meg.

A gybgyszerek OATP-medidlta (OATP1A2, OATPIB1, OATPIB3 ¢és OATP2BI1)
fluoreszcens szubsztrat transzport gatlasdt A431 sejtekben vizsgaltdk. A sejtvonalak
létrehozasanak metodikajat és az esszék részleteit korabbi publikdcidkban irtak le (197-199),
a metodikai részleteket jelen disszertacioban nem mutatom be. A kisérleti paramétereket a 3.
tablazat foglalja 0ssze. A mérés lényege: 96-lyuku szovettenyésztd lemezre iiltetett adott
OATP-t expresszalo és kontroll A431 sejteket 5 percig eléinkubaltak pufferben a vizsgalando
preinkubalast kovetden inditottdk a koinkubalast piranin vagy sulforodamin 101 szubsztrat
€s a gyogyszerek higitasi sorait tartalmazo pufferben 37°C-on. A reakcid leallitdsa utan
mérték a sejtekben felhalmozddott fluoreszcens szubsztratok intenzitasat fluoriméterrel. Az
OATP-dependens transzportot a kontroll sejteken mért hattérfluoreszcencia kivondsaval

hataroztak meg.

4.6. ABCB4-expresszalo sejtvonal és transzcellularis esszék

Az MDCKII sejtvonalban kifejez0dé Abcbl gén kititését CRISPR/Cas9 rendszerrel a
GenScript végezte. Az elkésziilt klonokat felszaporitottak, genomi DNS-t izolaltak, a genomi

DNS-ek mindségét PCR segitségével, a PCR terméket Sanger szekvenalassal ellendrizték
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(Genscript). A szekvencia-ellendrzott ABCB4 ¢cDNS-t szintén a GenScript szintetizalta és
klonozta. Az MDCKII-Abcb1 biallélikus knockout klont a SOLVO Biotechnoldgiai ZRt.
laboratériumaban karakterizaltuk. Az endogén Abcbl expresszio hianyat tobb modszerrel
ellendriztiik (4ramlési citometrids calcein esszé, célzott proteomikai és transzcelluldris

transzport merés).

2*10"6 MDCKII vad tipust és Abcb1KO-MDCKII sejtet tripszin kezelés utdn PBS-sel
mostuk. Centrifugalast (3 perc, 1000 g) kovetden a sejteket S00 ul PBS-ben felvettiik és 1
uM CAM hozzdadasa utdn 30 percet inkubaltuk 37 °C-on. A sejteket PBS-sel mostuk,
centrifugalas utan 500 pl hideg PBS-ben felvettiik és az aramlasi citometrias vizsgalatig

jégen tartottuk. Az dramlasi citometrids méréseket Dr. Varady Gyorgy végezte.

Az endogén Abcbl hidnyat tomegspektrometrian alapuld kvantitativ proteomikai
vizsgalatokban is ellendrizték a Szegedi Tudomdnyegyetemen a Dr. Jandky Tamas

Professzor Ur vezette NeuroProteomikai és Lipidomikai Laboratériumban.

Az ABCB4-et tartalmazo lentivirus partikulumokat HEK293 sejtekben hoztam létre. Az
Abcb1KO-MDCKII sejteket transzdukaltam. A transzdukalt €s antibiotikum-szelektalt
heterogén sejtpopulaciobol ugy higitottam a sejteket, hogy a 96-lyuku sejttenyésztd lemez
minden lyukaba atlagosan egy sejt jusson. Felszaporitds utdin a monoklénok funkcionalis
tesztjét transzcellularis esszében végeztem. Egy kivalasztott klonbol (D12) sejtbankot
hoztunk 1étre és a tovabbi vizsgalatokat az Abcb1KO-MDCKII-ABCB4-D12 sejtvonalon
folytattuk.

Az ABCB4 fehérje expressziojat RT-PCR ¢és Western blot segitségével ellendriztiik. Az
Abcb1 KO-MDCKII-Mock ¢és Abcb1KO-MDCKII-ABCB4 sejtekb6l TRIzol reagenssel
teljes RNS-t izolaltunk a gyartd utmutatasai alapjan. A reverz transzkripciot és a TagMan
PCR-eket (ABCB4 essz¢é azonositdo Hs00240956 ml) a gyarto instrukcioi alapjan végeztiik
(Invitrogen/ThermoFisher, Waltham, MA). Bels6 kontrollként kutya Gapdh (esszé azonosito
Cf04419463 gH) gént hasznaltuk. Az ABCB4-specifikus mRNS-t normalizaltuk a Gapdh
mRNS-re.
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A Western blothoz a sejteket tripszin kezelés utan 6sszegytjtottiikk, 1x PBS-sel mostuk,
centrifugaltuk (3 min, 1000 g). A pelletet proteaz inhibitort tartalmazo6 lizispufferben
felvettiik. A teljes fehérje mennyiséget BCA reagenssel hataroztuk meg a gyartd utasitasai
alapjan. A mintdkat azonos 0sszfehérje mennyiséggel 4-15 %-os SDS-poliakrilamid gradiens
gélen futtattuk meg. A fehérjét a gélbdl elektroblottoltuk PVDF (Millipore) membranra. A
membranokat 5%-o0s sovany tejporos TBS-Tween oldatban 1 6ran at blokkoltuk, majd 4 °C-
on inkubaltuk ebben a blokkoloban 1:1000 higitott monoklonalis egér anti-human ABCB4
antitesttel (Santa Cruz Biotechnology, sc-58221) egy &jjelen at. Az ezt kdvetd mosasi 1épések
utdn a membrant HRP-konjugalt masodlagos antitesttel (anti-egér HRP, 1:2000,
ThermoFisher, # 62-6520) inkubaltuk szobahdmérsékleten 1 oraig. Mosasokat kdvetden az
antigén-antitest kolcsonhatast ECL reagenssel (Pierce™ ECL Western Blotting Substrate,
#32106) hivtuk el6 és a jelet BioRad ChemiDoc késziilékkel detektaltuk.

Az AbcblKO-MDCKII-ABCB4 ¢és kontroll sejteket a HEK293 sejtekkel megegyez6
médiumban ¢és koriilmények kozt tartottuk. A kultarakat hetente haromszor passzaltuk 70-
80%-o0s konfluenciandl. A transzport kisérletekhez magas poérus denzitastu, 0,4 um
porusméretli polikarbonat (PC) 24- vagy 96-lyuka Millicell sejttenyésztd inzert lemezekre
(PSHTO10RS, PSHTO004R5; Merck-Millipore) iiltettik 6ket 150000 sejt/lyuk (0,7 cm?
feliilet) vagy 25000 sejt/lyuk (0,11 cm?) denzitisban. A differencialodott sejteken 5 nap
elteltével végeztiink kisérleteket. A méréseket HBSS-ben folytattuk 37°C-on. Az apikalis
kompartmentben alkalmazott térfogat 0,4 ml, a bazolateralisban 0,8 ml volt 24-lyuku
lemezek esetén, a 96-lyukil lemezeken ugyanez 0,125/0,25 ml. Radioaktivan jelolt
szubsztratok vizsgalatandl a hideg anyagot lyukanként 0,1 puCi-nyi nyomjelzd izotoppal
egészitettiik ki. A kisérletek eldtt a sejteket kétszer mostuk elémelegitett HBSS-sel, majd az
elkészitett szubsztratoldatot vagy az apikalis kamraba (A-B iranya transzport) vagy a
bazolateralis kamraba (B-A iranyu transzport) pipettaztuk, a szemkozti fogadd kamrakba
puffert adtunk. Minden kondiciét harom technikai parhuzamosban mértiink. Transzport
gatlds méréseknél az inhibitort mind a két kompartmentben alkalmaztuk. A fogadd
kamrakbdol meghatarozott idékozonként mintat vettliink, a kivett térfogatot eldémelegitett
pufferrel potoltuk vagy a kisérletet 180 percig végeztiik. A mérés végén minden kamrabol

mintat vettliink és anyagmérleget szamoltunk. A radioaktivan jelzett mintdk detektdlasa az
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uptake esszéknél leirtak szerint tortént, egyéb vegyiiletek detektdlasa LC-MS/MS
modszerrel. Az egysejtréteg integritasat 40 pug/ml Lucifer Yellow oldat permeabilitasanak
vizsgalataval ellendriztiik, a mintdkban a fluoreszcenciat fluoriméterrel mértiik. Az ABCB4
gyogyszerek altali gatlasanak vizsgalatara alkalmas transzcelluldris esszét digoxinnal mint
probaszubsztrattal validaltuk. A fenti modon elvégeztik az ABCB4-medidlta digoxin
transzport 1dofliggd vizsgalatat, az igy kivalasztott idopontnal telitettiik a digoxin
transzportot. Az eredmények birtokaban a gatlds kisérleteket mar 1 pM digoxinnal 180

percnyi inkubalassal végeztiik.

4.7. Adatok értékelése, kalkulaciok

Minden kisérletet két vagy harom technikai parhuzamosban, harom ismétléssel végeztiink.
A mérési eredményeket atlagoltuk Microsoft Excel szoftverrel, a kiilonbségeket az atlag
standard hib4javal jellemeztiik. A korabban leirtaknak megfeleléen transzporter specifikus
aktivitast szamoltunk, majd a gatlas esszéknél normalizaltunk az oldészer kontroll értékekre.
Az ICso értékeket nem-linedris regressziés modell alkalmazasaval Prism (Prism 9.1,

GraphPad) vagy Origin2019 (OriginLab) szoftverekkel hataroztuk meg.

A latszolagos permeabilitas értékeket a kovetkezd képlet alapjan szamoltuk:

p _d0, 1
" dT  AxC,

ahol a dQ a transzportalt anyag mennyiségét jelenti (pmol), a dT az inkubacids i1d6
(szekundum), A a polikarbonat membran feliilete (cm?), Co az anyag kezdeti koncentracioja
a donor kamraban. Mértékegysége: 107 cm/szekundum. A szekretorikus permeabilitas és az
abszorptiv permeabilitas értékeinek hanyadosa (Papp, BA/Papp AB) adja meg az anyag efflux
hanyadosat (ER).

A vizsgélt anyagok potencidlis in vivo hatdsdnak becslésére a Nemzetkozi Transzporter
Konzorcium (ITC) és FDA iranyelvei szerint R értéket (OATP1B1, OATP1B3) vagy Cmax/in
vitro I1Cso (hepatikus, renalis ABCB1, ABCG2) értékeket kalkulaltunk, ahol a Cmax a vizsgalt

vegyiilet maximalis plazmakoncentracioja.
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Az R érték definicio szerint 1 + (fu X Lin, max/ICs0), ahol Iin, max @ majba bejutd gyogyszer
becsiilt maximalis koncentracioja. Ezt szamolhatjuk, lin, max = Cmax + (ka X Doézis %
FaFg)/Qh/RB képlet segitségével, ahol a Cmax @ maximalis szisztémds plazmakoncentracio,
K. az abszorpcios rata konstans. k. = 0,1/perc értéket szokas a legkedvezotlenebb
forgatokonyv szerinti konstansnak definidlni. F. felszivodott frakcid, a legrosszabb
forgatokonyv szerinti értéke 1. Fy az anyag intesztinalis elérhetdsége, legrosszabb esetben
értéke 1. A Qn a méjon percenként dtaramlo artérids vér mennyiségét jelenti, szamitasainkhoz

1500 ml/perc-et hasznaltunk. 1-nek vettiik az RB-t, ami a vér-plazma aranynak felel meg.

Szajon at alkalmazott gyogyszerek intesztinalis ABCB1 és ABCG2 kolcsonhatasanak in vivo
relevanciajanak becslésére az alabbi metodust alkalmaztuk:

[1]2 /ICso > 10, ahol [I]2 az enterocitdk apikalis oldaldn (luminalis) a maximalis gydgyszer
d6zisbol 250 ml térfogatban szamolt varhaté maximalis koncentracio, ICso az in vitro median

gatlasi koncentracio.
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5. Eredmények

5.1. Az tjonnan fejlesztett potencialis antituberkulotikumok, MtTopo-I inhibitorok

transzporter kolcsonhatas vizsgalatai

A gyobgyszerrezisztencia kialakulasa daganatos, autoimmun és fert6zé betegségekben
sokrétli probléma, komplexitasa miatt nem lehet egy rezisztencia mechanizmussal
jellemezni. Az intracellularis Mycobacterium tuberculosis eradikdldsara hasznalt szereket
nagy dozisban és hosszabb tavon alkalmazzak, ndvekszik a multidrog rezisztens esetek
szama (200). Mivel a tuberkulozis kezelésére hasznalt szerek és ABC transzporterek
kolcsonhatasa cellularis gyogyszerrezisztencia és ADMETox tulajdonsagok valtozasdhoz
vezethet, megvizsgaltuk e vegyiiletek és a humédn ABCB1 ¢és ABCG2 fehérjék
kolcsonhatasat. A tesztanyagok ABC transzporterekre kifejtett hatasat két kiilonbozo, egy
membranalapu és egy sejtes esszében ellendriztiik.

ATPaz aktivitdas méréseink soran ABCB1 ¢és ABCG2 fehérjét tartalmazo
membranpreparatumokat hasznaltunk, melyek rovarsejtes/bakulovirusos rendszerbdl
szarmaztak. A tesztanyagok alap ATPaz aktivitasra kifejtett hatisa mellett ABCBI
(verapamil) és ABCG2 (kvercetin) szubsztrat indukalta ATP4z aktivitast is vizsgaltunk. ABC
transzporter kolcsonhatds vizsgalataink mellett, illetve a k6zos munkat megel6zéen
kollaboracios partnereink a vegyiiletek MtTopo-I kotodését vizsgaltak in silico, in vitro
MtTopo-I enzim gatlas esszékkel parhuzamosan. Minden vegyiilet kotddhet az enzim
tanulmanyozott részéhez, két anyag, a VCC340963 és VCC450822 klomipraminhoz képest
is kedvezdébb eredményt adott. Az 0sszes vegyiilet teljesen gatolta az MtTopo-I aktivitasat,
20 uM alatti koncentracioban. A legpotensebb MtTopo-I gatlohatast a VCC450327 mutatta,
mar 0,1 uM koncentraciéban. Harom molekula, a VCC979812, VCC389777 ¢s VCC450327
nem gatolta a baktérium szaporodasat, a kalkulalt MIC90 értékek 0,6 és 10 uM kozé estek,
potenciajuk szerinti sorrendben: VCC478498, VCC340963, VCC450822 ¢s VCC891909
(189).
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Azt, hogy a tesztanyagok az ABCB1 ¢és ABCG2 transzporterek vanadat-érzékeny ATPaz
aktivitasat hogyan modositottak, a vegyiiletek 0,01-12,5 uM koncentraciotartomanyaban

meértik.

A VCC389777, VCCI79812 és VCCA450822 aktivaltak az ABCB1 ATPazt, az aktivalas
jelezheti, hogy ezek a vegyiiletek a transzporter szubsztratjai. A VCC450822 alacsonyabb
koncentracioknal mérve enyhén stimulalta, magasabb koncentracidoban viszont erésen gatolta
az ATPaz aktivitast, ez a mintdzat tipikus a lassan transzportalt szubsztratokra vagy
gatloszerekre (201). A tobbi vegyiilet a VCC340963, VCC450327, VCC891909 és a
VCC478498 nem mutatott kdlcsonhatast az ABCB1 ATPazzal (2. 4bra).
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2. abra: Antituberkulotikum-jelolt (MtTopol inhibitor) vegyiiletek ABCB1 ATPaz

moduldlé hatasa. Az ABCBI1-Sf9 preparatumok ATPé4z aktivitasa aktivald szubsztrat

(verapamil) jelenlétében ¢és kezelt mintdkon (n=3, atlag+SD). A kezeletlen, csak szolvenst

tartalmazo ABCB1 ATP4z aktivitast az abran vizszintes kék vonal jelzi (202).

A gyogyszerfejlesztés korai fazisaban kozkedvelt a fluoreszcens probak alkalmazésa, igy a
gyogyszer-ABCBI1 kolcsonhatasanak kimutatasara alkalmazott calcein esszében méréseket

végeztiink ABCB1 expresszalé PLB sejtekkel, 0,1 uM CAM jelenlétében. Az MtTopol-
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inhibitor vegyiiletek ABCB1 gatl6 hatasat 5 uM alkalmazott koncentracional vizsgaltuk. A
hétbdl ot vegyiilet (VCC979812, VCC389777, VCC450822, VCC340963, VCC478498)
potensen gatolta a calcein transzportot, a VCC891909 interakcids potencialja pedig elmaradt
a tobbi vegyiiletétdl. Egy anyag, a VCC450327 nem hatott kolcson az ABCB1 fehérjével

calcein esszében (3. abra).

150

z 100

50

ABCB I-medialta CAM
transzport gatlas (%)

tesztanyag

3. abra: MtTopo-I inhibitorok hatasa az ABCBI1 transzporter transzport aktivitasara.

A valogatott Vichem anyagok ABCBI1 transzportaktivitasara kifejtett hatasit ABCB1-PLB

5 uM-os koncentracioja mellett vizsgaltuk. A tesztanyagok relativ gatlohatdsat a maximalis
gatlohatast kifejté referencia anyagokhoz (20 puM verapamil, 5 pM reverzin) képest
hataroztuk meg (n=3, atlag+SD).

crer

Kizarolag a VCC389777 stimuldlta szignifikdnsan az ABCG2 vanadat-érzékeny ATPaz
aktivitast, mig a tobbi vegyiilet, a VCC891909, VCC979812, VCC450327, VCC450822,
VCC340963 ¢és VCC478498 nem stimulalta azt (4. abra).
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4. abra: Antituberkulotikum-jelolt (MtTopo-I inhibitor) vegyiiletek ABCG2 ATPaz
moduldlé hatasa. Az ABCG2-Sf9 preparatumok ATPaz aktivitasa aktivald szubsztrat
(kvercetin) jelenlétében és kezelt mintakon (n=3, atlag=SD). A kezeletlen, csak szolvenst

tartalmazo ABCG2 ATPaz aktivitast az dbran vizszintes kék vonal jelzi (202).

A vegyliletek ABCG2 kolcsonhatasanak tesztelésére PLB alapt sejtes festéktranszport
méréseket is végeztiink. A VCC891909 nem gétolta az ABCG2-medialta DCV transzportot,
a tobbi vegylilet a VCC450327, VCC450822, VCC340963 és VCC478498 szignifikansan
gatolt 5 uM koncentracioban (5. abra). A VCC979812 és VCC389777 anyagokat
autofluoreszcencidjuk miatt dramldsi citometridval, mitoxantron efflux gatlds mérésével
kellett vizsgalnunk. Mindkét anyag potens gatlészernek bizonyult, az ABCG2-PLB

sejtekben szignifikdnsan nott a mitoxantron felvétel.
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5. abra: MtTopo-I inhibitorok hatiasa az ABCG2 transzporter transzport aktivitasara.

A valogatott Vichem anyagok ABCG2 transzportaktivitasara kifejtett hatdsit ABCG2-PLB

5 uM-os koncentracidja mellett mértiik. A tesztanyagok relativ gatlohatasat a maximalis
gatlohatast kifejto referencia anyagokhoz (5 uM Ko143, 5 uM kvercetin) képest hataroztuk
meg (n=3, atlag=SD) (202).
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5.2. COVID-19 kezelésre hasznalt gyogyszerek DDI rizikojanak meghatarozasa

Tanulmanyoztuk a klorokin, a hidroxiklorokin, az ivermektin, a lopinavir, a ritonavir, a
remdezivir és a favipiravir kdlcsonhatésait az alabbi transzporterekkel: ABCB1, ABCG2,
ABCCI1, OATP1A2, OATP2B1 (intesztinalis barrier és vér-agy gat) ABCC2, ABCC3,
ABCC4, ABCBI11, OATP1BI1, OATP1B3, MATEL, OCT1 és NTCP (hepatikus barrier).
Munkénk soran kiilonbozé komplexitasu - barrierspecifikus transzporterek vizsgalatat
lehetdve tévo - modszereket alkalmaztunk.

A gyogyszerek és ABCBI transzporter kolcsonhatdsat membranalapti (ATPaz és VT) és
sejtes festéktranszport (ABCB1-PLB) esszékben vizsgaltuk.

A kisérleti eredmények azt mutattdk ABCB1-Sf9 membranprepardtumokon, hogy a ritonavir
képes mar alacsony, 0,1 pM-nal kisebb ECso értékkel a pozitiv kontroll verapamil ATPéaz
aktivalé hatasat elérni. Mind a lopinavir (ECso 0,05 uM), mind a remdesivir (ECso 10 pM)
szignifikansan stimulaltdk az ABCB1 ATPazt. A ritonavir és lopinavir magasabb
koncentracioban gatoltdk az ATP4z aktivitast. Az ivermektin nem fokozta az ABCB1 ATPaz
aktivitast, inkabb gatolta, de az ABCBI relative alacsony ATP4z alapaktivitdsa esetén a hatas

karakterisztikaja nem kiveheto.

ABCBI overexpresszald HEK293 sejtbdl membranpreparatumot készitettiink, és vizsgaltam
a gyogyszerek modulalo hatasat a kiforditott vezikuldba torténd ATP-fiiggd NMQ
transzporton. Gyogyszerek jelenléte nélkiil az NMQ transzport 100%-nak vessziik, ehhez
viszonyitva szdmoltam az ABCB1 50 %-os gatlasahoz tartoz¢ inhibitor koncentraciot. Az
ivermektin, lopinavir és ritonavir (ICso 0,3; 0,6 és 0,3 uM) alacsony mikromdlos
koncentracioban gatoltak az NMQ transzportot. A klorokin, hidroxiklorokin és favipiravir
nem hatottak kdlcson az ABCB1 fehérjével ebben a tesztrendszerben. A remdezivir és a
ciklodextrin-formulélt remdezivir-SBECD nem bizonyultak potens gatloszernek, 50% kortili

maximalis gatlast mutattak a legmagasabb alkalmazott, 50 pM-os koncentracidban.
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Az ABCBI-PLB calcein esszében a kapott ICso értékek sorrendjében a legpotensebb
gatloszernek az ivermektin (ICso 0,6 uM), a lopinavir (ICso 6,3 uM) és ritonavir (8,4 uM)
bizonyultak. A klorokin, hidroxiklorokin, favipiravir, a remdezivir és a remdezivir-SBECD
nem befolyésoltak a calcein transzportot. Az ABCB1 kdlcsonhatés vizsgalatok eredményeit

a 6. abran foglaltam 6ssze.
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A, ABCBI Calcein transzport B. ABCBI Calcein transzport
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6. abra: COVID-19 kezelésre hasznalt gyogyszerek kolcsonhatasa az ABCBI1
transzporterrel Kkiilonb6zé Kkisérletes rendszerekben. A gyogyszerek ABCBI
transzportaktivitdsara kifejtett hatasit ABCBI1-PLB sejteken vizsgaltuk. (A és B) A
transzporterspecifikus CAM szubsztrdt akkumulacidjat a tesztanyagok kiilonb6zo
koncentracioi mellett vizsgéltuk. (C és D) A gyogyszerek ndvekvd koncentracioja mellett
vizsgaltam az NMQ akkumulédciojat HEK293-ABCB1 membranvezikuldkba. (E) Az
ABCBI-S19 preparatumok ATP4z aktivitasa aktivald szubsztrat (verapamil) jelenlétében és
kezelt mintakon. A kezeletlen, csak szolvenst tartalmazé6 ABCB1 ATPaz aktivitast az abran
a basal felirata vizszintes vonal jeloli (n=3, atlag+SD). A relativ transzport (%) értékeket a
maximalis transzporter aktivitdshoz képest hatdroztuk meg. Az egyes gyodgyszerekhez
tartoz6 gorbéket: klorokin (CQ), hidroxiklorokin (HCQ), ivermektin (IVE), favipiravir
(FAV), ritonavir (RIT), lopinavir (LOP), remdezivir (REM) és remdezivir-SBECD (REM-
CD) az abran jeldltem jelmagyarazatban (203).
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ABCG?2 fehérjét expresszaldo Sf9 sejtekbdl preparalt membranvezikuldkon végzett ATPaz
kisérletekkel igazoltuk, hogy a vizsgalt anyagok egyike sem aktivalja az ABCG2 ATPazt.
Az ivermektin, ritonavir és lopinavir koncentraciofiiggden gatoltak az ABCG2 vanadatfiiggo
ATPaz aktivitasat, a remdezivir csak magasabb koncentracidoban géatolta ugyanezt (7. dbra,

E).

ABCG2-HEK?293 sejtbdl készitett membranvezikulakon vizsgaltuk a gyogyszerek LY
transzportra gyakorolt hatasat. A klorokin, hidroxiklorokin és favipiravir nem gatoltdk a LY
transzportjat. Az ivermektin, lopinavir és ritonavir gatoltdk a LY transzportot, a referencia
gatloszer, Kol43 okozta teljes gatldshoz viszonyitva kalkuldltuk a 7. dbran (C és D)
bemutatott koncentracidfiiggd gatlashoz tartozo ICso értekeket (1,1; 4,2 és 7,5 uM). A
remdezivir és remdezivir-SBECD kalkulalt ICso értékei hasonl6 koncentraciotartomanyba (~

50 uM) esnek.

A PhenGreen esszében, amit ABCG2-PLB sejteken végeztiink, az ivermektin a Kol43
okozta teljes gatlashoz képest 3,1 uM ICso értékkel gatolta az ABCG2-medialta PG-DA
transzportjat. A lopinavir és ritonavir is gatolta a PG-DA transzportot azonos nagysagrendbe
esO 1Csp értekekkel (13,1 és 8,3 uM). A remdezivir €s komplex forméja a legmagasabb, 50
pM-os alkalmazott koncentracidban is csak 50 % koriili gatlohatast fejtettek ki. A klorokin,
hidroxiklorokin és a favipiravir nem mutattak kolcsonhatast az ABCG2 fehérjével ebben a

rendszerben vizsgalva sem (7. dbra, A és B).

Az ABCG?2 transzporterre gatlo hatast kifejtd gyogyszereket tovabb vizsgaltuk Hoechst
33342 transzport gatlds esszékben aramlasi citometrias modszerrel vad tipusi ABCG2- és
Q141K-ABCGQG2 varianst kifejez6 HeLa sejteken. A Q141K-ABCG?2 varianst kifejezé HeLa
sejtek érzékenyebbek voltak a gyogyszerek okozta gatlasra. Az ivermektin, lopinavir és
ritonavir gatoltak a Hoechst transzportot, a remdezivir csak magas koncentracidéban mutatott

kolesonhatast.
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7. abra: COVID-19 Kkezelésre hasznalt gyogyszerek kolcsonhatisa az ABCG2
transzporterrel Kkiilonb6z6 Kkisérletes rendszerekben. A gyogyszerek ABCG2
transzportaktivitasara kifejtett hatdsat ABCG2-PLB sejteken vizsgaltuk. (A és B) A
mellett vizsgaltuk. (C és D) A gyogyszerek novekvo koncentracioja mellett vizsgaltuk a LY
akkumulacigjat HEK293-ABCG2 membranvezikulakba. (E) Az ABCG2-S19 preparatumok
vanadat-fliggd ATPaz gatlasa aktivalo szubsztrat (kvercetin) jelenlétében és kezelt mintakon.
A kezeletlen, csak szolvenst tartalmazd6 ABCG2 ATPaz aktivitast az abran basal felirata
vizszintes vonal jeloli (n=3, atlag+SD). A relativ transzport (%) értékeket a maximalis
transzporter aktivitdshoz képest vagy referencia gatloszerhez (Kol43, PG-transzport)
hataroztuk meg. Az egyes gyogyszerekhez tartozd gorbéket: klorokin (CQ), hidroxiklorokin
(HCQ), ivermektin (IVE), favipiravir (FAV), ritonavir (RIT), lopinavir (LOP), remdezivir
(REM) és remdezivir-SBECD (REM-CD) az dbran jeloltiik jelmagyarazatban (203).
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Az ABCCI gatlast is vizsgaltam Sf9 preparatumokon VT esszében. Az ABCC1-medialta
ETBG transzport gyogyszerek jelenléte nélkiil 100%, ehhez viszonyitva meghataroztam az
egyes drogkoncentraciokhoz tartozo gatlasi értékek dbrazoldsaval az adott vegytilet ICso
értekét. Az ivermektin (ICso 13,3 uM) és lopinavir (ICso 10 uM) koncentraciofiiggden
gatoltak az ETBG ATP-fiiggd transzportjat. A klorokin, hidroxiklorokin, ritonavir és
favipiravir nem hatottak kolcson az ABCC1 fehérjével ebben a tesztrendszerben. A

remdezivir magasabb koncentracioban stimulalta az ABCC1-medialta szubsztrattranszportot

(8. 4bra).

A CAM nemcsak az ABCBI1, hanem az ABCCI1 nagy affinitdsa szubsztratja is. 10 uM
indometacin teljesen gatolja az ABCCl-medialta CAM transzportot ABCCI1-HL60
sejtekben, ehhez viszonyitva az ivermektin (ICso 3,3 uM), a lopinavir (ICso 10,7 uM) és
ritonavir (ICso 7,7 uM) is gatoltadk a CAM transzportot. Sem a klorokin, hidroxiklorokin, sem
a favipiravir, remdezivir €s komplexe nem hatottak kdlcson az ABCCI1 transzporterrel a

calcein esszében (8. abra).
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A. ABCC1 Calcein transzport B. ABCC1 Calcein transzport C. e ABCC1 ETGB transzport
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8. abra: COVID-19 Kkezelésre hasznalt gydégyszerek kolcsonhatasa az ABCC1
transzporterrel Kkiilonb6z6 kisérletes rendszerekben. A gyo6gyszerek ABCCI1
transzportaktivitasara kifejtett hatasat ABCCI1-HL60 sejteken vizsgéltuk. (A és B) A
vizsgaltuk. (C) A gydgyszerek novekvd koncentracidja mellett vizsgaltuk az ETBG
akkumulacigjat Sf9-ABCC1 membranvezikuldkba. A relativ transzport (%) értékeket a
maximalis transzporter aktivitdshoz képest hataroztuk meg. (n=3, atlag+SD). Az egyes
gyogyszerekhez tartozo gorbéket: klorokin (CQ), hidroxiklorokin (HCQ), ivermektin (IVE),
favipiravir (FAV), ritonavir (RIT), lopinavir (LOP), remdezivir (REM) ¢és remdezivir-
SBECD (REM-CD) az abran jeloltiik jelmagyarazatban (203).

A tovabbiakban vizsgaltuk a vegyiiletek uptake transzporterekre gyakorolt hatisat. Az
OATP1A2 medialta sulforodamin felvételét a favipiravir kivételével mindegyik vegytilet
gatolta. A lopinavir, ritonavir, remdezivir €s komplexe és az ivermektin alacsony mikromolos
koncentracioban gatolta az OATP1A2 mikodését. Klorokin és hidroxiklorokin esetén
magasabb 1Cso értékeket kaptunk. A gyogyszerek hasonlo ICso értékekkel gatoltdk az
OATP2BI1 expresszalo sejtekbe a piranin felvételét, mig a klorokin és hidroxiklorokin a
legmagasabb alkalmazott koncentracioban 75%-ig gatoltak a transzportot. Eredményeinket

a 4. tdblazatban foglaltam Gssze.
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4. tablazat: A COVID-19 kezelésre hasznalt gyogyszerek ABCB1, ABCG2, ABCC1 és
OATP transzporterekre meghatarozott ICso értékeinek dsszefoglalasa. Az 1Cso értékeket

nem linearis regresszidval hatdroztuk meg (203).

I1Cso (nM)

ABCBI1 ABCG2 ABCC1 OATP
Gyogyszer CAM VT | PG VT | CAM VT |1A2 2Bl
Klorokin - - - - - - 17 119
Hidroxiklorokin - - - - - - 18,9 84
Ivermektin 0,6 0,3 |3,1 1,1 {33 13,3152 8,6
Lopinavir 6,3 0,6 |13,1 42 1107 10 (1,5 1,0
Ritonavir 8,4 0,3 (83 7,5 | 71,7 - 23 14
Remdezivir - >20 | >50 >50 | - - 3,8 3.8
Remdezivir-SBECD - >20 | >50 >50 | - - 6,1 5,6
Favipiravir - - - - - - - -

A tovéabbiakban a COVID-19 gydgyszerek hepatikus eliminéciojaban kulcsszerepet jatszo
efflux és uptake transzporterekre kifejtett hatasat vizsgaltuk. A klorokin és hidroxiklorokin e

transzporterekre kifejtett esetleges modulalo hatasat nem vizsgaltuk.

Az efflux transzporter-gyogyszer kolcsonhatdst membranvezikula prepardtumokon,
vezikularis transzport gatlas esszében vizsgaltuk. Az ABCC3 (MRP3), ABCC4 (MRP4) és
ABCBI11 (BSEP) fehérjék vizsgalatat az adott transzportert taltermelé HEK293 sejtekbdl
készitett, az ABCC2 (MRP2) vizsgalatat ABCC2-Sf9 sejtekbdl eldallitott membranokon
végeztik.

Az ABCC2-medialta CDCF transzportot az ivermektin gatolta, a lopinavir nem hatott
kolcson, magasabb koncentracidoban a ritonavir a remdezivirhez hasonldan potencirozta az
ABCC2-t. A redukalt glutation kotranszportja befolyasolhatja az ABCC2 mukodését, igy a

kisérleteket 2 mM glutation jelenlétében is elvégeztiik. Nem tapasztaltunk eltérést a két mérés

crer
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ABCC3 fehérje tartalmu vezikuldkba, a remdezivir az ABCC3-medialta CDCF
A remdezivir potensen gatolta a DHEAS transzportjat az ABCC4 fehérjét tartalmazo
vezikulakba, az ivermektin nem hatott kdleson, a lopinavir és a ritonavir enyhe modulalo
hatast fejtettek ki. A ritonavir €s a lopinavir potensen gatoltak az ABCB11 mukodését, mig
az ivermektin és remdezivir a legmagasabb, 50 pM-os koncentracioban 60 %-ban gatoltak a
TC akkumulécidjat ABCB11-HEK293 vezikuldkba. A favipiravir egyik efflux transzporter
mitkddését sem befolyasolta.

A hepatikus efflux transzporter gatlas esszék eredményeit a 9. dbra és az 5. tablazat 6sszegezi.
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9. abra: A favipiravir, ritonavir, lopinavir, remdezivir és ivermektin hatasa a
transzporterspecifikus szubsztrat akkumulaciora VT esszében. (A) ABCC2-medialta
ATP-dependens CDCF transzport gatlasa ABCC2-S19 vezikulakba. (B) ABCC3-medialta
ATP-dependens CDCF transzport gatlaisa ABCC3-HEK293 vezikulakba. (C) ABCC4-
medidlta ATP-dependens DHEAS transzport géatlasa ABCC4-HEK293 vezikulakba. (D)
ABCBI11-medialta ATP-dependens TC transzport gatlasa BSEP-HEK?293 vezikuldkba. A
relativ transzport (%) értékeket a maximalis transzporter aktivitashoz képest hataroztuk meg.
(n=3, atlag+SD). Az egyes gyogyszerekhez tartozo gorbéket: favipiravir (FAV), ritonavir
(RIT), lopinavir (LOP), remdezivir (REM) ¢és ivermektin (IVE) az 4abran jeloltiik
jelmagyarazatban (204).
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S. tablazat: A COVID-19 kezelésre hasznalt gyogyszerek ABCC2, ABCC3, ABCCH4 és
ABCBI1 transzporterekre meghatarozott 1Cso értékeinek osszefoglalasa. Az ICso

értékeket nem linedris regresszidval hataroztuk meg. (204)

ICs0 érték (uM)
Gyogyszer ABCC2 ABCC3 ABCC4 ABCBI11
Favipiravir - - - -
Ritonavir Pot. 17 2,9 32
Lopinavir - >40 - 7,8
Remdezivir Pot. - - >40
Ivermektin >20 >50 - >30

A MATEI] transzporter egyarant miikodhet efflux vagy uptake transzporterként. Munkam
soran a gyogyszerek MATE1-medialta metformin felvételére kifejtett hatasat vizsgéaltam. A
metformin transzport gatldsanak koncentraciofiiggését MDCKII-MATE1 ¢és MDCKII
kontroll sejteken végeztem. A ritonavir és remdezivir potensen gatoltak a metformin
ivermektin nem hatottak kdlcson a MATEI fehérjével ebben a kisérleti rendszerben.
HEK293-OCT1 ¢és HEK293 kontroll sejteken mértem a metformin akkumulacidjat
gyogyszerek jelenlétében vagy hidnyaban. A MATEI1 mérésekhez hasonld gatlasprofilt
kaptunk a ritonavir és a remdezivir esetén, a lopinavir kdlcsonhatas elhanyagolhatd, hisz a
legmagasabb koncentracidban is csak 50% gatlo hatast fejtett ki a metformin transzportjara.
A favipiravir és ivermektin az OCT]1 transzporterrel sem hatottak kolcson.

A HEK293-NTCP ¢s HEK293 kontroll sejtekben akkumulal6do TC mennyiségét a lopinavir,
a ritonavir és a remdezivir koncentraciofiiggéen csokkentették, de a legmagasabb, 50 uM-os
koncentracioban is csak 50% koriili gatld hatast fejtettek ki.

Eredményeink 6sszefoglalasat a 10. abra mutatja be.
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10. abra: A favipiravir, ritonavir, lopinavir, remdezivir és ivermektin hatasa a
transzporterspecifikus szubsztrat akkumulaciora uptake esszében. (A) MATEI-
medidlta metformin akkumulaciéo gatlasa. (B) OCT1-medidlta metformin akkumulécio
gatlasa. (C) NTCP-mediélta TC akkumulécio gatldsa. A relativ transzport (%) értékeket a
transzporter-specifikus maximalis aktivitdshoz képest hataroztuk meg. (n=3, atlag=SD). Az
egyes gyogyszerekhez tartoz6 gorbéket: favipiravir (FAV), ritonavir (RIT), lopinavir (LOP),
remdezivir (REM) és ivermektin (IVE) az 4dbran jeldltem jelmagyarazatban (204).

Vizsgaltuk a gyogyszerek OATP1B1- vagy OATP1B3-expresszaldo A431 sejtekre kifejtett
hatasat is. Eredményeink azt mutattdk, hogy a favipiravir kivételével az Osszes gyogyszer,
tehat a lopinavir, a ritonavir, a remdezivir potensen gatolta a piranin transzportjat. Az
ivermektin az OATP1B3-medialta piranin transzportjat gatolta potensen, az OATPIBI
fehérje miikodését kevésbé befolyasolta.

A gyogyszerek uptake transzporterekre kifejtett hatasat a 6. tablazat foglalja 6ssze.
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6. tablazat: A COVID-19 kezelésre hasznalt gyogyszerek MATE1, OCT1, NTCP,

OATPIB1 és

OATP1B3

transzporterekre

meghatarozott

I1Cso

értékeinek

osszefoglalasa. Az ICso értékeket nemlinedris regresszioval hatdroztuk meg (204).

ICso érték (nM)
Gyogyszer MATEI] OCT1 NTCP OATP1B1 | OATP1B3
Favipiravir - - - - -
Lopinavir 7,7 >50 >50 1,1 2,6
Ritonavir 1.4 5.9 >50 1,4 1,5
Remdezivir 23 6,1 >50 2,9 4,3
Ivermektin - - - >20 1,4

A gyogyszerek, gyodgyszerjeloltek potencidlis gyogyszer-gyogyszer kolcsonhatasanak

becslésére tobbféle modszert alkalmaznak. Ezek egyike az ITC altal ajanlott mechanisztikus

statikus, iv vivo-in vitro extrapolacidés megkozelités. A gyodgyszerhatdésagok a gyogyszer

engedélyeztetés soran tobbek kozt az OATP1B1, OATP1B3, ABCBI és ABCG2 fehérjék

vizsgalatara tesznek javaslatot. Az in vitro gatlds eredményeink ¢€és a gyogyszerek

irodalomban fellelhetd plazmakoncentracidinak felhasznalasadval elvégeztiik ezeket a

becsléseket. Az Anyagok és modszerek fejezetben ismertetett képleteket alkalmaztuk, a

részleteket és eredményeinket a 7. - 10. tablazatokban ismertetem.
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7. tablazat: OATP1B1 és OATPIB3 transzporterek lopinavir és ritonavir

kolcsonhatasdnak in vivo extrapolalasara kalkulalt R-érték. A tablazat 6sszefoglalja az

R-érték meghatarozésdhoz hasznalt és kalkulalt paramétereket is.

Lopinavir/ritonavir, OATP1B1 és OATP1B3

Cmax, mg/ml Mol.tomeg, fup Doézis, mg FaFg
g/mol
0,0098/0,0018 628,8/720,9 0,02/0,02 400/100 1
Rb Imax, Imax,u; pmol/l OATP1B1 OATP1B3
pmol/l 1Cso, pM 1Cso, pM
1 15,58/2,54  0,312/0,051 1,1/1,4 2,6/1,5
Ka, 1/min Qh, mlI/min I inmax; I in, max; R érték
mg/ml pmol/l (OATP1B1/1B3)
0,1 1450 0,037/0,016 59,456/21,670  2,39/1,74

8. tablazat: ABCB1 és ABCG2 transzporterek lopinavir és ritonavir kolcsonhatasanak

in vivo extrapolalasara kalkulalt hanyadosok. A tiblazat Gsszefoglalja a hanyadosok

meghatarozasdhoz hasznalt és kalkulalt paramétereket is.

Lopinavir/ritonavir, ABCB1 és ABCG2

Cmax, ptM ABCB1 1ICs0, Cmax/ICso ABCG2 1Cso, Cmax/ICso
uM (ABCBI1) puM (ABCG2)
11,2/1 0,6/0,3 18,67/3,33 4,2/7,5 2,66/0,13
Dozis (mg) Mol.tomeg, 12 (uM) [12]/ICso [12]/1Cs0
g/mol (ABCBI1) (ABCG2)
400/100 628,8/720,9 2544,53/554,83  4240,9/1849,4  605,84/73,98
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9. tablazat: Az OATPIB3 transzporter ivermektin Kkolcsonhatiasanak in vivo

extrapolalasara kalkulalt R-érték. A tablazat 6sszefoglalja az R-érték meghatdrozasahoz

hasznalt és kalkulalt paramétereket is.

Ivermektin, OATP1B3
Cmax, mg/ml Mol.tomeg, fup Dozis, mg FaFg
g/mol
0,000081 875,1 0,07 12 1
Rb Imax, Imax,u; pmol/l OATP1B3
pmol/l I1Cso, pM
1 0,093 0,006 1,4
Ka, 1/min Qh, mI/min I I in, max; R érték
mg/ml pmol/l (OATP1B3)
0,1 1450 0,0009 1,038 1,05

10. tablazat: ABCB1 és ABCG2 transzporterek és ivermektin kolcsonhatasanak in vivo

extrapolalasara kalkulalt hanyadosok. A

tablazat Osszefoglalja a héanyadosok

meghatarozasahoz hasznalt és kalkulalt paramétereket is.

Ivermektin, ABCB1 és ABCG2

Cmax, pM ABCB1 ICso, Cmax/ICso ABCG2 ICso, Cmax/ICso
M (ABCB1) pM (ABCG2)
0,046 0,3 0,17 1,1 0,047
Dozis (mg) Mol.tomeg, 112 (M) [12]/1Cs0 [12]/1Cs0
g/mol (ABCB1) (ABCG2)
15 875,1 68,56 228,54 62,33

A remdezivir gyorsan iril (205), igy csekély esély van ra, hogy klinikailag szignifikans

gyogyszer-gyogyszer kolcsonhatast okozzon OATP1B1, OATP1B3, OCT1 és MATEI1

transzporterek modulalasan keresztiil. Ervényes forgalombahozatali engedélye alapjan nem
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relevans az OATP1B1 és OATP1B3 gatlas, igy tovabbi klinikai vizsgalat nem sziikséges az
FDA A4llaspontja szerint. Ezek alapjan nem kalkulaltunk R-értéket.

5.3. ABCB4 kolcsonhatés vizsgalatok eredményei, azonositott, irodalomban még nem leirt

1j gyogyszerszubsztratok és gatloszerek

Célunk volt egy nem-madjsejt alapt in vitro tesztrendszer fejlesztése ABCB4 fehérje és
gyogyszerek kolcsonhatasanak vizsgalatara. Az egy vagy akdr tobb transzporter fehérjét
tultermeld polarizalt MDCKII sejtek a gydgyszer transzport vizsgalatok altalanos modelljei.
A transzport vizsgalatok eredményeinek értelmezését megnehezitik az endogén
transzporterek, elsésorban a kutya Abcbl fehérje. Szdmos megkozelitést alkalmaznak az
endogén transzporter hatds korrigdldsidra, minimalizaldsdra az alacsony kutya Abcbl
expresszalo sejtek szelektdlasan (206) at a cinkujj-nukledz-bazist kutya Abcbl-specifikus
genomszerkesztésig (207). Ezekkel a mdodszerekkel még mindig marad kutya Abcb1 aktivitas
a sejtekben.

Mivel az ABCB4 76% azonossagot és 86% hasonlosdgot mutat a human ABCBI1 fehérje
aminosav szekvencidjaval, strukturdjuk is hasonld és mindkét fehérje expresszalodik a
hepatocitak apikalis membranjaban, egy olyan MDCKII-alapu sejtes esszét fejlesztettiink,
amelyben nem expresszalodik az endogén Abcbl, lehetové téve csak az ABCB4 fehérje
aktivitasanak vizsgalat.

Els6 1épésként megrendelésiinkre a GenScript az MDCKII sejtvonalban kifejez6dé Abcbl
gén kititését végezte el CRISPR/Cas9 rendszerrel. Az elkésziilt klonokat felszaporitottak,
genomi DNS-t izolaltak, a genomi DNS-ek mindségét PCR segitségével, a PCR terméket
Sanger szekvenalassal ellendrizték (Genscript). Az MDCKII-Abcbl1 biallélikus knockout
klént a SOLVO Biotechnologiai ZRt. laboratoriuméban karakterizaltuk. Az endogén Abcbl
expresszi6 hidnyat tobb modszerrel ellendriztik. A CAM-alapti aramlasi citometris
vizsgélatokban nem tudtunk kutya Abcbl aktivitast detektalni. Kvantitativ proteomikai
vizsgélatokban az MDCKII sziildi sejtvonalban meghataroztdk a kutya Abcbl fehérje
mennyiségét, mig az Abcb1KO-MDCKII sejtekben a fehérje a kimutatasi hatér alatt volt.
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Az MDCKII sziil6i sejtvonalban az endogén kutya Abcb1 fehérje funkciojat ismert ABCBI
probaszubsztratokkal, tobbek kozt digoxinnal és talinolollal igazolhatjuk. Az Abcb1KO-
MDCKII sejtekben a kutya Abcbl nem fejezddik ki, tehat transzport funkcid sincs. Ennek
ellendrzésére vizsgaltuk a digoxin ¢és talinolol vektorialis transzportjat a polarizalt

sejtkultarakon (11. abra).
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11. abra: Digoxin és talinolol vektorialis transzportja Abcb1KO-MDCKII és MDCKII
sziil6i sejtvonalakban. Fels6 panel: az 1 uM digoxin latszolagos permeabilitas és efflux
hanyados értékei a két sejtvonalban. Als6 panel: az 1 uM talinolol latszélagos permeabilitas

¢s efflux hanyados értékei a két sejtvonalban (n=3, atlag+SD) (208).
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Endogén kutya Abcbl expresszio hianyaban nem tudtuk detektalni a digoxin vagy talinolol
kétiranyu transzportjat, az efflux hanyados a KO sejtekben 2 alatt maradt. A sziiléi MDCKII
sejtvonalban az endogén Abcbl fehérje mind a digoxin, mind a talinolol vektorialis

transzportjat végezte.

A kovetkezokben lentivirusos transzdukcidoval ABCB4 expresszaldo Abcb1KO-MDCKII
sejtet hoztunk létre. Az ABCB4 expressziot valos idejii kvantitativ PCR-rel (12. abra),

western blottal (13. abra) ellendriztiik.

*k
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ABCB4 kontroll

12. abra: ABCB4 mRNS expresszios szintje Abcb1KO-MDCKII-ABCB4 és Abcb1KO-
MDCKII kontroll sejtekben. Az ABCB4 mRNS szintjét qPCR segitségével mértiik.
Minden mintdban ACt-t kalkulaltunk (n=3, atlag£SD). Az ABCB4 mRNS expresszio szintjét
a referenciagénként haszndlt Gapdh szintjéhez normalizaltuk, a kovetkezé formula
haszndlatdval: 2C2°D x 10°, ** P < 0.01, Welch’s t-tesztet végeztiink a szignifikancia

vizsgalatara (208).
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ABCB1 ABCB4  Mock

po— . — 140 kDa

13. abra: ABCB4 fehérje expresszié6 Abcbh1KO-MDCKII-ABCB4, Abcb1KO-MDCKII-
ABCBI1 és Abcb1KO-MDCKII kontroll sejtekben Az ABCB4 expresszalo sejtekben ~
140 kDa ABCB4 fehérjét mutattunk ki western blottal. Antitest-specifikus kontrollként
ABCBI-et expresszalo sejtek mintait is vizsgaltuk. Sem az ABCB1, sem a kontroll sejtekben
nem tudtuk detektalni az ABCB4 fehérjét az ABCB4 specifikus primer antitesttel (P311-26,
1:1000) (208).

Kisérletekkel igazoltak, hogy az ABCB4 képes ABCB1 szubsztratok (digoxin, paklitaxel,
vinblasztin, ivermektin) transzportdldsara, és az ABCB4-medidlta digoxin transzportot
ismert ABCB1 inhibitorok, a verapamil és ciklosporin gatoltak (159).

Osszehasonlitottuk ismert ABCB1 szubsztratok, a digoxin, kinidin, prazozin és fexofenadin
ABCBI- ¢s ABCB4-medialta vektorialis transzportjat. Az 6sszehasonlitashoz az altalunk
korabban létrehozott AbcblKO-MDCKII-MDRI1 sejtvonalat hasznaltuk. Kontrollként az
iires vektorral transzdukalt Abcb1KO-MDCKII sejtvonal szolgalt.

A digoxin ABCB1-medialta transzportjara harmincas efflux aranyt hataroztunk meg, a
kontroll sejteken mért latszolagos permeabilitas értékek nagyjabdl azonosak, egy koriili
efflux hanyadost kaptunk. Az ABCB4-mediélta digoxin transzport efflux aranya (~ 4)
elmarad az AbcblKo-MDCKII-ABCBI1 sejtvonalon mérthez képest (14. ébra), de

eredményeink jol korrelalnak az irodalmi adatokkal.
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14. abra: A digoxin ABCB1- és ABCB4-medialta transzportja Abcb1KO-MDCKII-
ABCBI1, Abcb1KO-MDCKII-ABCB4 és kontroll Abcb1KO-MDCKII sejtekben. 1 pM
digoxin 120 perces transzportjdhoz tartozé latszolagos permeabilitas és kalkulalt efflux

hanyados értékek. (n=3, atlag+SD).

A kinidin vektorialis transzportja ABCB1-fiiggd volt (ER 39), a kontroll sejteken 1,17 efflux
aranyt hatdroztunk meg. A kinidin ebben a rendszerben, ebben az alkalmazott
koncentracioban ¢és inkubacids iddvel vizsgalva csak gyenge kolcsonhatast mutatott az
ABCB4 fehérjével. A kinidin BA iranyu latszolagos permeabilitasa magasabb volt a kontroll

sejteken mérthez képest, az efflux hanyados igy sem érte el a kettét (15. abra).
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15. abra: A kinidin ABCB1 és ABCB4-medialta transzportja Abcb1KO-MDCKII-
ABCB1, Abcb1KO-MDCKII-ABCB4 és kontroll Abcb1KO-MDCKII sejtekben. 1 pM

kinidin 60 perces transzportjdhoz tartozd latszolagos permeabilitas és kalkulalt efflux

hanyados értékek. (n=3, atlag+SD).

Kontroll sejteken a prazozin efflux ardnya 0,65 volt, az ABCBI1-expresszalo sejteken

ugyanez az arany 7,13, mig az ABCB4-expresszalo sejteken a prazozin transzportjara 2,18
efflux hanyadost kalkulaltunk (16. 4bra).
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16. abra: A prazozin ABCB1 és ABCB4-medialta transzportja Abcb1KO-MDCKII-
ABCBI1, Abcb1KO-MDCKII-ABCB4 és kontroll Abcb1KO-MDCKII sejtekben. 1 pM
prazozin 60 perces transzportjahoz tartozd latszolagos permeabilitas és kalkulalt efflux

hanyados értékek. (n=3, atlag+SD).

A fexofenadin efflux hdnyadosa mind a kontroll, mind az ABCB4-expresszalé sejteken 2
alatt maradt. Ugyanez ABCB1-expresszalo sejteken a 3,47 volt (17. abra). Azt talaltuk, hogy
a fexofenadin vektorialis transzportja csak ABCBI filiggd, 6sszhangban azzal az irodalomban
leirt eredménnyel, miszerint a fexofenadin nem hatott kélcson majsejt alapt essz€ben még

300 uM végkoncentracidban sem az ABCB4 fehérjével (39).
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17. abra: A fexofenadin ABCB1 és ABCB4-medialta transzportja Abcb1KO-MDCKII-
ABCBI1, Abcb1KO-MDCKII-ABCB4 és kontroll Abch1KO-MDCKII sejtekben. 50 uM
fexofenadin 120 perces transzportjahoz tartoz6 latszolagos permeabilitas és kalkulalt efflux

hanyados értékek. (n=3, atlag+SD).

A tovabbi essz¢ fejlesztéshez a digoxint (1 uM, 180 perc inkubécio) valasztottuk ABCB4-
specifikus probaszubsztratként.

Mivel az altalunk létrehozott rendszerben nem az ABCB4 fizioldgids szubsztratjat, a
foszfatidilkolint hasznaljuk, hanem a digoxint, mint gydgyszerszubsztratot, felmeriilt a
kérdés, hogy alkalmas-e az esszé gyogyszerek ABCB4 moduldlasan keresztiili DILI
potencialjanak vizsgalatara. A kérdés részleges megvalaszolasara kiilonbozé DILI
kategoriaba sorolt gyogyszerek ABCB4 miikddésére kifejtett hatasat vizsgaltuk meg, majd a
kapott eredményeket Osszevetettik az irodalomban fellelhetdé eredményekkel. A
gyogyszerek DILI besorolasat az FDA honlapjan elérheté Liver Toxicity Knowledge Base,
Drug Induced Liver Injury Rank (DILIrank) Dataset adatbazisabol vettiik. A gyogyszereket
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potencialis DILI kauzalitas alapjan osztjak fel 1.) legjelentdsebb, 2.) kevésbé jelentds, 3.)
DILI-t nem okozd és 4.) bizonytalan besorolasu csoportokba. Eredményeinket a 11. tablazat

foglalja ssze.

11. tablazat: Gyogyszerek ABCB4 aktivitasra kifejtett hatasa. Az ICso értékeket az efflux

hanyadosokbol nemlinearis regresszioval hataroztuk meg (208).

DILI Gyoégyszer ICso (nM)
csoport
imatinib 1,24
erlotinib 60% gatlas 5 uM koncentracidoban, ICso értéket nem

hataroztunk meg

szorafenib 4,42
gefitinib 0,81
itrakonazol 0,17
flukonazol >3
ketokonazol 0,56
lopinavir 0,6
1 ritonavir 0,73
darunavir 60% gatlas 10 uM koncentracioban, ICso értéket

nem hataroztunk meg

acetilszalicilsav >100
metotrexat >10
benzbromaron 19,89
karbamazepin >80
levofloxacin >80
klaritromicin >80
amiodaron >10
szakvinavir 1,4

? fenofibrat >20
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ivermektin 0,53
amlodipin 17,86
pantoprazol >10
verapamil 0,39
minoxidil >20

3 furoszemid >80
azunaprevir 50% gatlas 3 uM-nal
idelalizib >5
ciclosporin A 0,46
valspodar <0,15
prazozin 16,12
carvedilol 0,70

egyéb
zosuquidar <0,07
mibefradil 0,40
diltiazem 48,61
elakridar <0,156
kinidin 1,09
felodipin >30
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Reprezentativ példaként az ABCB4 fehérjével kdlcsonhato és nem kolcsonhato gydgyszerek

a 18. abran kerulnek bemutatasra.
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18. abra: Az itrakonazol, imatinib, acetilszalicilsav és minoxidil hatisa az ABCB4-
medialt digoxin transzportra. Az 1 pM digoxin 180 perces transzportjdhoz tartozo
latszolagos permeabilitds és kalkuldlt efflux hanyados értékek a kiilonb6zd gyodgyszerek
€s imatinib, als6 paneleken a digoxin transzportjat nem befolydsolo acetilszalicilsav és

minoxidil (n=3, atlag=SD) (208).
A tirozin-kinaz gatlo gyogyszerek potens ABCB4 gatloszernek bizonyultak. Megvizsgaltuk,
hogy az ABCB4 fehérje képes-e ezek transzportjara is. Azt talaltuk, hogy a gefitinib (0,5

uM) vektorialis transzportjat medialja az ABCB4 (19. dbra).
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19. abra: ABCB4-medialta gefitinib transzport Abcb1KO-MDCKII-ABCB4 sejtekben.
A gefitinib transzportjat az ABCB4 medialta, a kiilonb6z6 idépontokban meghatarozott
latszolagos permeabilitas és efflux hanyados értékek alapjan. A kontroll sejtekben nem

detektaltunk aktiv transzportot (n=3, atlag£SD) (208).

Eredményeink alapjan elmondhatjuk, hogy az altalunk Iétrehozott Abcb1KO-MDCKII-
ABCBA4 sejtes esszé alkalmas gyogyszerek kolcsonhatas vizsgalatara a sejttipus korlatainak
figyelembevételével.

A kolcsonhatd gyogyszerekre meghatarozott 1Cso értékek alacsonyabbak, mint a méjsejt
alapt rendszerekben kapott értékek. Ez a kiilonbség fakadhat abbol, hogy a vizsgalati
rendszerlink kevésbé komplex a hepatocitdkkal Osszehasonlitva, az ABCB4 expresszio
kiilonbségébdl, illetve abbol, hogy nem az ABCB4 fizioldgias szubsztratjanak transzportjat
vizsgaltuk, hanem a digoxinét. Ezért tavlati terveink kozt szerepel, hogy megvizsgaljuk
annak a lehetdségét, hogy az Abcb1KO-MDCKII-ABCB4 vektorialis transzport esszében

foszfatidil-kolint hasznéljunk szubsztratként.
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5.4. A baikalin potencialis transzporter, ndvényi hatdanyag-gyogyszer interakciok

vizsgalatainak eredményei

Ismert volt, hogy a baikalin az OATP1B3 és OATP2BI1 transzporterek miikodését képes
gatolni (209, 210). Kalapos-Kovacs Bernadett és munkatarsai korabban egy vizsgalatban
azonositottdk a baikalin enterohepatikus transzportjdban szerepet jatszo efflux
transzportereket (186). Az OATP2B1 kooperalhat ABCC3, ABCC4, ABCG2 ¢s ABCC2
efflux és OATP1B3 uptake transzporterekkel. A fenti ismeretek alapjan megvizsgaltuk, hogy
a baikalin szubsztratja-e az OATP2B1 ¢s OATP1B3 fehérjéknek, ehhez az OATP1B3- és
OATP2BI1 overexpresszald és kontroll sejteket a kisérlet eldtt 24-lyuku lemezre {iltettiik
400000 sejt/ lyuk denzitasban. Megbecsiiltiik a baikalin transzport kinetikai paramétereit,
1d6- és koncentraciofiiggés kisérletekben. OATP2B1 transzport kisérletekben 1, 3, 5, 10, 15,
20, 30 és 45 percig inkubaltunk a baikalinnal. A transzport 5 percig volt lineéris, igy a
koncentraciofiiggést 3 perces inkubacios idével végeztiik, a baikalint 1-100 uM végso
koncentracioban alkalmaztuk. A baikalin OATP1B3-medialta transzportjat 60 percig mértiik,
8 idopontban. A baikalin koncentraciofiiggd transzportjat e transzporter esetén 45 percig

mértiik, az akkumuléciot a 21,09 - 2700 uM tartomanyban vizsgaltuk.
Az OATP2BI-medialta baikalin transzport kinetikaja 5 percig linearis (20. dbra), igy a

koncentraciofiiggd transzport kisérletet 3 perc inkubacios idovel végeztik. A transzport

telithetd volt, a kalkulalt OATP2B1-specifikus Ky érték 9,714+3,56 uM (21. abra).
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20. abra: A baikalin OATP2B1-specifikus transzportjinak idéfiiggése. 5 pM baikalin

crer

percig linearis. (n=3, atlag+SD) (211).
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21. abra: A baikalin OATP2B1-specifikus transzportjanak koncentraciofiiggése. A
inkubalva, a transzport telitési kinetikat kovetett. A specifikus transzport ratabol

meghatéaroztuk a Michaelis-Menten allandot, (n=3, atlag£SD) (211).

A baikalin OATP1B3 kolcsonhatast alacsonyabb transzport kapacitas jellemezte, mint az
OATP2B1 kolcsonhatast. A baikalin az OATP1B3-expresszald sejtekbe is idofliggden
akkumulalédott, s a vizsgalt tartomédnyban, 60 percig exponencidlis kinetika volt jellemz6
(22. abra). Az OATP1B3-mediélta transzport is telitést mutatott, a szamolt Ku érték 59,62 +
9,60 uM (23. 4bra).
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22. abra: A baikalin OATP1B3-specifikus transzportjanak idéfiiggése. 10 uM baikalin
OATP1B3-specifikus akkumulécidjat vizsgaltuk tobb idopontban (n=3, atlag+SD). (211)
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23. abra: A baikalin OATP1B3-specifikus transzportjanak koncentraciofiiggése. A

crer

inkubalva, a transzport telitési kinetikat kovetett. A specifikus transzport ratabol

meghatéaroztuk a Michaelis-Menten allandot, (n=3, atlag£SD) (211).
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6. Megbeszélés

Munkank soran tanulményoztuk a transzporter vizsgalatok széleskorli szerepét, gyakorlati

alkalmazaséanak lehetdségét.

6.1. MtTopo-I inhibitorok transzporter kdlcsonhatdsai

Human transzporter kolcsonhatds vizsgalatokat végeztiink a korai gydgyszerfejlesztés
fazisdban jar6 olyan vegyiiletekkel, melyeket a vilagszerte egyik legmagasabb halalozassal
jaro fert6z0 betegség, a tuberkuldzis (212) kezelésére fejlesztenek.

A gyogyszerrezisztens TBC esetek szamanak emelkedése 0j terapias lehetdségek fejlesztését
siirgeti. Az intrinszik rezisztencia mechanizmusok mellett az extrinszik rezisztencia
kialakitdsaban az episztazis, klondlis interferencia, a sejthartya impermeabilitasa, a
mikobakterialis efflux pumpak miikddése (213), mint bakterialis mechanizmusok vesznek
részt.

A bakteridlis rezisztencia mechanizmusok mellett a széles szubsztratspecificitdsit human
ABC transzporterek vehetnek részt a gyogyszerrezisztencia kialakulasaban (214). A
gyogyszerkodlesonhatasokban fészerepet jatszo két 6 efflux pumpa, az ABCB1 és az ABCG2
miikddésiikkel gyogyszerrezisztencidt is okozhatnak (29). Szamos tuberkuldzis kezelésére
is alkalmas gydgyszer az ABCBI1 és ABCG2 fehérjék szubsztratjai, inhibitorai vagy €pp
indukaloszerei (215-217). A tuberkuldzis kezelése elhuzodo gyogyszeres kezelést kivan, igy
a human transzporterek szerepének vizsgalata kiilonosen fontos (218-220) és hasznos mar az
antituberkulotikum fejlesztés korai fazisaban.

A mikobakteridlis MtTopo-I DNS repair enzim igéretes célpont antituberkulotikumok
fejlesztésére (221). A Vichem Chemie Kutatd Kft. vegyiilettarabol hét benzo(g)-kinoxalin,
kinoxalin vagy styryl-benzo(g)-kinazolin alapvazzal rendelkezé molekuldt valasztottunk
szélesebbkort vizsgalatra.

A célzott antituberkulotikum fejlesztés soran a molekuldk sziirésére a fentiek

figyelembevételével szamos bioldgiai esszét 6tvoztink. Egy fehérjedokkold algoritmus
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segitségével in silico azt kaptak, hogy a 7 vizsgalt vegyiilet képes nagy affinitassal kotddni a
MtTopo-I enzim vizsgalt strukturajahoz, s6t két molekula a referenciavegyiilet, a
klomipraminhoz képest még kedvezébb kotddési tulajdonsagokkal bir.

A vegyiiletek MtTopo-I enzimgatld hatdsat meghataroztdk E. coliban termeltetett, majd
tisztitott enzimen in vitro DNS relaxacios esszében. A kivalasztott vegyliletek mindegyike
gatolta az MtTopo-I enzimet valamilyen mértékben, és a legpotensebb inhibitornak a
VCC450327 molekulat talaltak.

A virulens H37Rv Mycobacterium tuberculosis tdrzs szaporodasara gyakorolt gatlohatasukat
el0szor a vegyliletek 20 uM-os koncentracidjanal vizsgaltadk. Harom vegyiilet a szerkezeti
hasonlésag €s a mért enzimgatlas ellenére nem gatolta a H37Rv torzs baktériumainak
szaporodasat, mig négy gatld vegylilet esetén a meghatarozott MIC90 értékek alapjan
rangsorolva a VCC478498 > VCC340963 > VCC450822 > VCC891909 sorrend alakult ki
in vitro antimikrobialis hatasuk alapjan.

A kiilonb6zé  gyogyszermolekula-jeloltek human ABC  transzporterekkel valo
kolcsonhatasanak jellemzésére az egyik legismertebb moddszert, a transzporter ATPaz
aktivitdsanak mérését alkalmaztuk. Azt taldltuk, hogy a VCC389777 molekula
szignifikansan stimulélta az ABCG2 ATPaz aktivitasat, ebbdl arra kovetkeztethettiink, hogy
a VCC389777 molekula transzportalt szubsztrat. Tovabbi harom anyag az ABCB1 ATPaz
aktivitasat stimulalta, igy ezek is transzportalt szubsztratok lehetnek (VCC389777,
VCC979812, és VCC450822). A VCC450822 vegyiilet a lassan transzportalt szubsztratokra
vagy inhibitorokra jellemz6 modon hatott kolcson az ABCB1 fehérjével (201). Alacsonyabb
alkalmazott koncentracioban stimuldlta az ABCB1 ATPaz aktivitasat, mig magasabb
koncentracioban gatolta azt. A vegyiiletek ABCG2 ¢s ABCBI1 fehérje kdlcsonhatasat tovabb
vizsgaltuk sejtes esszékben is. Azt talaltuk, hogy a VCC891909 vegyiilet kivételével az
0sszes molekula gatolta a sejtekbdl az ABC transzporter-medialta specifikus fluoreszcens
szubsztrat kipumpalasat. A VCC450327 molekula nem hatott kdlcson az ABCBI1 fehérjével
ebben az esszében, s az ABCG2 kdlcsonhatds is csak mérsékelt volt. A vegyiiletek human
sejtekre kifejtett toxikus hatasat két nem tumoros, a human elsédleges fitymafibroblaszt
(HFF) és a human embrionalis vese (HEK293) sejtvonalakon, illetve az A431 human

epidermoid karcinéma sejtvonalon is megvizsgaltuk. Az ABCB1 ¢és ABCG2 fehérjék
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mukodéstikkel befolyasolhatjak a vegyiiletek toxikus hatasat, igy ABCB1-A431 és ABCG2-
A431 sejtvonalakon is elvégeztiik a toxicitas vizsgalatokat. A VCC389777 és VCC450327
egyik alkalmazott sejtvonalra sem fejtettek ki toxikus hatast a 72 oras inkubdaci6 alatt. A
VCC979812 vegyiilet altal kifejtett toxikus hatds ICso értéke a legmagasabb alkalmazott
koncentracionak, 20 uM-nak felelt meg HFF ¢és A431 sziiléi sejtvonalon, HEK293
sejttenyészeteken nem fejtett ki toxikus hatast. Az ABCB1-A431 és ABCG2-A431 sejteken
a transzporterek nem befolyasoltdk a VCC979812 toxicitasat a sziildi sejten mérthez képest.
A VCC480522, VCC340963 ¢és VCC478498 vegyiiletek toxikusak voltak a HFF, HEK293
€s A431 sziil6i sejtvonalra is. A sziildi A431 sejtvonalra kifejtett toxikus hatasuk az ABCBI1
¢s ABCG?2 fehérjéket expresszald sejteken is megfigyelhetd volt, annak ellenére, hogy ezek
a vegyliletek kisérleteinkben kolcsonhatast mutattak a két vizsgalt ABC transzporter
fehérjével.

A VCC891909 vegyiilet, ami a MtTopo-I enzim milkddését gatolta 7,5-10 puM-os
tartomanyban, és in vitro baktericid hatdsanak MIC90 értéke 10,4 uM volt, egyik human
sejtvonalra sem fejtett ki toxikus hatést, s kordbban megéllapitottuk, hogy a vizsgalt ABC
transzporterekkel sem hatott kdlcson.

Eredményeink 0sszegezve arra a kdvetkeztetésre jutottunk, hogy a human sejtekre toxikus,
de antimikrobidlis hatast kifejtdé VCC450822, VCC340963 és VCC478498 vegyiiletek
valosziniileg nem alkalmasak a tovabbi gyogyszerfejlesztésre. A VCC979812,a VCC389777
¢s a VCC450327 vegyiiletek nem fejtettek ki antimikrobialis hat4st a legmagasabb, 20 uM-
os koncentracidoban a virulens H37Rv Mycobacterium torzsre, igy ezek sem tekinthetok
alkalmas jeldltnek a tovabbiakban.

A VCC891909 vegyiilet kedvezd tulajdonsagokkal bir, s potencidlis gyogyszerjeldlt lehet,
mert hatékonyan gétolta az MtTopo-I enzimet, antimikrobidlis hatast mutatott, anélkiil, hogy
kolcsonhatna a vizsgalt human ABC transzporterekkel, s toxikus hatést fejtett volna ki az
alkalmazott sejtvonalakra.

A célzott tamadaspontii antituberkulotikum-fejlesztés eldsegitésére a specifikus
antimikrobialis hatas vizsgdlata mell¢ kovetkezd in vitro sziir6lépcsdket illesztettiink be,

amelyek a human ABC transzporterek farmakokinetikai hatdsanak predikcidjaval
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hozz4ajarulnak az igéretes molekula kivalasztasdhoz (202). Ez a példa mas gyogyszertipusok

fejlesztése soran is hasznos lehet.

6.2. COVID-19 kezelésre hasznalt gydgyszerek transzporter kdlcsonhatasai

A jelenleg forgalomban 1év6 gyogyszerek koziil szamos szert alkalmaztak a SARS-CoV-2
okozta megbetegedés kezelésére. Az altalunk végzett munka idépontja a COVID-19 jarvany
korai idészakéaban zajlott, amikor az antiviralis szerek in vitro eredmények és a klinikai
kiprébalas stadiumaban voltak, azdta tobb esetben hatarozottan elvetették azokat a terapiakat,
amelyeket az altalunk is vizsgalt gyogyszerekkel probaltak, illetve 1j, hatékonyabb
gyogyszerhatoanyagokat fejlesztettek. S bar a hatosagok a forgalomba hozatal utan minden
gyogyszert gondosan figyelemmel kisérmek, a COVID-19 terdpia megvalasztdsakor a
komedikéci6 hatdsait - a gyors adaptdcié miatt - nem ismerhettiik részletesen. Ezért mar
hasznalt szerek kdlcsonhatasait vizsgaltuk meg human SLC és ABC transzporterekkel (222).
Munkank sordn elsésorban az intesztinalis és hepatikus barrierben és a vér-agy gatban
kifejez6do transzporterek gyogyszerkdlesonhatasban betoltott lehetséges szerepét vizsgaltuk
szadmos in vitro essz¢ alkalmazéasaval.

Eredményeink azt mutattak, hogy Japanban, az influenza specidlis eseteire elfogadott
valamint ebola kezelésében klinikai vizsgalatokban szerepld purinanaldg antivirdlis szer, a
favipiravir (223) nem hatott kdlcson egyik altalunk vizsgalt transzporter fehérjével sem. A
majban féleg aldehid-oxiddzok és xantin-oxidazok segitik a metabolizmusat (224), s bar
ezidaig nagyon kevés informacio all rendelkezésre aldehid-oxiddz-medialta klinikailag
relevans gyogyszer-gyogyszer kolcsonhatdsokrol, ennek potencidlis rizikdja fennall (225).
A klorokint és hidroxiklorokint elsé vonalbeli terapias és profilaktikus szerként hasznéljak
tobbek kozt malaria és autoimmun korképek kezelésére (226). A két szer farmakokinetikai
tulajdonsagai hasonloak, toxikus dozisaik és terapias indikacidjuk azonban eltéré. Az EMA
¢s FDA nem fogadtdk el 6ket a COVID-19 terdpids alkalmazdsdra, mert klinikai

vizsgalatokban nem bizonyultak hatdsosnak, viszont kardiologiai mellékhatdsokat okoznak
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(227, 228). Gyors gasztrointesztinalis abszorpcid és vesén keresztiili {iriilés jellemzi Oket,
sem az ABCBI1, sem az ABCG2, sem az ABCC1 fehérjékkel nem hatottak kdlcson. Gatoltak
viszont az OATP1A2 és OATP2BI1 transzportereket. Az OATP1A2 és OATP2BI1 fehérjék
kifejezddnek a vér-agy gaton (229) és a vékonybélhamban (230, 231), emellett az OATP1A2
a proximalis tubulus sejtjeinek apikalis membranjaban (232) és a retina pigment epitéliumban
(233), az OATP2BI pedig a hepatocitdkban is expresszalodik (234). Az OATP1A2 az all-
transz-retinol felvételét medialja (233). Ismert, hogy a klorokin/hidroxiklorokin retinopatiat
okoz, ennek molekularis mechnizmusa még nem teljesen tisztdzott (235). OATP1A2
kolcsonhatds eredményeink masokéval 6sszhangban allnak (236), s megerdsithetik azt a
feltételezést, miszerint a hosszutava klorokin/hidroxiklorokin kezelés okozta retinopatia
kialakuldsédnak oka részben az OATP1A2-medidlta all-transz-retinol felvétel gatlasa (237).
A klorokin/hidroxiklorokin az OATP2B1 fehérje miikodését is gatolta, igy ezen szerek
alkalmazasa mas gyogyszerekkel kombindlva potencialisan befolydsolhatja a terapias
kimenetelt, mint ahogy azt az OATP1A2 (238) és OATP2B1 szubsztrat (239) metotrexat
egyidejii alkalmazasakor is latjuk.

Az antiparazita hatasu ivermektin felszivodasat befolyasolja az ABCB1 aktivitasa (240). A
vér-agy gaton kifejez0dé6 ABCB1 mellett az ABCG2 fehérjének is kiemelt szerepe lehet a
potencialisan neurotoxikus ivermektin elleni védelemben. Az ivermektin neurotoxikus hatést
fejt ki Abcbl knock-out egerekben, a természetes Mdrl-deficiens genotipusu Collie
pasztorkutydkban és olyan emberekben, akikben az ABCB1 expresszidja alacsonyabb (241,
242). Vizsgalatainkban az ivermektin potensen gatolta az ABCBI1 fehérjét. Eredményeink
Osszhangban vannak azokkal az irodalomi adatokkal, melyek az ivermektin és szamos
multispecifikus transzporter kdlcsonhatasarol szamoltak be (243, 244). Az ivermektin
amellett, hogy gatolta az ABCBI transzporter mitkddését, erdsen gatolta az ABCCI1 és
ABCG?2 fehérjék mikodését is.

Az in vitro kisérleti eredmények kvalitativ vagy kvantitativ atiiltetését az in vivo hatasok
elérejelzésére in vitro-in vivo extrapolacidval végeztiikk el. Ehhez 165 pg/kg ivermektin
dozissal kalkulalva a plazmaban elért maximalis ivermektin koncentracié és in vitro kalkulalt

ABCBI ¢és ABCG2 esszékben kapott ICso értékek hanyadosat hasznaltuk.
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A hepatikus ¢€s renalis ABCB1 efflux kdlcsonhatasra szamolt 0,17 hanyados meghaladta az
FDA altal megallapitott als6 kiiszobértéket (teljes steady-state  maximalis
plazmakoncentracié/ ICso > 0,1). Az intesztindlis ABCB1 efflux kdlcsonhatasra egyszeri 15
mg dozissal szdmolva ez a hanyados (0,6 uM ICso esetén 114, 0,3 uM ICso értékkel
kalkulalva 228) tobbszorosen meghaladja az FDA altal megallapitott als6 kiiszobértéket
([1]12/ICso > 10), igy -mindkét modszerrel szamolva- fenndll a klinikailag jelentds
kolcsonhatds esélye olyan gyogyszerekkel, amelyek az ABCBI1 szubsztratjai vagy
inhibitorai.  Emellett  hangstlyozand6, hogy  fertdzésekben a  felszabadulo
proinflammatorikus citokinek kolcsonhatnak a multispecifikus ADME transzporterekkel,
befolyéasolva azok mitkodését. Ismert, hogy gyulladassal kisért korképekben az intesztinalis
ABCBI expresszidja csokkent (245), igy az ivermektin kdlcsonhatds ABCB1 szubsztrat vagy
inhibitor gyogyszerekkel még sulyosabb mellékhatasok kialakulasat okozhatja.

Az ABCB1 és ABCB4 fehérjék nagyfokt homoldgiat mutatnak, igy nem volt meglepd, hogy
az ivermektin mar 0,78 uM koncentracidban is teljesen gatolta az ABCB4-medialt digoxin
transzportot. Az ivermektin enyhe glutamat-piruvat-transzaminaz plazmaszint emelkedést
okozhat, klinikailag nem jelentés majkarosodassal, igy az ABCB4 gatlas in vivo relevancidja
kérdéses.

A hepatikus és renalis ABCG2 fehérjére vonatkozoan teljes steady-state maximalis
plazmakoncentracid/ 1Cso hanyadosa 0,047 volt, nem érte el az also kiiszobértéket. Az
intesztinalis BCRP kolcsonhatésra szamolt [12]/ICso hanyados kétszerese, illetve hatszorosa
a tizes kiiszobértéknek, igy fennall a klinikailag jelentds kolcsonhatas esélye olyan
gyogyszerekkel, amelyek az ABCG2 szubsztratjai vagy inhibitorai.

Azt talaltuk, hogy az ABCC2 és ABCC3 efflux pumpék is befolyasolhatjak az ivermektin
fiziologias barriereken keresztiili fluxusat, s az ivermektin kolcsonhat a majsejtek
kanalikularis membranjaban kifejez6do epeso transzporterrel, az ABCB11 fehérjével is.
SLC transzporterek €s ivermektin kapcsolatat vizsgalva, az elsésorban méjban €s vesében
expresszalodo  MATE1 ¢és OCT1, valamint a kizar6lag majban taldlhat6 NTCP
transzporterekkel nem talaltunk kolcsonhatast.

Az ivermektin gatolta az altalunk vizsgalt OATP fehérjék mikodését. Az irodalomban

elsokként leirtuk az OATP1A2 és ivermektin kolcsonhatasat. Az OATP1A2 és az OATP2B1
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fehérjék gatlasa az intesztinalis, hepatikus lokalizacid és vér-agy gati expresszid miatt a
szisztémas ¢és lokalis hatas nehezen elkiilonithetd. A rendelkezésre allo adatok alapjan nem
lehet megjosolni, hogy a GABAA receptorokat aktivald ivermektin (246) neurotoxikus
hatasanak kialakuldsdhoz hozzajarul-e - és ha igen, milyen modon - a DHEAS, mint a
GABAA receptor negativ allosztérikus modulatordnak (247) kozponti idegrendszeri
transzport egyensulyanak eltolodédsa. Kisérleteinkben az ivermektin kdlcsonhatott mind a
DHEAS (248) felvételét végzd OATP-kel (54), mind az ABCG2 fehérjével (249).

Az ivermektin potensen gatolta a piranin OATPIB3-medidlta felvételét. Az in vitro
eredmények in vivo kiterjesztésére az OATP1B3 kisérletes adatokbol R-értéket szamoltunk,
mely megkdzelitette (1,07) alsé kiiszobértéket (1,1).

Multispecifikus efflux pumpakkal, SLC transzporterekkel valé kolcsonhatasa és nagyobb
molekulatomege miatt olyan molekulanak tekintjiik az ivermektint, mely klinikailag relevans
gyogyszerkolcsonhatast okoz.

A HIV-protedz inhibitor ritonavir €és lopinavir a SARS-CoV-2 3CL-pro proteaz gatlasan
keresztiil gatoljak a virus replikaciojat (250).

Hatasuk kifejtéséhez azonban magas in vivo koncentraciot kell elérniiik (251). 400 mg
lopinavir/100 mg ritonavir kombinéacidoban alkalmazva a lopinavir a plazmaban 11-20 uM
maximalis koncentraciot ér el, mig a ritonavir 1-1,73 uM-t (252). Transzporter kdlcsonhatés
vizsgalataink eredményei 6sszhangban allnak az irodalmi adatokkal (253-256).

A ritonavir és lopinavir kiilon-kiilon potensen gatoltdk az ABCB1 ¢és ABCG2
transzportereket. A maximalis plazmakoncentraciok és in vitro ICso értékek hanyadosa, és a
kalkulalt maximalis vékonybélbeli koncentracio és in vitro ICso értékek hdnyadosa ABCB1
¢s ABCG2 kolesonhatasok esetén in vivo Kkiterjesztve messze meghaladtak az alsé
kiiszobérteket, ezért az ABCBI1 és ABCG2 transzporterek gatlasa relevans tényezo
gyogyszer-gyogyszer kolcsonhatas kialakuldsaban (257, 258).

Mindkét gyogyszer potensen gatolta az OATP1A2 ¢és OATP2BI1 transzportereket. E
kolcsonhatasok a szakirodalombol mar ismertek (259-261).

A DDI rizik6 becslés soran az OATP1B1 kolcsonhatasra kalkulalt R érték 2,39, az OATP1B3
kolcsonhatasra 1,74, igy in vivo befolyasolhatjak mas egyidejlileg alkalmazott gyogyszerek
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farmakokinetikajat (262, 263). A ritonavir két, potencidlisan majkarosité gyodgyszerek
hatasait 6sszegz0 adatbazis szerint potencialis DILI kauzalitas alapjan a legjelentésebb DILI-
t okoz6 csoportba tartozik. Klinikai adatok alapjan a ritonavir/lopinavir terapiaban részesiilo
COVID-19 betegcsoportokban magasabb a gydgyszer okozta majkarosodas aranya (264,
265). A ritonavir szamos, még nem teljesen leirt folyamat altal okoz majkéarosodast. Ismert,
hogy a lopinavir/ritonavir a CYP3A enzimek erds gatloszerei, a ritonavir a CYP1A2-t
indukalja, mig CYP3A4 és CYP2D6 enzimeket gatolja (265, 266). igy szamos CYP
enzimeken metabolizalodo gydgyszerrel egyiitt alkalmazva toxikus hatdst véaltanak ki (267).
A gyogyszer okozta kolesztatikus tipusi majkéarosodas patologids mechanizmusai tobbek
kozt az epesav transzport gatlasa, a mitokondriumok karosodasa, hiperszenzitivitasi reakcio
¢s az epeutak gyulladésa (268). A lopinavir és ritonavir gatoltak (ICso 7,8 uM ¢és 3,2 uM) az
epesav-fliggd kanalikuldris epeszekréciot nagyban meghataroz6 ABCB11 fehérjét. Bar in
vitro kevésbé potens gatloszereknek bizonyulnak, ha in vivo a lokalis gyogyszer expozicio
kellden magas, az ABCBI11 epesav efflux aktivitdsa csokkenhet. Az ABCBI11-medialta
epesav transzport és az ABCB4-mediélta foszfolipid szekrécio egyidejii gatlasa a gyogyszer
okozta kolesztazis rizikofaktorai (39). Mind a ritonavir, mind a lopinavir alacsony ICso
értékekkel gatoltak a kanalikularis foszfatidilkolin floppaz ABCB4 miikodését. Fizioldgias
koriilmények kozt a bazolaterdlis ABCC3 és ABCC4 fehérjék szerepe az epesav efflux
folyamatokban elhanyagolhato, de kolesztdzisban expresszidjuk fokozodik (269, 270), s
bazolateralis efflux mitkddésiikkel védik a hepatocitdkat a toxikus epesav akkumulaciotol
(268). A ritonavir €s lopinavir csak olyan magas koncentracioban gatoltak ezt a két fehérjét,
ami in vivo valoszintileg nem elérhetd.

Mindkét gyodgyszer gatolta a bazolateralis NTCP transzportert, mely a portalis keringésbol a
hepatocitakba veszi fel az epesokat. Az NTCP gatldsa a szérumban emelkedett epeso szintet
eredményez, az OATP fehérjék kompenzaljak csokkent mitkodését (271).

A hepatocitdk bazolateralis OCT1 ¢és apikalis MATE1 fehérjéi kationos gyogyszerek
hepatikus klirenszében miikddnek kozre (272). A ritonavir és lopinavir potensen gétolta
mindkét fehérjét, szimultdn gatlasuk befolydsolhatja tobbek kozt a metformin

farmakokinetikajat (273).
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A remdezivirt eredetileg ebola virusfert6zés kezelésére fejlesztették (274), de tobb orszagban
feltételes, majd teljes érvényli forgalombahozatali engedéllyel hozzaférhetové tették a
SARS-CoV-2 fertézés kezelésére. A szulfobutil-béta-ciklodextrin (SBE-B-CD)-remdezivir
komplexet intravénasan alkalmazzak.

Kisérleteinkkor még kevés adat allt rendelkezésre a remdezivir in vitro transzporter- ¢és
enzim-kolcsonhatdsairdl. Leirtdk, hogy a CYP2C8, CYP2D6, és CYP3A4 enzimek, az
OATPI1BI1 és ABCBI szubsztratja, a CYP3A4, OATP1B1, OATP1B3, BSEP, MRP4 ¢és
NTCP gyenge gatloszere (https://www.fda.gov/media/137566/download).

Azt talaltuk, hogy a remdezivir az ABCB1 ¢s ABCG2 fehérjék gyenge gatloszere. A
remdezivir aktivalta az ABCB1 ATP-az aktivitasat, igy megerositettiik, hogy a remdezivir az
ABCBI transzportalt szubsztratja. Az ABCCl-medidlta ETBG transzportot a remdezivir
stimulalta, melynek hatterében allosztérikus kooperacié allhat (275).

A remdezivir maximalis plazmakoncentracidja 4-9 uM koriil volt egészségesekben (205),
betegekben ettdl eltérd is lehet (276). A gyogyszer plazma-féléletideje hozzavetdlegesen 1
ora (205).

Nagy affinitassal hatott kolcson az OATP1A2 és OATP2BI1 transzporterekkel, illetve gatolta
az OATPIB1 ¢és OATPIB3 transzportereket is. Masok késObb megerdsitették
eredményeinket, s leirtdk azt is, hogy a remdezivir az OATP1B1, OATP1B3 és OATP2B1
gyenge szubsztratja, de klinikailag relevans koncentracidoban egyik transzporter sem jatszhat
szerepet hepatocellularis felvételében, mert csak magas alkalmazott koncentracidoban tudtak
aktiv, OATP-medialt transzportot mérni in vitro (277).

Azt is leirtuk, hogy az OCTI1- és MATEIl-medialt metformin transzportjat gatolta a
remdezivir 6,1 pM és 2,3 uM ICso értékekkel. Habar a fenti transzporterekre kalkulalt ICso
féléletideje miatt annak a lehetdsége, hogy e transzporterekkel 0sszefiiggésben klinikailag
szignifikans gyogyszer-gyogyszer kdlcsonhatasokat okozzon, igen csekély.

A remdezivir gatolta az NTCP- és ABCB11-medialt taurokolat transzportot, de olyan magas
koncentracioban, ami in vivo talan nem elérhetd.

Szelektiv gatlast tapasztaltunk a vizsgalt ABCC fehérjékre. A remdezivir nem hatott kdlcson

az ABCC2 ¢és ABCC3 fehérjékkel, viszont potensen gatolta a nukleozid analog gyodgyszerek
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transzportjaban szerepet jatsz6 ABCC4 transzportert (278, 279). ABCC4-hez kapcsolt
klinikailag relevans gyogyszer-gyogyszer kolcsonhatasr6l nem szamoltak még be.
Multispecifikus, a fobb barriereken kifejez6dé (232, 280, 281) transzporterként
kozremiikodhet mellékhatasok kialakuldsdban ¢€s potencidlis gyogyszer-gyogyszer
kolcsonhatasokban, hisz a COVID-19-hez tarsuld korképek kezelésére olyan ABCC4
szubsztrat és inhibitor gyogyszereket is alkalmaznak, mint a cefalosporinok, furoszemid,
hidroklorotiazid, olmeszartan, nem-szteroid gyulladascsokkentdk, kardiovaszkularis szerek
(282-285).

A COVID-19 betegséggel kezelt betegcsoportban magasabb a gyogyszer okozta
majkarosodas incidencidja 6sszehasonlitva mas betegséggel korhazban kezelt paciensekkel
(286). Tobb vizsgalatban szamoltak be arrol, hogy a remdezivir hepatotoxikus (286-289).

Baér leirtuk a remdezivir kolcsonhatasat tobb hepatikus transzporterrel, a transzporter hatdsok

crcr

crer

kezelés nyoman fellépd méjkarosodas kialakuldsdban. Nem 4ll rendelkezésre elég adat, hogy
a kovetkezményes majkarosodds ¢és COVID-19 mortalitds kapcsolatdit megitéljiik.
Ugyanakkor a DILI jelentésen megnoveli a korhazi kezelés iddtartamat, igy egyéb
komorbiditas, nozokomidlis fertdzések léphetnek fel. Szociodkondmiai szempontbol is
jelentds, hisz az amugy is tilterhelt egészségiigyi rendszerre tjabb terhet r6. Osszegezve, az
in vitro transzporter kolcsonhatas eredményeink hozzajarulhatnak a COVID-19 betegség és

komorbid allapotok terapias kezelésének optimalizalasahoz (203) (204).

6.3. Az ABCB4 fehérje és gyogyszerek kolcsonhatasa

A gyogyszer okozta mdajkarosodds  pdacienseket, egészségligyi  dolgozodkat,
gyogyszerfejlesztoket €s gyogyszerhatésagokat egyarant érintd probléma. Ugyan a kevésbé
sulyos majkarosodast szenvedett betegek teljes gyogyuldsa varhato, de a folyamat elhuz6do
¢s a paciensek 6tdde még 6 honap multan is mutat méajkarosodasra utalod jeleket (290). A
gyogyszeres majkarosodas, - elsOsorban az idioszinkrazis forméja - a gyodgyszerfejlesztés

klinikai fazis leéllitasanak leggyakoribb oka (291). A klinikailag kolesztatikusnak definialt
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DILI a hepatocitdk kanalikularis membranjanak vagy a kolangiocitak szelektiv
karosodasaval jar. A karosodast okozhatja a gyogyszerek altali ABCB4 gatlas (163, 292).
Ezidaig tobb metodussal vizsgaltdk méar az ABCB4 fehérjét, de korlatozott adat &ll
rendelkezésre az ABCB4 gyogyszerkolcsonhatasokban betoltott szerepérdl, jelentdségérol
(39, 163). Mas efflux transzporterekhez képest kevés gyogyszer szubsztratjat és inhibitorat
azonositottak. Ezért olyan esszét fejlesztettiink, mely lehetové teszi az ABCB4 aktivitas mas
transzporterektdl, elsdsorban az Abcb1 fehérjétdl fiiggetlen vizsgalatat.

Els6 1épésként az atfedd szubsztratspecificitds miatt 1étrehoztunk egy Abcb1KO-MDCKII
sejtvonalat, melyet korabban eredményesen hasznaltuk in vitro sejtes vizsgalatokhoz, s
vizsgalatainkkal aldtdmasztottuk, hogy a huméan ABCBI jatszik szerepet a maravirok
fetomaternalis transzportjaban. Eredményeink alapjan sem az ABCG2, sem az ABCC2
fehérjék nem befolyasoljadk a maravirok farmakokinetikdjat, ugyanis az endogén kutya
Abcbl transzport aktivitdsat detektaltdk a human ABCG2 és ABCC2 fehérjét expresszalo
MDCKII sejtekben (293).

A fenti, endogén kutya Abcbl aktivitassal nem rendelkezd anyasejtekben ABCB4 fehérjét
expresszaltattunk. Az ABCB4 fizioldgias szubsztratjai foszfolipidek (PC), melyek mérése
koriilményes, viszont az ABCB4 gybdgyszer szubsztrat, digoxin transzport mérése
konnyebben kivitelezhetd, igy rendszeriinket digoxinnal validaltuk. Ismert, hogy a
kiilonbozé DILI kategoridba sorolt gydgyszerek majsejt alapti rendszerekben befolyasoljak
az ABCB4 miikodését. Az altalunk létrehozott esszében a legjelentdsebb DILI-t okozo
gyogyszerek koziil az itrakonazol és ketokonazol, a ritonavir és a szakvinavir potens
gatloszernek bizonyultak. Az itrakonazol az alabb részletezett irodalmi adatokkal
Osszehasonlitva nagysagrenddel alacsonyabb, 0,17 uM-os ICso értékkel gatolta a digoxin
transzportjat, ugyanakkor 1 uM ICso értékkel gatolta a '*C-PC transzportjat LLC-PKI-
ABCBA4 sejtekben (161), 10 uM végkoncentracidban alkalmazva 30% gatlast fejtett ki LLC-
PK1-ABCB4 sejtekben a C6-NBD-PC szekréciojara (162) és human hepatocitakban 2,1 uM
ICso értéket hataroztak meg ra PC transzport vizsgalatokban (163). A ketokonazol az irodalmi
adatokkal Osszevetve tizszer alacsonyabb koncentracidoban (0,56 uM) gatolta az ABCB4
aktivitasat (5 uM (39), 5,6 uM (163)). A ritonavir 0,73 uM koncentracidoban gatolta 50 %-
ban a digoxin transzportjat, tizszer potensebb ABCB4 gatloszernek bizonyul ebben a
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rendszerben a hepatocita eredményekkel 6sszehasonlitva (9,6 uM (163) és 11,3 uM (39)), s
ezt tapasztaltuk a sakvinavir esetén is (1,4 uM szemben a 12,9 uM értékkel (163)).

Ebben a csoportban eddig még irodalomban nem leirt ABCB4 gatloszerként azonositottunk
tirozin-kindz inhibitorokat (imatinib, erlotinib, sorafenib és gefitinib) és antiviralis szereket
(lopinavir, darunavir és azunaprevir) is. A fenti tirozin-kindz géatlok koziil a gefitinibet, mint
ABCB4 szubsztratot is azonositottuk.

A metotrexatra hepatocita vizsgalatokban 3,1 uM ICso értéket hataroztak meg (39), ezzel
szemben az Abcb1KO-MDCKII-ABCB4 sejtes vizsgalatban a metotrexat nem hatott kdleson
az ABCB4 fehérjével. Ennek hatterében az allhat, hogy a metotrexat hidrofil molekula, igy
nem képes atjutni a sejtek membranjan csak valamilyen SLC fehérje segitségével, s az
MDCKII sejtekben nem expresszalédnak ilyen endogén, gyogyszertranszportot mediald
SLC transzporterek. Benzbromaron esetén épp forditott jelenséget figyeltiink meg, a 0,4 uM
(39) ICsp érték helyett nagysagrenddel magasabb (19,89 uM) ICso értéket hataroztunk meg.
Ennek oka az lehet, hogy a benzbromaron majsejtekben metabolikusan aktivalodik CYP
enzimek segitségével, s toxikus hatdsat elsdésorban ezek a metabolitok okozzak (294). Az
acetilszalicilsav, amiodaron, karbamazepin, levofloxacin és troglitazon nem befolyésoltak az
ABCB4-medialt digoxin transzportot, eredményeink Osszhangban allnak az irodalmi
adatokkal (39).

A DILI kauzalitds szerint kevésbé jelentds gyogyszercsoportbol a ABCB1 modulator
amlodipin (295) gyenge kolcsonhatast mutatott az ABCB4 fehérjével, mig az ABCB4
szubsztratként azonositott ivermektin (159) potens gatloszernek bizonyult. A fenofibrat és
pantoprazol az altalunk alkalmazott koncentraciokban nem mutattak kolcsonhatast az
ABCB4 fehérjével, mig a karvedilol potens gatlészernek bizonyult.

A DILI-t nem okoz6 minoxidil és furoszemid nem ABCB4 kolcsonhatok, a majsejt alapu
esszékben tapasztaltaktol nem mutattak eltérést (39).

Ismert ABCBI1 kdlesonhato gyogyszerek ABCB4 kolcsonhatasat is vizsgaltuk. Az ABCB1
szubsztrat és inhibitor verapamil nagysagrenddel alacsonyabb ICs értékkel gatolta a digoxin
transzportjat az irodalmi adatokkal dsszehasonlitva (39, 159, 163). Azt talaltuk, hogy a mar
korabban leirt valspodar (159) potens ABCB4 gatloszer, s a zosuquidar, elakridar, mibefradil

is erés koncentraciofiiggd gatlohatast valtottak ki. A kinidin és prazozin gyenge ABCB4
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szubsztratoknak bizonyultak, viszont potensen gatoljak az ABCB4-medidlt digoxin
transzportot. A ciclosporin A szintén gatloszernek bizonyult, He és munkatarsai viszont nem
azonositottak gatloszerként (163).

Eredményeink alapjan elmondhatjuk, hogy az Abcb1KO-MDCKII-ABCB4 essz¢ alkalmas
gyogyszerek ABCB4 modulalasan keresztiili DILI potencialjanak vizsgalatara, az esszétipus

korlatainak figyelembevételével (208).

6.4. A baikalin és OATP transzporterek kdlcsonhatasa

A gyogyszer okozta majkarosodds 20%-at okozzdk gyogyndveénykivonatok é€s
étrendkiegészitok (296), s a rendelkezésre allo, egyre nagyobb mennyiségli informacio
alapjan egyes novényi hatdanyagok a transzporterek szintjén kdlcsonhatnak gydgyszerekkel
a vékonybélben is (297, 298). In vitro transzporter vizsgélataink alkalmasak nemcsak
gyogyszerek, hanem egyéb xenobiotikum vizsgalatok elvégzésére is, és a transzporter-
xenobiotikum kolcsonhatasok feltérképezése segitheti az in vivo gyogynovény-gyogyszer
interakciok (299, 300) megértését. A kinai gyogyaszatban Osidok ota hasznalt Scutellaria
baicalensis bioaktiv anyagainak terapias hatasairol szdmos kozlemény jelent meg (301). A
bajkali csucsoka kivonatit a hagyomanyos kinai orvoslasban tobbek kozt maj- és
tidépanaszok kezelésére is hasznaljak. A bajkali csucsdka alkalmazasakor leirtak
gyogynovény hatdanyag-gyogyszer kolcsonhatasokat mind klinikai, mind preklinikai
vizsgalatokban (299). Egy keresztmetszeti vizsgalatban a kiillonb6z6 OATP1B1 haplotipust
OATP1B1 haplotipustdl fiiggden (187). Preklinikai, patkdnyokon végzett kisérletek soran
azt talaltdk, hogy a baikalin serkenti az influenza kezelésére alkalmazott ozeltamivir
felszivodasat (302). Kordbban mar leirtdk a baikalin és baikalein enterohepatikus
korforgasaban szerepet jatszd fobb efflux transzportereket (186). S ismert volt az is, hogy a
baikalin kolcsonhat az OATP1B1 fehérjével, ezért in vitro megvizsgaltuk, hogy az
OATPIBI fehérje mellett az OATP1B3 és OATP2BI fehérjék is szerepet jatszhatnak-e a

baikalin méjba torténd felvételéért. In vitro kisérleteink alapjan a hepatocitak bazolateralis
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SLC transzporterei koziil a vérbdl a majba torténd baikalin felvételért az OATP2B1 fehérje
lehet felelds.

A Dbaikalin és baikalein farmakokinetikdjanak és biohasznosuldsdnak megismerése
elengedhetetlen a potencialis gyogyszerkdlcsonhatasok megértéséhez, s eredményeink ehhez

hozz4ajarulhatnak (211).
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7. Kovetkeztetések

7.1. Ujonnan fejlesztett Mycobacterium tuberculosis topoizomeraz-I inhibitorok

kolesonhatasanak vizsgalata human ABC transzportfehérjékkel

A Vichem Chemie Kutatdé Kft. munkatirsai altal fejlesztett MtTopo-I inhibitorok
vizsgalatakor azt talaltuk, hogy:

- a VCC389777 molekula szignifikansan stimuléalta az ABCG2 ATPaz aktivitasat, s ebbdl
arra kovetkeztethettiink, hogy a VCC389777 molekula transzportalt szubsztrat. Tovabbi
harom anyag az ABCB1 ATP4z aktivitasat stimulalta, igy ezek is transzportalt szubsztratok
lehetnek (VCC389777, VCCI979812, és VCC450822). A VCC450822 vegyiilet a lassan
transzportalt szubsztratokra vagy inhibitorokra jellemzé mddon hatott kdlcson az ABCBI
fehérjével;

- a sejtes esszékben a VCC891909 vegyiilet kivételével az 0sszes molekula gatolta a sejtekbol
az ABC transzporter-medialta festék kipumpalasat. A VCC450327 molekula nem hatott
kolcson az ABCB1 fehérjével ebben az esszében, s az ABCG2 kolcsonhatas is csak mérsékelt
volt;

- toxicitas vizsgalatokban a VCC891909 vegyiilet egyik sejtvonalra sem fejtett ki toxikus
hatast. A VCC480522, VCC340963 ¢és VCC478498 vegyliletek toxikusak, toxicitasukat az
ABCBI ¢és ABCG2 fehérje expresszidja nem befolyasolta.

Eredményeinket 0Osszegezve megallapithatd, hogy a human sejtekre toxikus, de
antimikrobialis hatast kifejtdé VCC450822, VCC340963 ¢és VCC478498 vegyiiletek
valoszinlileg nem alkalmas jeloltek a tovabbi gyogyszerfejlesztésre. A VCC891909 vegytilet
kedvezd tulajdonsagokkal bir, s potencialis gyogyszerjelolt lehet, mert hatékonyan gatolta az
MtTopo-I enzimet, antimikrobidlis hatdst mutatott anélkiil, hogy kdlcsonhatna a vizsgalt

human ABC transzporterekkel, s toxikus hatast fejtett volna ki az alkalmazott sejtvonalakra.

7.2. A COVID-19 kezelésére hasznalt gydgyszerek DDI rizikdjanak meghatarozasa

A COVID-19 kezelésére hasznalt gyogyszerek transzporter kolcsonhatasainak vizsgalata

soran az alabbi eredményeket kaptuk és az alabbi kovetkeztetésekre jutottunk:
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- a favipiravir nem hatott kélcson egyik altalunk vizsgalt transzporter fehérjével sem;

- a klorokin és hidroxiklorokin magas oldhatdsagu és magas permeabilitasu gyogyszerek, igy
farmakokinetikéjukat a transzporterek kevésbé befolyasoljak, Nem meglepd, hogy a klorokin
¢s hidroxiklorokin nem hatottak kolcson az ABCB1, ABCG2 és ABCCI1 fehérjékkel.
Gatoltak viszont az OATP1A2 és OATP2B1 transzportereket. Eredményeink megerdsithetik
azt a feltételezést, miszerint a hosszutava klorokin/hidroxiklorokin kezelés okozta retinopatia
kialakulasanak oka részben az OATP1A2-medidlta all-transz-retinol felvétel gatlasa;

- az ivermektin gatolta az ABCB1, ABCCI és ABCG2 transzporterek miikodését. Az in vitro
kisérleti eredmények kvalitativ vagy kvantitativ atiiltetését az in vivo hatasok elérejelzésére
in vitro-in vivo extrapolacioval elvégeztiik, s mind az intesztinalis ABCB1 ¢és ABCG2, mind
a vér-agy gaton, majban, vesében expresszalodo ABCBI ¢s ABCG2 fehérjék
vonatkozasaban olyan hanyadosokat kaptunk, melyek azt erdsitik meg, hogy az ivermektin
klinikailag jelentds gyogyszerkolcsonhatast okoz. A MATEL, OCT1 ¢és NTCP
transzporterekkel nem talaltunk kolcsonhatast. Az ivermektin gatolta az altalunk vizsgalt
OATP fehérjék miikodését, s az ABCC2 és ABCC3, ABCBI11 ¢s ABCB4 efflux pumpak is
befolyasolhatjak az ivermektin fiziologias barriereken keresztiili fluxusat. Az irodalomban
elsokként leirtuk az OATP1A2 és ivermektin kélcsonhatasat, valamint azonositottuk, mint
ABCB4 gatloszert;

- a lopinavir/ritonavir ABCB1 ¢és ABCG2 kdlcsonhatasok in vivo kiterjesztve messze
meghaladtdk az alsé kiiszobértéket, ezért az ABCB1 és ABCG2 transzporterek gatlasa
relevans tényezO lopinavir/ritonavir gyogyszer-gyogyszer kolcsonhatas kialakulasaban. A
DDI riziké becslés soran az OATP1B1 kolcsonhatasra kalkulalt R érték 2,39, az OATP1B3
kolesonhatésra 1,74, igy in vivo befolyasolhatjak mas egyidejlileg alkalmazott gyogyszerek
farmakinetik4jat. A lopinavir és ritonavir gatoltdk az ABCB11 és ABCB4 fehérjéket,
ABCBI11-medialta epesav transzport ¢s az ABCB4-medialta foszfolipid szekrécid egyidejii
gatlasa a gyogyszer okozta kolesztazis rizikofaktorai. A ritonavir és lopinavir csak olyan
magas koncentracioban gatoltdk az ABCC3 és ABCC4 fehérjéket, ami in vivo valdsziniileg
nem elérhetd. Gatoltak az NTCP, OCT1 és MATEI fehérjéket, melyek szimultan gatlasa

befolyésolhatja tobbek kézt a metformin farmakokinetikajat;
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- aremdezivir az ABCBI transzportalt szubsztratja. Az ABCC1-medialta ETBG transzportot
a remdezivir stimulalta, az ABCG2 fehérjével nem hatott kdlcson. Potensen gatolta az
OATP1A2, OATP2BI1, OATP1B1 és OATP1B3 transzportereket. Azt is leirtuk, hogy az
OCT1- és MATEI1-medidlt metformin transzportjat gatolta a remdezivir. A remdezivir
gatolta az NTCP- és BSEP-medialt taurokolat transzportot, de olyan magas koncentracidéban,
ami in vivo talan nem elérhetd. A remdezivir nem hatott kolcson az ABCC2 ¢s ABCC3
fehérjékkel, viszont potensen gatolta az ABCC4 transzportert. Habar a fenti transzporterekre
meg, rovid féléletideje miatt annak a lehetdsége, hogy e transzporterekkel Gsszefiiggésben

klinikailag szignifikans gyogyszer-gyogyszer kolcsonhatasokat okozzon, igen csekély.
gyogyszerek intesztindlis felszivodasdnak, hepatikus exkrécidjanak, vér-agy gat

penetracidjanak €és proximalis tubuluson keresztiili szekrécidjanak vizsgalataval

mechanisztikus és relevancia adatok egyarant nyerhetok.

7.3. Nem-majsejt alapu tesztrendszer létrehozdsa ABCB4 fehérje és gydgyszerek

kolcsonhatasanak vizsgalatara

Munkank a kévetkez6 eredményekkel zarult:

- az AbcblKO-MDCKII sejtvonalat eredményesen hasznaltuk Abcbl szubsztratok
transzportjanak Osszehasonlitdsara a vad tipusu, kutya Abcbl fehérjét kifejez6 MDCKII
sejtvonallal;

- sikeresen létrehoztunk egy olyan ABCB4-expresszalo sejtvonalat, melyben endogén kutya
Abcbl kolesonhatas nélkiil vizsgalhatjuk a potencialis ABCB4 kdlcsonhatd gyogyszereket
¢s kidolgoztunk egy, a digoxin vektoridlis transzport gatlasan alapuld esszét a fehérje
vizsgélatara;

- megvizsgaltuk, hogy az ABCB4 fehérje képes-e ABCB1 szubsztratok transzportjara, s azt
talaltuk, hogy a digoxin mellett a prazozin is az ABCB4 szubsztratja;

- DILI kauzalitas alapjan csoportokba osztott gyogyszerek vizsgéalatakor az irodalmi

adatokkal 6sszhangban alltak eredményeink;
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- eddig még irodalomban nem leirt potens ABCB4 gatloszerként azonositottunk tirozin-kinaz
inhibitorokat (imatinib, erlotinib, sorafenib és gefitinib), antiviralis szereket (lopinavir,
darunavir és azunaprevir) és ABCB1 gatloszereket is;

- a gefitinibet, mint ABCB4 szubsztratot azonositottuk.

Eredményeink alapjan elmondhatjuk, hogy az Abcb1KO-MDCKII-ABCB4 essz¢ alkalmas
gyogyszerek ABCB4 modulalasan keresztiili DILI potencialjanak vizsgalatara, az esszétipus

korlatainak figyelembevételével.

7.4. A baikalin kolcsonhatadsa OATP transzporterekkel

A baikalin vizsgalatakor azt talaltuk, hogy:

- a baikalin az OATP1B3 és OATP2BI1 fehérjék szubsztratja;

- affinitasa nagyobb az OATP2B1 fehérjéhez, igy a majba torténd baikalin felvételért az
OATP2BI1 fehérje lehet felelOs.

Megmutattuk, hogy in vitro transzporter vizsgalataink alkalmasak nemcsak gyogyszerek,
hanem novényi hatdanyagok transzportfolyamatainak vizsgalatara is, és a transzporter-
xenobiotikum kolcsonhatasok feltérképezése segitheti az in vivo gyogynovény-gyogyszer
interakciok megértését, s az igy kapott mechanisztikus adatok felvetik a lehetdségét a

fejlesztések racionalizalasanak.

7.5. Osszegzés

Osszefoglalva munkank soran sikeresen alkalmaztunk transzporter esszéket a korai
gyogyszerfejlesztés szakaszaban. Megmutattuk, hogy a transzporter vizsgalatok
hasznalhatoak kiilonbozd testidegen anyagok (gyodgyszermolekuldk, ndvényi hatdanyagok)
transzporterekkel vald kolcsonhatasanak jellemzésére és ADMETox sajatsagainak
megeértésére, s hogy in vitro modszerek felhasznalasaval hogyan lehet a mechanizmus ¢€s in

vivo relevancia kérdését megvalaszolni.
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Uj tesztrendszert fejlesztettink, mely magiba foglalta az expressziés rendszer
optimalizalasat, a szubsztrat probak és inhibitorok jellemzését, és az essz¢ felhasznalhatdsagi

korlatainak tanulméanyozasat.
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8. Osszefoglalas

Az SLC ¢és ABC transzporterek fontos szerepet jatszanak a gyogyszerek felszivodasaban,
disztribucidjaban és kivalasztasaban, toxicitdsuk befolyasolasaban. Az utobbi években
szamos, a gyogyszer ADMETox folyamatokban szerepet jatszo transzportert karakterizaltak,
in vitro €s in vivo modszereket fejlesztettek vizsgalatukra, a tudomanyteriilet dinamikusan
fejlodik.

In vitro transzporter esszéket hasznalunk, hogy megallapitsuk egy 0j vegyiilet transzporter-
szubsztrat affinitasat vagy inhibitor potencialjat. A korai felfedezés szakaszdban a nagy
ateresztOképességli ATPaz és vezikula transzport esszék az elterjedtek, mig a gyogyszerjelolt
molekula vélasztdsakor rendszerint mar sejtalapu efflux és uptake esszéket hasznélnak, s a
klinikai gyogyszerkdlcsonhatasok feltérképezésére is elsdsorban sejtalapu esszék az
uralkodok.

Munkank alapvetden arra iranyult, hogy megértsiikk, emberben milyen kolcsonhatasok
hatdrozzak meg a gyogyszerjelolt molekuldk és gyogyszerek farmakokinetikdjat, és hogy
bemutassuk a gyoégyszerkutatds kiilonboz6 fazisait segitd, gyogyszer-transzporter
kolcsonhatas mérésére €s értelmezésére alkalmas, a vizsgalatok mechanisztikus szempontjai
szerint elonyods tulajdonsagokkal rendelkezo tesztrendszerek hasznalatat.

Ennek soran megmutattuk a nagy ateresztoképességli ATPaz esszék gyakorlati hasznat a
korai gyogyszerfejlesztés folyamataban a potencialis antituberkulotikumok esetében.
Bemutattuk mar hasznalatban 1€v6 szerek uj terapias alkalmazasa soran a transzporterek
szintjén megvalosulo gyogyszerkdlesonhatasok lehetdségét. Olyan olcsé, gyors, nem majsejt
alapu tesztrendszert hoztunk Iétre, mely alkalmas a gyogyszerek ABCB4 fehérje
kolcsonhatas feltérképezésére. Megmutattuk, hogy a transzporter-novényi hatdoanyag
kolcsonhatasok ismerete elényds lehet az in vivo gyogyndvény-gyogyszer interakciok
megértésében, s a mechanisztikus adatok hasznosak lehetnek a gydgyszernek nem min6siild
szerek fejlesztésében is.

Elért eredményeink ¢€s tovabbi kutatasaink lehetdséget adnak még pontosabb, a

gyogyszerkdlcsonhatasokat jobban elérejelz6 rendszerek fejlesztésére.
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9. Summary

SLC and ABC transporters play an important role in the absorption, distribution, and
excretion of drugs, influencing their toxicity. In recent years, several transporters involved in
drug ADMETox processes have been characterized, in vitro and in vivo methods have been

developed for their investigation, and the scientific field is developing dynamically.

In vitro transporter assays are used to determine the transporter-substrate affinity or
inhibitory potential of a new compound. In the early discovery phase, high-throughput (HT)
ATPase and vesicle transport assays are widespread, while cell-based efflux and uptake
assays are usually used when choosing a drug candidate molecule, furthermore cell-based

assays are also prevalent for exploring clinical drug interactions.

Basically, our work was aimed at understanding what interactions determine the
pharmacokinetics of drug candidate molecules and drugs in humans. The main goal was to
demonstrate the use of test systems suitable for measuring and interpreting drug-transporter
interactions with advantageous properties based on mechanistic aspect of the studies which

support the different phases of drug discovery.

In doing so, we demonstrated the practical usefulness of HT ATPase assays in the process of
early drug development for potential antituberculotic. We demonstrated the possibility of
drug interactions at the transporter level during the new therapeutic application of drugs
already in use with another indication. We have created a cheap, fast, non-liver cell-based
test system that is suitable for exploring the ABCB4 protein interaction of drugs. We have
shown that knowledge of transporter-plant active substance interactions can be beneficial in
understanding in vivo herb-drug interactions, and mechanistic data can also be useful in the
development of products and substances that do not qualify as drugs. Our results and further
research provide an opportunity to develop more accurate systems that better predict drug

interactions.
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Abstract

Drug resistant tuberculosis (TB) is a major worldwide health problem. In addition to the bac-
terial mechanisms, human drug transporters limiting the cellular accumulation and the phar-
macological disposition of drugs also influence the efficacy of treatment. Mycobacterium
tuberculosis topoisomerase-| (MtTopo-l) is a promising target for antimicrobial treatment. In
our previous work we have identified several hit compounds targeting the MtTopo-I by in sil-
ico docking. Here we expand the scope of the compounds around three scaffolds associ-
ated with potent MtTopo-I inhibition. In addition to measuring the effect of newly generated
compounds on MtTopo-I activity, we characterized the compounds’ antimicrobial activity,
toxicity in human cells, and interactions with human multidrug transporters. Some of the
newly developed MtTopo-I inhibitors have strong antimicrobial activity and do not harm
mammalian cells. Moreover, our studies revealed significant human ABC drug transporter
interactions for several MtTopo-I compounds that may modify their ADME-Tox parameters
and cellular effects. Promising new drug candidates may be selected based on these stud-
ies for further anti-TB drug development.

Introduction

Multidrug resistant tuberculosis (MDR-TB) and extensively drug resistant tuberculosis
(XDR-TB) are becoming a major worldwide health problem. According to the WHO database
(2017), 490,000 drug resistant TB cases were identified in 2016, and an additional 110,000
cases were reported to be susceptible to isoniazid but resistant to rifampicin (RR-TB). By the
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end of 2016, the average proportion of MDR-TB cases, together with XDR-TB was 6.2%. In
the less developed African and Asian areas the observed number of drug resistant cases is espe-
cially high. Co-morbidity of TB with other diseases, including HIV-AIDS is widely observed,
and inadequate antibiotic treatment has also been shown to contribute to TB drug resistance
in patients.

In addition to bacterial factors related to mutations or metabolic adaptation, antituberculo-
tic drug resistance is also shaped by host cell factors [1-3]. Human multidrug transporters of
the ATP binding cassette (ABC) superfamily protect the organism against xenobiotics and
influence the passage of drugs through the cell membranes and tissue barriers. Several antitu-
berculotic agents, including fluoroquinolones and aminoglycosides were shown to be sub-
strates, inhibitors, or inducers of the two prominent human MDR transporters, ABCB1 and
ABCG?2 [1, 4-8]. These transporters were shown to play a major role in TB resistance, espe-
cially in cases when the drug treatment is prolonged [9]. MDR transporters are also present in
the surface membrane of alveolar macrophages, shielding surviving Mycobacterium tuberculo-
sis bacteria [10-12]. For these reasons, investigating ABC transporter interactions in the early
stage of anti-TB drug development is indispensable.

To overcome bacterial resistance in tuberculosis, specific mycobacterial targets have been
investigated, among them type-I DNA topoisomerases that catalyze the relaxation of negatively
supercoiled DNA. As opposed to other types of microorganisms, Mycobacterium tuberculosis
(Mtb) has a single topoisomerase-I enzyme (MtTopo-I)[13-15]. According to transposon-
based knock-down experiments, MtTopo-I is essential [16], and specific inhibitors of this
enzyme are considered to be antituberculotic drugs. Our previous work has shown that
MtTopo-I has unique properties and a targeted inhibitor development may result in specific
inhibitors [17]. The compounds investigated in our studies were synthesized by Vichem Che-
mie Research Ltd. and are part of a proprietary collection of designed compounds. As a proof
of concept, we screened Vichem’s compound library (639 compounds) and identified 108
compounds that bind to specific sites of MtTopo-I [18, 19]. Recently, the homology model and
the crystal structure of MtTopo-I has been published, opening the way for rational design of
inhibitors [17, 20-24]. From among the positive hits with benzo(g)-quinoxaline, quinoxaline
or styryl-benzo(g)-quinazoline scaffolds, in the present work we selected 7 compounds for fur-
ther characterization. All these compounds showed significant MtTopo-I inhibitory potential.
Since the interaction of antituberculotic compounds with human MDR transporters may
influence general ADME-Tox properties as well as cellular drug resistance, in addition to
direct MtTopo-I inhibition and bacterial growth inhibition studies we also investigated the
effect of these compounds on the activity of human ABCB1 and ABCG2. We suggest that com-
pounds exhibiting significant Mtopo-I inhibition without mammalian cell toxicity and show-
ing an advantageous ABC transporter interaction pattern may represent new possibilities for
further anti-TB drug development.

Materials and methods

Materials were purchased from Sigma-Aldrich or Thermo-Fisher Scientific (Calcein-AM,
DCV, Presto-blue reagent).

Vichem’s compound library

The Vichem Library compounds (Fig 1) were synthesized by Vichem Chemie Research Ltd.
and are part of a proprietary collection [25], (https://vichemchemie.com/nested-chemical-
library-ncl/). Several Vichem Library compounds were tested previously for their MtTopo-I
inhibitory potential [18], and in this paper a selected set was further characterized. The
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Fig 1. Chemical structures of the Vichem’s MtTopo-I inhibitors.
https://doi.org/10.1371/journal.pone.0202749.9001

chemical structures of the selected compounds are presented in Fig 1, showing the benzo(g)-
quinoxaline, quinoxaline or styryl-benzo(g)-quinazoline scaffolds. The synthesis of these com-
pounds has been described in the Supplementary Information (S1 Fig).

In silico docking studies

Docking studies were performed with the MtTopo-I structure, based on the published crystal
structure (PDB ID: 5D5H), and a previous homology model, using Discovery Studio, version 4.1
(Biovia, San Diego, CA), as described previously [18]. Possible binding conformations and bind-
ing site interactions with MtTopo-I were characterized using the Schrodinger module, Induced
Fit protocol, (Schrédinger Inc. Portland, OR), in which the Glide and Prime stages of searching
best fit to structure had the following parameters: for the first Glide calculation, receptor and
ligand Van der Waals radii were set at a default value of 50% and the maximum number of poses
to report was set at 20. During the Prime stage of the calculation, residues within 5.0 A of the
ligand were refined to better accommodate the ligand. Actual docking of the ligand in the protein
was performed by the Glide module in the second step of the algorithm. The top 20 poses pro-
duced by the first calculation were re-docked in the protein. Docked poses that were within 30.0
kcal/mol of the absolute lowest (relative) pose were then reconsidered, and the best two of each
were kept. Box Center was chosen as centroid of residues: 48, 51, 113, 114, 115, 164, 167, 168, 171,
342, 344, 345, 346, 347, 382, 383, 384, 387, 388, 533, 534, 535, 536, and 591 [18]. (S2 Fig)

DNA relaxation assay

The DNA relaxation assay of supercoiled pUC18 DNA by MtTopo-I enzyme was carried out
as described previously [17, 18]. Briefly, the MtTopo-I enzyme was expressed and purified
from E. coli as described in [17]. Purification of MtTopo-I enzyme was examined by
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SDS-PAGE. In DNA relaxation assay one unit of MtTopo-I was preincubated at 37°C for 15
min with increasing concentrations of investigated compounds from Vichem’s compound
library, in a reaction buffer (40 mM Tris-HCI (pH 8.0), 20 mM NaCl, 5 mM MgCl,, and 1 mM
EDTA). In each experiment, besides the negative and solvent control, a previously established
MtTopo-I inhibitor, norclomipramine, was used as positive control [21]. After preincubation,
500 ng substrate DNA was added and incubated with the enzyme at 37°C for 30 min. The sam-
ples were electrophoresed in 1.2% agarose gel for 12 h at 2.5 V/cm, stained with ethidium bro-
mide (0.5 pg/ml), and the DNA bands were visualized using a gel documentation system (Bio-
Rad, Hercules, CA, USA). The effects of compounds were tested first at 100 uM, in the next
round positive hits were investigated at 50, 10, 1 and 0.1 pM concentrations. After that, further
concentrations were analyzed optionally between the closest non-effective and effective con-
centrations, to define the concentration of the compound required for complete inhibition (S3
Fig). Assays were repeated for two to three times for each compound.

H37Rv toxicity assay

Selected compounds from the Vichem library (Fig 1) were screened for antimicrobial effects on
a replicating strain, H37Rv of Mycobacterium tuberculosis (Institute Pasteur, Paris), using resa-
zurin reduction microplate assay (REMA). H37Rv was cultivated in Middlebrook 7H9 supple-
mented with 10% ADC, 0.2% glycerol and 0.05% Tween 80, at 37°C. For plate assays, starting
culture was diluted to 0.0002 at OD600 from a log phase culture. The first screen applied 20 pM
of the compounds in a 7 day-long exposure, in 384-well plate format, against replicating
H37Rv, as described previously [26]. Molecules that showed more than 80% inhibition of resa-
zurin reduction at 20 pM, were further examined to determine their minimal inhibitory con-
centration (MIC) by REMA, with serial dilutions of the tested compounds (20 to 0.04 uM, in
two times dilution series) on 96-well plates, as described in [26] (54 Fig). All screening was done
with on plate controls (without treatment, solvent control, and rifampicin at 0.1 pg/ml, as a pos-
itive control). Plates were read on a Tecan Infinite M200. Rifampicin was always giving a Z-fac-
tor greater than 0.7. All compounds were measured at least in two independent experiments.

ATPase activity assay for the human ABC transporters, ABCB1 and
ABCG2

The human ABCB1 and ABCG2 proteins were expressed in the baculovirus-Sf9 insect cell sys-
tem. Baculovirus-infected cells were harvested at 72 hours, and the cell membrane fraction was
prepared by mechanical homogenization and differential centrifugation. Human ABC trans-
porter containing membrane vesicles were used in the ATPase activity assay as described ear-
lier [27]. Briefly, the cell membrane vesicle preparation (5 g membrane protein/sample) was
diluted in an assay buffer containing non-ABC ATPase inhibitors, and the activity assay was
started by the addition of 3.3 mM MgATP. Reference substrates were used in each assay as
indicated in results. The reaction was stopped by adding SDS after incubation for 20 minutes
at 37°C. Vanadate-sensitive ATPase activity was calculated based on the quantification of inor-
ganic phosphate, as determined by a colorimetric reaction detected by a VictorX3 plate reader
(Perkin Elmer) at 630 nm [28]. Each compound was measured in at least three independent
experiments with three parallels in each case. DMSO, used as solvent of compounds, had no
effect in this assay at the applied concentration.

Cellular transport assays for ABCB1 and ABCG2

For cellular transport assays, mammalian PLB (lymphoblastoid) cell lines, overexpressing
ABCBI or ABCG2 were used. The parental PLB cell line was purchased from ATCC, and
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ABCBI or ABCG2 overexpressing cell lines were established by using lentiviral vectors for
human ABC transporters as described earlier in [29]. The transport assays were carried out in
96-well plates. 1x10” cells were incubated in the presence of 0.1 uM Calcein-AM or 1 uM DCV
(Dye Cycler Violet) for the ABCB1 and for the ABCG?2 assays, respectively [30, 31]. The assay
was performed in HPMI medium (NaCl 120 mM, KCl 5 mM, MgCl, 0.4 mM, CaCl, 0.04 mM,
HEPES 10 mM, NaHCO; 10 mM, glucose 10 mM, Na,HPO, 5 mM; pH 7.4). Fluorescence of
the cells was detected using a Victor X3 plate reader (for Calcein, exc. at 485 nm, em. at 535
nm) or the Enspire 2300 (Perkin Elmer) plate reader (for DCV, exc. at 360 nm, em. at 440
nm). Kinetics of fluorescence intensity changes were analyzed to determine relative inhibition,
compared to that of a reference agent, providing full inhibition of the ABC transporter. Two of
the Vichem compounds examined (VCC979812 and VCC38977) were not compatible with
the DCV uptake assay because of their intrinsic fluorescence, therefore for these two com-
pounds ABCG2 transport inhibition was characterized by following mitoxantrone uptake.
Mitoxantrone uptake was measured by flow cytometry (BD FACSCanto at 633 nm) by 20 min-
utes incubation in the presence of 7.5 uM mitoxantrone. Each compound was measured in at
least three independent experiments with three parallels in each case. DMSO, used as a solvent
of compounds had no effect in this assay at the applied concentration.

Cytotoxicity assays in mammalian cell lines

The toxic effects of the selected MtTopo-I inhibitory Vichem compounds were tested in three
cell lines, HFF (human foreskin fibroblast), HEK293 (human embryonic kidney) and A431
(human epidermoid carcinoma) cell lines, obtained from ATCC. Establishment of ABC trans-
porter-expressing A431cell lines was achieved by retroviral transduction of the cells as
described previously [32].

For cytotoxicity measurements the cells were seeded in a 96-well culture plate at 5,000 cells/
well (A431, HEK293) or 6000 cells/well (HFF) and incubated overnight. Cells were allowed to
attach to the plate for 24 hours and then serially diluted drugs were added at final concentra-
tions ranging from 20 uM to 3 nM, except for the reference compound, irinotecan, which was
tested in the range of 60 uM to 9 nM. After 72 hours of incubation viability was assessed by
PrestoBlue®) assay (Invitrogen). ICs, values were obtained by sigmoidal curve fitting in the
GraphPad Prism software. All experiments were performed in triplicates and repeated at least
in three independent experiments. DMSO, used as solvent of the compounds, had no effect on
viability at the applied concentration.

Results
Compound selection

In silico docking studies on MtTopo-I enzyme and MtTopo-I enzyme inhibition assays were
performed previously for numerous Vichem Library compounds, while in the current study
we characterized a selected set of seven MtTopo-I inhibitor compounds. For the present study
we have chosen the most promising in silico hits with benzo(g)-quinoxaline, quinoxaline, or
styryl-benzo(g)-quinazoline scaffolds. In the current study, by measuring antibacterial effects,
non-desirable toxic effects, and interactions with human ABC multidrug transporters, we
attempted to generate a focused prescreening system for targeted drug development.

In silico docking of selected compounds into the Mt Topo-I structure

As published previously, binding potentials of several compounds from the Vichem’s NCL
library and the FDA drug catalogue were examined by in silico studies that predicted binding
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of compounds to the MtTopo-I enzyme. These studies used a homology model of MtTopo-I,
refined by a published crystal structure of MtTopo-I, and potential interaction sites were fur-
ther characterized by a machine learning method [18, 24]. Several Vichem Library compounds
as well as clomipramine (previously identified as an inhibitor of MtTopo-I activity), were
docked in the MtTopo-I crystal structure (10.2210/pdb5d5h/pdb) to identify potential interac-
tion sites (S2 Fig).

Representative docking results are shown in the Supplementary material. S2 Fig. shows a
part of the protein structure where key interactions were observed with Argl67 and Argl14 in
MtTopo-I. In the Schrodinger method, "goodness" of drug binding in the protein structure is
characterized by a GlideScore that is an empirical scoring function designed to maximize sepa-
ration of compounds with strong binding affinity from those with little to no binding ability.
Table 1 shows GlideScores for clomipramine and for the Vichem compounds selected for
more detailed biochemical characterization. All selected compounds scored reasonably well in
docking studies, suggesting binding to the investigated site, and all but two of the Vichem
compounds scored more favorably than clomipramine.

Determination of MtTopo-I inhibitory potential

MtTopo-I was expressed and purified from E. coli as described previously [17]. The inhibitory
effect of compounds from Vichem NCL Library on MtTopo-I enzyme activity was investigated
by in vitro DNA relaxation assays. Norclomipramine, a previously established MtTopo-I inhib-
itor, was used as a positive control [21]. Concentrations required for complete inhibition of
the MtTopo-I activity was determined by applying a gradually refined concentration set for a
large number of compounds (Table 2, S3 Fig). Here we present data for the selected set of
Vichem’s compounds (Table 2). Although the MtTopo-I inhibitory potential of the selected
compounds was somewhat different, all compounds completely inhibited MtTopo-I activity
below 20 uM. The most potent inhibitor of this selection was VCC450327, showing complete
inhibition at 0.1 uM.

Antituberculotic potential of selected compounds assessed in H37Rv
growth assay

Antimicrobial potential of Vichem’s topoisomerase inhibitor compounds was tested in a
growth inhibition assay of the virulent H37Rv mycobacterial strain, first at 20 pM concentra-
tions. Growth of the H37Rv strain was monitored over a period of seven days. Four

Table 1. Docking score results for selected Vichem Library compounds.

Identifier Docking
Glide Score (kcal/mol)
VCC340963 -5.019
VCC450822 -4.742
VCC979812 -2.901
VCC450327 -2.628
VCC389777 -2.475
VCC891909 -2.241
VCC478498 -1.614
Clomipramine -2.383

Selected Vichem Library compounds were docked into the 5D5H crystal structure of MtTopo-I in addition to

clomipramine, which has been previously identified as an inhibitor.

https://doi.org/10.1371/journal.pone.0202749.t001
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Table 2. Effects of selected compounds from Vichem’s compound library on MtTopol activity and growth of
H37Rv Mtb strain.

Identifier Complete inhibition of MtTopol (uM) MIC90 of compounds in H37Rv growth test (uM)

VCC891909 7.5-10 10.4
VCC979812 10 N.L
VCC389777 7.5-10 N.L
VCC450327 0.1 N.L
VCC450822 10.0 5.1
VCC340963 10-25 2.5
VCC478498 10-25 0.6

*N.I. means—no inhibition was observed up to 20 uM

Inhibition of MtTopo-I was measured by DNA relaxation assays by gradually refining the concentrations required
for complete inhibition. Bands of relaxed and supercoiled DNA were visualized on agarose gels (S3 Fig). Minimum
concentrations providing complete inhibition are shown in the table. The toxicity of the compounds on the virulent
H37Rv Mtb strain was determined by growth inhibition tests. Growth inhibitory potential of the compounds was
primarily screened at 20 uM and for the effective compounds the minimum concentration providing 90% growth
inhibition (MIC90 value) was determined from dose-response viability curves (20 to 0.04 uM). The dose-response

curves are presented in supplementary figures (S4 Fig).

https://doi.org/10.1371/journal.pone.0202749.t1002

compounds inhibited the growth of Mtb bacteria below 20 uM, as shown in Table 2, whereas
three compounds in this set, despite structural similarities, were ineffective. The MIC90 values
were determined from dose-response curves, ranging from 20 to 0.04 uM concentrations (S4
Fig). The MIC90 of four examined compounds was between 0.6-10 uM (Table 2, S4 Fig), sug-
gesting efficient in vitro antibacterial effect.

Interactions of selected compounds with human ABC multidrug
transporters

ATPase assay results. As mentioned in the introduction, ABC multidrug transporters
have an important role in ADME-Tox parameters of many drugs and the detailed investiga-
tion of transporter-drug interactions is required in drug development. ABC transporter—drug
interactions can be examined by various assays that show such interactions from different
aspects. ATPase activity and drug transport are coupled processes in human ABC transporters,
and most interacting drugs influence the ATPase activity in a concentration dependent man-
ner. Measuring the inhibition of the active transport of a fluorescent substrate by a test com-
pound is a more sensitive assay, while does not directly show if the test compound is a
competing transported substrate or a non-transported inhibitor. Finally, cellular toxicity can
also be modified by the expression of ABC drug transporters, and for assessing transporter-
drug interactions viability assays can be performed in transporter expressing cells.

In this study ATPase measurements were performed in isolated Sf9 membrane vesicles pre-
pared from human ABC multidrug transporters expressing cells, containing high levels of the
human transporters. In the Sf9 membrane ATPase assay, measuring the vanadate-sensitive
ATPase activity of the transporter provides a simple but efficient tool to characterize the effects
of various drugs [28, 33]. This ATPase activity often has a complex dose-response curve in the
presence of drug substrates, and a considerable basal ATPase activity (without any given drug)
also complicates the assessment of drug effects.

As shown in Fig 2, we examined the effects of the selected Vichem compounds by following
dose-response curves of ATPase activity. The V ., values, less informative for these
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Fig 2. Effects of the Vichem MtTopo-I inhibitors on the ATPase activity of the human ABCG2 and ABCBI1 transporters. Purified Sf9
membrane vesicles containing ABCG2 (Upper panels, A and B) or ABCBI proteins (lower panels, C and D) were used in ATPase assays as
described in the Methods section. Vanadate sensitive (ABC transporter related) ATPase activities were measured in the presence of
investigated MtTopo-I inhibitors. Compound identity numbers are shown in the Figure. For the sake of visibility, compounds were divided
into two groups. At zero compound levels, basal ATPase activity of the ABC transporter, measured without the addition of any drug, is shown.
Quercetin (for ABCG2) and verapamil (for ABCB1) were used as reference substrates that are known transported substrates and activate the
ATPase activity of the given transporter.

https://doi.org/10.1371/journal.pone.0202749.9002

interactions, were determined from curves presented in Supplementary file (S5 Fig). We found
that VCC389777 significantly stimulated the ABCG2-ATPase activity, while three compounds,
VCC389777, VCC979812, and VCC450822 had a well measurable stimulatory effect on the
ABCBI1-ATPase activity, suggesting the active transport of these compounds. Compound
VCC450822 showed a slight stimulation of the ABCB1-ATPase activity at lower concentra-
tions, while strongly inhibited ATPase activity at higher concentrations. This behavior is typi-
cal for slowly transported substrates and/or inhibitors of the transporters [33].

Transport assay results. The selected Vichem compounds were further characterized in
whole cell transport assays. In these experiments we used transporter-overexpressing human
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Fig 3. Effects of the Vichem MtTopol inhibitors on the transport activity of human ABCG2 and ABCBI1 transporters. Effects of the
compounds on the transport activity of human ABCG2 and ABCBI1 proteins were measured in transporter-overexpressing human PLB cells.
Accumulation of transporter-specific probe substrates (Calcein-AM for ABCB1 and DCV for ABCG2) was measured in the presence of MtTopo-
I inhibitor compounds (5 pM). The relative inhibitory effects of MtTopo-I inhibitors were determined by using a reference substrate, providing
maximum inhibition (20 uM verapamil or 5 pM reversin 121 for ABCB1; and 5 uM Ko143 or 5uM quercetin for ABCG2). Compounds
VCC979812 and VCC38977 were not compatible with the DCV uptake assay. In these cases (columns with sparse pattern on the figure) ABCG2
transport inhibition was characterized by inhibition of mitoxantrone extrusion, measured after 20 minutes of incubation in the same cell types
with the same reference inhibitors. Relative inhibition values higher than 0.2 are statistically significant, based on comparison to control (0) level,
by the Student’s t-test (p<<0.05).

https://doi.org/10.1371/journal.pone.0202749.9003

PLB cells and measured the uptake of various fluorescent substrates of ABCG2 and ABCBI.
This type of transport assays is commonly used to explore potential transporter-drug interac-
tions. We found that, except for VCC891909, all the compounds analyzed showed significant
interactions with ABCG2 and/or ABCBI (Fig 3). VCC450327 was found to only moderately
influence the ABCG2 mediated transport, while having no effect on ABCB1 mediated
transport.

Toxicity of the selected Vichem compounds in human cells

Toxicity was evaluated by using several human cell lines. HFF (human foreskin fibroblast) and
HEK293 cells are non-tumor cell lines, whereas A431 cells are derived from a carcinoma. To
examine the potential influence of ABC transporters on the human cell toxicity of the investi-
gated compounds, we have also applied ABCB1- and ABCG2-overexpressing A431 cell lines.
Irinotecan, a known human topoisomerase inhibitor was used as a reference compound, as
this drug is a transported substrate of both ABCG2 and ABCB1 [34].

Table 3 shows that VCC891909 has no toxicity in any of the investigated cell lines, but the
other investigated compounds showed variable toxicity. VCC480522, VCC340963 and
VCC478498 were toxic (with IC50 values below 5 uM) in the parental A431 and HFF cells, but
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Table 3. Cytotoxicity of the selected MtTopol inhibitor compounds in human cell lines.

Identifier Toxicity in Toxicity in Toxicity in parental A431 cell line, ICs, Resistance Resistance

HFF cell line cell HEK293 cell line cell line, ICs, (uM) modulation modulation
line, (uM) by ABCB1 by ABCG2
1C54 (uM) (fold increase in IC5() | (fold increase in IC5,)

VCC891909 | Non-toxic+ Non-toxic Non-toxic NA* NA

VCC979812 | Toxic, 20 Non-toxic Toxic, 19+2 1.1+0.08 1£0.1

VCC389777 | Non-toxic Non-toxic Non-toxic NA NA

VCC450327 | Non-toxic Non-toxic Non-toxic NA NA

VCC450822 | Toxic, 2.5-5 Toxic, 10-20 Toxic, 3.5£0.2 0.97+0.05 1.0+£0.03

VCC340963 | Toxic, 2.5-5 Toxic, 10-20 Toxic, 3.23+0.4 0.77+0.3 0.9+0.32

VCC478498 | Toxic, 2.5-5 Toxic, 10-20 Toxic, 3.0310.61 0.88+0.06 0.79+0.14

Irinotecan | Non-toxic Toxic, 2.5 Toxic, 8.6+0.5 2.60+0.01 4.12+0.16

* NA: Not applicable

Cytotoxicity of the compounds was measured in a 72-hours assay in the presence of the indicated compounds. Viability was assessed using the Presto blue®) assay.
Irinotecan was used as a reference compound. ICs, values presented in the table are determined from dose-response viability curves (not shown). Compounds were
tested from 20 uM down to 3 nM. Non-toxic phrase in the table means that the compound is not toxic up to 20 uM.

https://doi.org/10.1371/journal.pone.0202749.t003

no difference was observed in the toxicity or the ICs values between the parental and ABCB1
or ABCG2 expressing A431 cells (Table 3).

Discussion

The increasing number of drug resistant TB cases provides a strong incentive to find new,
effective antituberculotic agents, potentially avoiding bacterial drug-resistance. Targeting
MtTopo-1, an essential and unique mycobacterial DNA repair enzyme offers a promising pos-
sibility in this regard [22]. The docking of candidate inhibitor molecules in the recently
described crystal structure of MtTopo-I [24] may help to design new antibacterial agents.
Since imipramine and clomipramine were shown to be MtTopo-I inhibitors, these molecules
served as model drugs for in silico docking studies [18]. A compound library of Vichem was
screened by such docking studies, and a selected set of compounds was characterized in bio-
logical assays [18]. In this paper we show a detailed biological characterization of seven prom-
ising topoisomerase inhibitors, selected from Vichem compounds, designed with three
different scaffolds.

Optimization of the screening of designed antimycobacterial topoisomerase inhibitor com-
pounds, in addition to the investigation of the antimycobacterial effect, involves steps to find
molecules that have limited toxicity in mammalian cells, and a known pattern of human ABC
multidrug transporter interactions. Human ABC multidrug efflux transporters are expressed
in major tissue barriers and in numerous cell types, including macrophages, thus these trans-
porters significantly modulate ADME-toxicity profiles and cellular effectiveness for a wide
variety of drugs [33, 35]. The human ABCG2 and ABCBI proteins are the key multidrug
transporters which have been documented to significantly reduce the cellular uptake and
modulate the ADME-Tox parameters of various antibiotics and topoisomerase inhibitors [35].
If a drug candidate is an efficiently transported substrate of these proteins, this generally
reduces the oral bioavailability (i.e. intestinal absorption) and the cellular entry of the mole-
cule. In contrast, an inhibitory effect on these drug transporters may facilitate both the absorp-
tion and cellular availability of the given compound, as well as that of other, co-administered
antimicrobial agents.
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In order to explore the direct human cellular toxicity of the selected Vichem compounds,
here we used two non-tumor cell lines (HFF and HEK293) and the A431 tumor cell line. A431
is a rapidly growing cell type with known sensitivity to topoisomerase inhibitors. In addition,
we also examined drug-resistant derivatives of this cell line to show the potential role of
ABCBI1 and ABCG2 transporter in toxicity. We found that, although the antimycobacterial
effects were promising, some of the Vichem compounds examined here were toxic in at least
one of the examined cell line, with ICs; values below 5 uM. Therefore, these compounds prob-
ably cannot be considered as promising candidates for in vivo human applications.

For further selection of drug candidates, we examined the selected Vichem compounds for
ABC transporter interaction in multiple in vitro assays (summarized in S6 Fig), aiming for the
selection of lead compounds with favorable transporter interaction pattern. In the ATPase
activity assay for ABCG2 and ABCBI transporters, in concentrations of 0.1-10 uM, several
compounds (VCC389777 for ABCG2, and VCC38977, VCC450822, VCC979812 for ABCBI)
slightly increased the ATPase activity of either the ABCG2 or ABCBI protein, indicating that
these compounds are likely recognized as transported substrates. In contrast, for ABCG2 in
some cases (VCC478498) we obtained only an inhibition of the ATPase activity at high
(50 uM) concentrations, and some of the compounds had no measurable effect on the trans-
porter ATPase activity (VCC891909, VCC340963).

In the direct ABC transporter inhibition assays, providing increased sensitivity but without
information about the type of interaction, we found that most of the examined compounds
strongly inhibited both ABCG2 and ABCB1 mediated transport of a model compound at con-
centrations around 5 uM. VCC891909 had no such transporter inhibitory effect, while
VCC450327 had only a slight effect at 5 uM, and only on the ABCG2 transporter. It is worth
mentioning that when we used the drug-resistant, ABCB1 or ABCG2 expressing A431 cell
lines, we did not find any significant modulation of the toxicity profiles by these ABC trans-
porters. This finding suggests that the Vichem compounds are slowly transported compounds
or rather ABC transporter inhibitors—it should be mentioned that none of these assays clearly
distinguish transported substrates and inhibitors, as slowly transported substrates have inhibi-
tory effects at higher concentrations.

Taken together, our data show that VCC979812, VCC450822, VCC340936 and VCC478498
showed interactions with the human ABC transporters, while these compounds were not effi-
ciently extruded by these transporters. VCC891909 had no toxicity in any of the investigated
cell lines (HFF, HEK293 and A431). Three other compounds (VCC891909, VCC450327 and
VCC389777) were non-toxic in human cells, while may act as direct transporter inhibitors (see
S5 Fig).

As a summary, although VCC450822, VCC340963 and VCC478498 effectively inhibited
the growth of H37Rv mycobacteria, these compounds were toxic in human cell lines, thus may
not be candidates for further human drug development. This toxicity was not significantly
affected by the expression of the ABC multidrug transporters. In contrast, VCC891909 showed
efficient topoisomerase inhibition, Mtb growth inhibitory effect, and no mammalian cell toxic-
ity without a significant human ABC transporter interaction. Therefore, this compound may
be an especially favorable candidate for further antimycobacterial drug development.

Supporting information

S1 Fig. Chemical synthesis scheme of the selected Vichem compounds. The synthetic route
of the VCC891909, VCC979812 and VCC450327 is described in W02002094796 patent (as
examples 63, 194 and 369).

(PDF)
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S2 Fig. Docking of topoisomerase inhibitors in the crystal structure 5D5H (PDB ID) of Mt
Topo-I. 2D structures highlight the key interactions.
(PDF)

S3 Fig. Representative pictures for DNA relaxation assay results presented in Table 2.
(PDF)

S4 Fig. Toxicity of the investigated compounds in H37Rv Mtb strains.
(PDF)

S5 Fig. Effects of the Vichem MtTopo-I inhibitors on the ATPase activity of the human
ABCG2 and ABCBI transporters.
(PDF)

S6 Fig. Summary table for the results of the assays.
(PDF)
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Abstract: During the COVID-19 pandemic, several repurposed drugs have been proposed to alleviate
the major health effects of the disease. These drugs are often applied with analgesics or non-
steroid anti-inflammatory compounds, and co-morbid patients may also be treated with anticancer,
cholesterol-lowering, or antidiabetic agents. Since drug ADME-tox properties may be significantly
affected by multispecific transporters, in this study, we examined the interactions of the repurposed
drugs with the key human multidrug transporters present in the major tissue barriers and strongly
affecting the pharmacokinetics. Our in vitro studies, using a variety of model systems, explored
the interactions of the antimalarial agents chloroquine and hydroxychloroquine; the antihelmintic
ivermectin; and the proposed antiviral compounds ritonavir, lopinavir, favipiravir, and remdesivir
with the ABCB1/Pgp, ABCG2/BCRP, and ABCC1/MRP1 exporters, as well as the organic anion-
transporting polypeptide (OATP)2B1 and OATP1A2 uptake transporters. The results presented here
show numerous pharmacologically relevant transporter interactions and may provide a warning on
the potential toxicities of these repurposed drugs, especially in drug combinations at the clinic.

Keywords: anti-COVID-19 agents; repurposed drugs; APP-Binding Cassette (ABC) transporters;
OATP transporters; in vitro functional studies

1. Introduction

During the COVID-19 pandemic, based on in vitro experimental studies, a number
of potential antiviral drugs have been proposed for the clinic. These potential treatments
were rapidly brought to the attention of the medical community and the general public by
the media, while in many cases, drug evaluation agencies could not properly investigate
the pharmacokinetics, potential risks, and benefits. Despite this, clinicians and thousands
or even millions of lay people started to compassionately use the advocated off-label
compounds. The most notorious example is the wide range off-label use of the antimalarial
agents chloroquine and hydroxychloroquine, in some cases together with zinc or the wide-
spectrum antibacterial agent azithromycin. Chloroquine (CQ) and the less toxic analog
hydroxychloroquine (HCQ) are efficient antimalarial drugs, increasing the endosomal
pH in both the parasites and the host cells. HCQ is also clinically used in autoimmune
diseases [1]. However, these compounds were previously found to have major toxicities,
especially by prolonging the cardiac QT interval or causing hypoglycemia. CQ and HCQ
were both reported to be moderate inhibitors of CYP2D6 and the ABCB1/Pgp transporter.
Interestingly, azithromycin has a similar toxicity to CQ and HCQ to prolong the QT
interval [2].
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The potential use of CQ and HCQ in COVID-19 was initiated by in vitro studies, in
which both compounds inhibited the fusion of SARS-CoV-2 with the cell membranes, and
reduced ACE2 receptor glycosylation (the binding site of SARS-CoV-2) and the transfer of
SARS-CoV-2 from early endosomes to lysosomes [3-5]. However, whilst CQ and HCQ—
also in combinations with azithromycin—have been examined in several clinical trials, their
use has not been approved by the EMA or FDA for the treatment of COVID-19. A recent
statement of the NIH COVID-19 Treatment Guidelines Panel (NIH-CTGP) strongly advises
against the use of CQ or HCQ because of inefficiency and the cardiac complications [6,7].

Another proposed anti-COVID-19 agent—ivermectin—is a broad-spectrum anti-
parasitic agent and widely used to treat neglected tropical diseases. The target of the
antiparasitic action of ivermectin is a glutamate-gated chloride channel and a GABA recep-
tor, specific for some invertebrates. However, in mammals, ivermectin may also inhibit
GABAergic neurotransmission by promoting the release of GABA and acting as a GABA re-
ceptor agonist. This potentially neurotoxic drug is only absorbed in humans in a very small
fraction, and this low-level ivermectin absorption is mainly caused by active extrusion in
the intestine by the ABCB1/Pgp transporter. ABCB1, and probably other ABC transporters
(especially ABCG2) in the blood-brain barrier (BBB), also have a significant role in protect-
ing the mammalian central nervous system (CNS) against toxic ivermectin penetration.
In mouse Pgp-knock-out models, in natural Pgp-knock-out Collie dogs, and also in some
humans with low-level ABCB1/Pgp expression, ivermectin exerts major neurotoxicity [8,9].
In addition, both ABCB1 and several other multispecific transporters have been shown
to be inhibited by micromolar concentrations of ivermectin [10-12], so ivermectin may
influence the pharmacokinetics of several drugs or toxic compounds. Ivermectin was sug-
gested to have anti-CoV-2 effects based on in vitro studies, indicating that this compound
inhibits the importin alpha/beta-1 nuclear transporter, and thus in cell cultures, reduces
the replication of various viruses [13-15], including SARS-CoV-2 [16,17]. However, the
ivermectin plasma concentrations required to reach an in vitro antiviral efficacy (about
2-10 uM) are highly toxic, and very high oral doses would be needed for antiviral use [18].
Therefore, in spite of some anecdotal clinical results, ivermectin has not been approved for
the treatment of any viral diseases, including SARS-CoV-2 (see the NIH-CTGP). Moreover,
in April, 2020, FDA issued a warning not to use ivermectin to treat COVID-19 in humans.

Several approved and clinically effective HIV protease inhibitors, including ritonavir
and lopinavir, based on their potential for inhibiting other viral proteases, also entered
clinical trials as anti-COVID-19 agents. SARS-CoV-2 virus replication requires the cleavage
of viral polyproteins, and the proteases 3CLpro and PLpro are responsible for this cleavage.
In vitro, lopinavir and ritonavir were found to inhibit 3CLpro, and thus reduce SARS-CoV-
2 replication [19]. However, these drugs are poorly selective and high concentrations are
required to achieve in vivo inhibition [20]. Therefore, the current NIH-CTGP recommends
against the use of these compounds for COVID-19 treatment, except in a clinical trial.
The NIH-CTGP also warns that the lopinavir/ritonavir combination is a strong inhibitor
of cytochrome CYP3A, so co-treatment with numerous drugs metabolized by CYP3A
may result in increased toxicities. Ritonavir induces CYP1A2 and inhibits CYP3A4 and
CYP2Dé. Therefore, it may cause serious drug—drug interactions. Ritonavir and lopinavir
are inhibitors of ABC multidrug transporters [21,22], both in vitro and in vivo [23], and
according to studies with labeled ritonavir and lopinavir, these agents are transported
substrates of ABCB1/Pgp [24,25], but not of ABCG2/BCRP [26,27].

Recently developed antiviral agents, despite having been found to be minimally effec-
tive in earlier clinical studies and not approved for general use, have also been introduced
inCOVID-19 clinical trials. Favipiravir (Avigan) is a pyrazinecarboxamide derivative
antiviral agent, administered as a prodrug in both oral and intravenous formulations.
The active form is an inhibitor of the viral RNA-dependent RNA polymerase and thus
reduces the viral load. Favipiravir was approved in Japan against special cases of influenza,
although it was found to be ineffective in human airway cells [28]. Favipiravir degradation
mostly occurs by aldehyde oxidase (AO) and xanthine oxidase. Since favipiravir was found
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to inhibit CYP2C8, co-administration with CYP2C8 substrates may increase some drug
effects. Since favipiravir is often used together with acetaminophen, it is important to
note that favipiravir inhibits acetaminophen sulfate formation. In addition, favipiravir has
been shown to have a teratogenic effect in animals [29]. Currently, the use of favipiravir
in treating COVID-19, despite only having limited clinical data for its efficiency in this
disease, has been approved in China, India, and for emergency use in Japan, while this
agent remains unapproved in Europe and the USA.

Remdesivir (Veklury) is a broad-spectrum antiviral medication employed for intra-
venous injection provided in a sulfobutylether-B-cyclodextrin (SBECD) complex. Remde-
sivir (RDV) itself is a prodrug, and its active triphosphate metabolite is a ribonucleotide
analogue inhibitor of viral RNA polymerase. Remdesivir was developed for the treatment
of hepatitis C and Ebola virus diseases, while based on initial clinical trials, it has been
authorized for emergency use in COVID-19 in numerous countries, especially for patients
with severe symptoms. In October 2020, FDA authorized the clinical use of remdesivir
against COVID-19, while the WHO still does not support its use in this disease. Preclini-
cal studies indicated that remdesivir is not a substrate of CYP2C8, CYP2D6, or CYP3A4,
and is not “significantly” transported by ABCB1/Pgp or the organic anion-transporting
polypeptide (OATP)-type drug transporters [30], while detailed studies on remdesivir—
drug interactions are not yet available. Remdesivir in in vitro studies was metabolized
by CYP2CS8, 2D6, and 3A4, while in vivo studies indicate its metabolism by hydrolases.
Remdesivir at the clinic is applied in the form of a sulfobutyl ether beta-cyclodextrin
(SBECD) complex, thus, in addition to remdesivir, we have also used this cyclodextrin
complex in our in vitro studies.

In order to explore the multispecific drug transporter interactions of the above repur-
posed drugs (see Table 1), in this investigation, we performed a detailed in vitro study
on their potential interaction with several key multidrug transporters. We focused on
the potential role of the transporter—drug interactions in the important tissue barriers,
especially the intestinal epithelium and the blood-brain barrier (BBB) endothelial cells
(see http:/ /www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResource
s/DruglnteractionsLabeling /ucm093664.htm#major (2017)).

Table 1. Mechanism of action of the potential anti-COVID-19 drugs examined in this study.

Potential Anti-COVID-19 Compounds Mechanism of Action
chloroquine Antimalarial—endosomal pH increase
hydroxychloroquine Antimalarial—endosomal pH increase
ivermectin Antiparasitic—glutamate-gated chloride
channel and a GABA receptor inhibitor
lopinavir (HIV) protease inhibitor
ritonavir (HIV) protease inhibitor
remdesivir Viral RNA-polymerase inhibitor
favipiravir Viral RNA-polymerase inhibitor

The ABCB1/Pgp and ABCG2/BCRP efflux transporters are key proteins for xeno-
biotic extrusion in the intestine and BBB, while they are also involved in toxin and drug
metabolism in the liver and kidney [31-33]. In addition to several endogenous substrates,
including conjugated metabolites, steroids, and uric acid, there is a wide range of environ-
mental and food-related toxic molecules actively transported by these proteins. Therefore,
they are major players in drug-drug interactions. While, in most model animals, Pgp
is the major drug transporter in the BBB, in primates and humans, ABCG2 seems to be
the key protective transporter in this tissue [34-36]. In addition, ABCC1 has a role in the
blood—cerebrospinal barrier to avoid CNS toxicity [37].

Organic anion-transporting polypeptides (OATPs) belong to the Solute Carrier (SLC)
family and some of them (e.g., OATP1A2, 1B1, 1B3, and 2B1) are well-documented multi-
specific plasma membrane xenobiotic and drug transporters involved in the cellular uptake
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of various organic molecules (“uptake transporters”) [38]. OATP1B1 and OATP1B3 are
important in liver drug metabolism, while OATP1A2 and OATP2B1 are expressed in a
variety of human tissues [39]. These latter transporters are highly expressed in the intestine,
while OATP1A2 is the key drug uptake transporter expressed in the BBB endothelial cells,
promoting drug uptake from the blood plasma into the CNS [40-42]. Therefore, OATPs
1A2 and 2B1 are important players in the pharmacokinetics of numerous drugs, either
being substrates or inhibitors of these transporters. Based on both in vitro and clinical
data, OATP1A2 and OATP2B1 are key players in the intestinal uptake of a large variety
of clinically important drugs, including statins, fexofenadine, sulfasalazine, steroids, and
telmisartan, while they may be significantly inhibited by chemotherapeutics or antiviral
compounds [42]. In addition, they contribute to the tissue penetration of numerous endoge-
nous substrates, including steroid and thyroid hormones, prostaglandins, bile acids, and
bilirubin [43]. Based on their important role in tissue barriers and drug pharmacokinetics,
we studied the potential inhibition of the function of ABCB1, ABCG2, ABCC1, OATP2B1,
and OATP1A2 by the clinically applied anti-COVID-19 agents. In these experiments,
we used an array of in vitro functional transporter assays which, together, may provide
important new information regarding the potential ADME-tox properties of these agents.

2. Materials and Methods
2.1. Materials

All basic laboratory reagents were obtained from Sigma Aldrich. The 5D3 antibody
was a kind gift from B. Sorrentino, St. Jude Children Hospital, Memphis, USA, and remde-
sivir and remdesivir-SBECD were kind gifts from Lajos Szente, Cyclolab Ltd., Budapest,
Hungary. Vesicular assay membranes and components were obtained from SOLVO Biotech-
nology, Budapest, Hungary (https://www.solvobiotech.com/services/categories/).

2.2. ABC Transporter Assays

For the ABC transporter assays, we used both cell-based and membrane-based func-
tional assays. For assaying the function of the ABC transporters in cell-based assays, we
applied stable cell lines expressing the transporters ABCG2 PLB-985, ABCB1 PLB-985,
and ABCC1 HL-60, and their parental lines, which lack significant ABC transporter ex-
pression [44]. The respective transport activities were assayed by measuring the cellular
fluorescence of the respective transported substrates Phengreen (ABCG2) and Calcein
(ABCB1 and ABCC1) [44]. For the ABCG2 transport assay, we also used HeLa cells stably
expressing the wild-type or Q141K polymorphic variant of the ABCG2 protein (see below).

For studying ABCB1 and ABCC1 transport, 5 x 10* parental control or transporter-
containing cells were incubated with 0.25 uM Calcein-AM (C3100MP ThermoFisher Scien-
tific, Walthman, MA, USA) in phosphate buffered saline (PBS) containing 1 g/L D-glucose
(DPBS) for 40 min at 37 °C. The test compounds were applied in 0.2-50 pM, and as specific
transporter inhibitors, 0.25 uM tariquidar (TQ, which was a kind gift from Dr. S. Bates (NCI,
NIH)) for ABCB1 and 10 uM indomethacin (IM, 10200000, Sigma-Aldrich-Merck, St. Louis,
MO, USA) were used. The cells were kept on ice until the flow cytometry measurements.
All experiments were performed in triplicate and in at least three biological parallels.

For examining the function of ABCG2, 5 x 10* parental control or ABCG2 transporter-
expressing cells were incubated with 0.25 pM PhenGreen-SK diacetate (P14313, Ther-
moFisher Scientific, Walthman, MA, USA) in DPBS containing 1 uM EDTA, for 40 min
at 37 °C. The test compounds were applied in 0.2-50 pM, and as a specific transporter
inhibitor, 2.5 pM Ko143 (3241, Tocris Bioscience, Bristol, UK) was applied. The cells were
kept on ice until the flow cytometry measurements. All experiments were performed
in triplicate and in at least three biological parallels. Cellular fluorescence reflecting the
transport activity was measured by an Attune Nxt cytometer (Thermo Fischer Scientific,
Waltham, MA, USA) equipped with a blue (488 nm) laser. The PhenGreen (PG) or Cal-
cein signal was detected in the BL1 channel (emission filter: 530/30 nm). Analysis of
the data was carried out by the Attune Nxt Cytometer Software v3.1.2 (Thermo Fischer
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Scientific, Waltham, MA, USA). The inhibition of transporter activity was calculated by
comparing the fluorescence in the presence of the test compound to that in the presence
of a specific inhibitor providing maximum inhibition. Higher concentrations of some of
the investigated compounds also altered the fluorescence of Calcein in the parental cells in
an ABC transporter-independent way (parental cells had no significant ABC transporter
expression, as tested by specific inhibitors), and these data were used for correction of
the data obtained in ABC transporter-expressing cells. Half-maximum inhibition (ICsg)
values were calculated by using the Origin2019 software (9.6.5.169, OriginLab Corporation,
Northampton, MA, USA). In addition to studies on the wild-type ABCG2 transporter, we
also examined the effects of drugs on the function of a relatively frequent (present in up
to 20-35% of the population) polymorphic variant—the Q141K-ABCG2 (SNP rs2231142)
transporter. In these experiments, we measured Hoechst dye extrusion in HeLa cells
stably expressing eGFP and the ABCG2 variants driven by the same promoter—the trans-
genic cells generated by the Sleeping Beauty transposon system. These cells were sorted
based on similar levels of eGFP, and ABCG2 expression was examined by a monoclonal
(5D3) antibody-based flow cytometry assay (Q141K-ABCG2 cell surface expression was
approximately 80% of the wild-type ABCG2 expression. For details, see Zambo et al. [45]).
For the ABCG2 transporter inhibition assay, trypsinized HeLa cells expressing the ABCG2
wild-type (WT) or Q141K variant were incubated in a shaker for 20 min at 37 °C in HPMI
buffer (20 mM HEPES, 132 mM NacCl, 3.5 mM KCl, 0.5 mM MgCl,, 5 mM glucose, 1 mM
CaCl, [pH 7.4]) with 0.2 pM of Hoechst 33342 (H1399, Thermo Fisher Scientific, Waltham,
MA, USA) dye, in the presence of the tested drugs or 1 uM of the specific ABCG2 inhibitor
Ko143 (3241, Tocris Bioscience, Bristol, UK). Following incubation, the cells were put on
ice and Hoechst dye fluorescence was measured using the violet laser (405 nm) and VL1
detector on the Attune Nxt Cytometer. Cells showing similar eGFP fluorescence were gated
in the case of the WT and Q141K variants. The maximum inhibition was defined for each
variant as the fluorescence difference of the samples incubated with and without Ko143,
respectively. All tested drugs (ivermectin, remdesivir, ritonavir, lopinavir, and Ko143)
were dissolved in DMSO, and the same DMSO concentration (below 0.5%) was applied
for all drug concentrations examined. Data analysis was performed using the Attune Nxt
Cytometer Software v3.1.2. Two samples per condition and three biological replicates were
examined in each experiment.

For studying the vesicular ATP-dependent transporter activity of the ABC transporters,
we used ABCB1/Pgp or ABCG2/BCRP containing HEK-293 cell membrane vesicles, as
well as ABCC1/MRP1 containing Sf9 membrane vesicles, prepared by Solvo Biotechnology.
Membrane vesicles (12.5 ng protein/sample) were incubated with transporter-specific
substrates: For ABCG2, 5 uM lucifer yellow (LY) as a fluorescent substrate and the radio-
labeled substrate probes; for ABCB1, 1 uM N-methyl quinidine (NMQ); and for ABCC1,
0.2 uM estradiol-glucuronide (ETGB). These were employed at 37 °C for 10 min (ABCG2),
1 min (ABCB1), or 3 min (ABCC1), with or without 4 mM Mg-ATP, in a 50 uL final volume.
The known reference inhibitors of the transporters (1 tM Ko143 for ABCG2, 1 uM Val-
spodar for ABCB1, and 200 M Benzbromarone for ABCC1) served as controls. Each test
compound was dissolved in DMSO and a 1 uL volume was added to the samples. After
incubation, the samples were filtered and washed, and the substrates in the vesicles were
dissolved in 10% SDS and transferred onto another plate. After the addition of a stabi-
lizer, the fluorescence was measured in plate readers (Victor X3 and Enspire Perkin-Elmer,
Waltham, MA, USA), while the activity of the radiolabeled substrate was measured by
liquid scintillation counting (Perkin Elmer MicroBeta2 liquid scintillation counter, Perkin
Elmer, Waltham, MA, USA). ABC transporter-related vesicular transport was calculated by
subtracting uptake measured in the presence of Mg-AMP from the values measured in the
presence of Mg-ATP. No significant quenching by the test compounds was observed.

ABC transporter ATPase activity was measured in 5f9 membrane vesicles containing
the respective human ABC transporters [46-50]. For ABCG2/BCRP, the cholesterol level in
the vesicles was increased to the level of mammalian cell membranes for full activity [49].
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For ABCB1/Pgp 20 pug/150 puL and for ABCG2/BCRP 10 ug/150 pL, vesicles were incu-
bated with 3 mM Mg-ATP for 25 min at 37 °C. The test drugs were dissolved in DMSO
and 1 pL was added to the samples. The ABC transporter-related ATPase activity was
determined and reference activators (50 uM verapamil for ABCB1 and 5 pM quercetin for
ABCG2) served as controls.

2.3. OATP Transporter Assays

For studying the function of the multispecific uptake transporters OATP1A2 and
OATP2B1, we used A431 human tumor cells overexpressing these human proteins and
mock transfected A431 cells as controls, generated as previously described [47,51]. The in-
teraction between OATPs and the potential anti-COVID-19 agents was studied by em-
ploying fluorescent dye substrates: Pyranine for OATP2B1 and sulforhodamine 101 for
OATP1A2 [51,52].

Briefly, A431 cells overexpressing OATP1A2 or OATP2B1 [47] were seeded on 96-well
plates, washed three times with 200 uL phosphate buffered saline (PBS, pH 7.4), and pre-
incubated with 50 uL uptake buffer (125 mM NaCl, 4.8 mM KCl, 1.2 mM CaCl,, 1.2 mM
KH,POy, 12 mM MgSOy, 25 mM MES (2-(Nmorpholino) ethanesulfonic acid, and 5.6 mM
glucose, pH 5.5 for OATP2B1 and pH 7.0 for OATP1A2) at 37 °C, with or without increasing
concentrations of the tested compounds. The test compounds were dissolved in DMSO
(maximum 0.5%), and the reaction was started by the addition of a final concentration of
20 uM pyranine (OATP2B1) or 0.5 uM sulforhodamine 101 (OATP1A2). After incubation
at 37 °C for 15 min (OATP2B1) or 10 min (OATP1A2), the reactions were stopped and the
cells were washed three times with ice-cold PBS. Fluorescence was measured in an Enspire
plate reader (Perkin Elmer, Waltham, MA, USA) (ex/em: 403/5 and 517/5 nm (pyranine)
or 586/5 and 605/5 nm (sulforhodamine 101)), and the OATP-dependent transport activity
was determined by comparing the data to those obtained from mock transfected cells. In all
experiments, three biological replicates were used and ICsy values were calculated by using
GraphPad prism software (version 5.01, GraphPad, La Jolla, CA, USA). Due to the high
level of specific transporter expression, background transport was very low in these cells
(see reference [47]).

3. Results
3.1. Interaction of Anti-COVID-19 Drug Candidates with ABCB1/MDR1/Pgp

In these experiments, we applied several independent in vitro methods to explore
the drug interactions with this transporter. We measured ABCBl-related fluorescent
substrate (Calcein-AM) transport inhibition in intact model cells, inhibition of the vesicular
transport of an established ABCB1 substrate N-methyl quinidine (NMQ) in mammalian
cell membrane vesicles, and drug-dependent ABCB1-ATPase activity in isolated insect
(59) cell membranes (see Figure 1). In all cases, previously well-characterized cells or
membranes with highly expressed ABCBI1 levels were applied, so the data can be compared
to numerous similar studies in the relevant scientific literature.

3.1.1. Transport Assays in Intact Human PLB-985/ABCB1 Cells

ABCBI is a high-affinity active efflux transporter of the viability dye Calcein-AM
(CaAM). The cellular uptake of the non-fluorescent CaAM is strongly inhibited by the
extrusion of this compound by the ABCBL1 transporter, so the cellular fluorescence of the
intracellularly formed free Calcein is strongly reduced in cells expressing ABCB1 [53].
Here, we applied this widely used cellular assay (see https://www.solvobiotech.com
/services/categories/dye-efflux-assays) to characterize drug interactions of the applied
compounds in intact PLB-985 cells, expressing high levels of the ABCB1 protein. Maximum
inhibition of the transporter was achieved by 0.25 uM tariquidar (TQ), which is a third-
generation specific inhibitor of ABCB1. ABCBL1 inhibition by the test compounds was
estimated by their relative (%) inhibition compared to full inhibition by TQ. As shown
in Figure 1A,B, ivermectin caused a strong inhibition of the ABCB1-dependent CaAM
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extrusion at low micromolar concentrations (estimated ICsg of 0.6 M), while chloroquine
and hydroxychloroquine had practically no effect on this ABCB1-dependent transport.
Figure 1B documents the effects of lopinavir, ritonavir, favipiravir, and remdesivir on the
CaAM extrusion by ABCB1. Favipiravir, remdesivir, and its cyclodextrin complex did not
significantly inhibit the transport activity of ABCB1. In contrast, lopinavir and ritonavir
caused a strong inhibition of the ABCB1-dependent CaAM extrusion at low micromolar
concentrations (estimated ICs values of 6.3 and 8.4 uM, respectively).
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Figure 1. (A,B) Inhibition of ABCB1-mediated Calcein-AM (CaAM) extrusion in intact ABCB1 expressing PLB-985 cells.
(A) Effects of ivermectin (IVE), chloroquine (CQ), and hydroxychloroquine (HCQ). (B) Effects of lopinavir (LOP), ritonavir
(RIT), favipiravir (FAV), remdesivir (REM), and cyclodextrin formulated remdesivir (REM-CD). (C,D) Inhibition of ABCB1-
mediated N-methyl quinidine (NMQ) transport in the vesicular transport assay. (E) ABCB1-ATPase activity in isolated Sf9
membrane vesicles. Effects of ivermectin, lopinavir, ritonavir, and remdesivir. As a reference substrate, verapamil (VER)
was used. The basal line represents the ATPase activity level without the addition of any drug. Data on the graphs show the
average of at least three independent experiments, +/— SD or SEM (E) values.

3.1.2. Vesicular Transport Studies in HEK/ABCB1 Membrane Vesicles

In these experiments, we studied the effects of the potential anti-COVID-19 com-
pounds in a vesicular transport assay by using inverted membrane vesicles prepared from
HEK-293 cells expressing high levels of the ABCB1 transporter. In the inverted mem-
brane vesicle measurements, labeled substrates and the investigated compounds were both
applied on the cytoplasmic side of the membrane, which excludes most of the complex
intracellular drug interactions. The modulation of the ATP-dependent vesicular uptake of
a specific ABCB1 probe substrate directly reveals drug interactions with the transporter.
In the present work, we measured the uptake of 3H-N-methyl-quinidine (NMQ), which is a
labeled low-permeability amphipathic substrate of the human ABCB1/MDR1/Pgp [54,55].
Transport inhibition (%) of this labeled substrate by the test compounds was calculated by
setting probe substrate transport in the absence of test compounds as 100%. As shown in
Figure 1C, in ABCB1 expressing membrane vesicles, ivermectin caused a strong inhibition
of the ATP-dependent NMQ uptake at low micromolar concentrations (estimated ICsg
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of 0.3 uM), while chloroquine and hydroxychloroquine had practically no effect on this
transport activity. Figure 1D shows the effects of lopinavir, ritonavir, favipiravir, and
remdesivir on the transport activity of ABCB1. As documented, lopinavir and ritonavir are
strong inhibitors of this transport (estimated ICs values are 0.6 and 0.3 uM, respectively),
remdesivir and remdesivir-SBECD are weak inhibitors of ABCB1 (IC5sg above 20 uM), and
favipiravir had no inhibitory effect.

3.1.3. ABCB1-ATPase Activity Measurements in Sf9 Membranes

Drug-stimulated ATPase activity of the ABCB1 transporter is a well-documented
functional assay employed to estimate the substrate or inhibitory features of various drugs.
ATP-dependent substrate transport is reflected in the activation of this specific ATPase
activity in most cases, and in many cases, drug-stimulated ABCB1-ATPase has been shown
to correlate with the substrate affinity. In this assay, most transported substrates show
a biphasic curve: Low concentrations stimulate, while higher concentrations inhibit, the
ATPase activity [46]. In these experiments, we measured the vanadate-sensitive (ABC
transporter-related) ABCB1-ATPase activity in membrane vesicles isolated from ABCB1
overexpressing Sf9 cells [46,49]. S{9 cells exhibit low intrinsic membrane ATPase activity,
so both the baseline and the drug-stimulated ATPase activity of the ABCB1 protein can
be measured. High-level stimulation of this ATPase activity can be achieved by 50 uM
of verapamil—a transported substrate of ABCBl—serving as a positive control in this
assay. As shown in Figure 1E, several tested compounds significantly increased the ABCB1-
ATPase activity in this assay. Low micromolar concentrations of ritonavir (ECsy less than
0.1 uM) stimulated the ATPase activity up to the level of verapamil activation, and both
lopinavir (ECsg about 0.05 uM) and remdesivir (ECsg about 10 pM) showed significant
ABCBI1-ATPase stimulation. Ritonavir and lopinavir exhibited maximal stimulation at
around 0.5 uM, whereas remdesivir only increased the ATPase activity at 10-50 uM.
At higher concentrations, ritonavir and lopinavir displayed inhibitory effects. Ivermectin
only showed ABCB1-ATPase inhibition.

3.2. Interaction of Anti-COVID-19 Drug Candidates with ABCC1/MRP1
3.2.1. Transport Assay in Intact Human Cells—HL60/ABCC1 Cells

ABCC1, similarly to ABCB]I, is a high-affinity active efflux transporter for Calcein-AM
and the cellular fluorescence of free Calcein is also reduced in cells expressing ABCC1 [56].
Therefore, we applied this assay to characterize the test drug interactions in intact HL60
cells expressing high levels of the ABCC1 protein. Maximum inhibition of the transporter
was achieved by 10 uM of indomethacin (IM), which is a strong inhibitor of ABCC1.
ABCC1 inhibition by the test compounds was estimated by their relative (%) inhibition
compared to full inhibition by IM. As shown in Figure 2A, ivermectin caused a strong
inhibition of the ABCC1-dependent CaAM extrusion at low micromolar concentrations
(estimated ICsg of 3.3 uM), while chloroquine and hydroxychloroquine had practically no
effect. As documented in Figure 2B, lopinavir and ritonavir had strong inhibitory effects,
with estimated ICs( values of 10.7 and 7.7 uM, respectively. Favipiravir, remdesivir, and its
cyclodextrin complex did not significantly inhibit the cellular transport activity of ABCC1
(a slight inhibition by higher concentrations of remdesivir was observed).

3.2.2. Vesicular Transport Studies in 5f9/ABCC1 Membrane Vesicles

In this study, we measured the effects of the test compounds in a vesicular transport
assay by using inverted membrane vesicles prepared from Sf9 cells expressing high levels
of the ABCC1 transporter. We measured the uptake of >H-estradiol-17b-glucuronide
(ETGB), which is a labeled substrate of the human ABCC1/MRP1 transporter [57]. Relative
inhibition (%) was calculated by setting probe substrate transport in the absence of test
compounds as 100%. As shown in Figure 2C, in ABCC1 expressing membrane vesicles,
lopinavir caused an inhibition of the ATP-dependent ETGB uptake in a dose-dependent
manner, with a maximum inhibition of 60% at the highest applied concentration. Ivermectin
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inhibited the ABCC1l-mediated ETBG accumulation, with a maximum inhibition of 80%
at a 25 pM concentration. Ritonavir, favipiravir, chloroquine, and hydroxychloroquine
had practically no effect on this transport activity (CQ and HCQ not shown), while,
interestingly, remdesivir significantly stimulated the vesicular ETGB transport activity of
ABCC1, although only at above 25 uM.
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Figure 2. (A,B) Inhibition of ABCC1-mediated CaAM extrusion in intact HL60 cells. Panel C: Inhibition of ABCC1-mediated
vesicular uptake of 3H—estradiol—l7b-glucuronide (ETGB). Panel (A) Effects of ivermectin (IVE), chloroquine (CQ), and
hydroxychloroquine (HCQ). (B) Effects of lopinavir (LOP), ritonavir (RIT), favipiravir (FAV), remdesivir (REM), and
SEBCD-remdesivir (REM-CD). (C) Effects of ivermectin (IVE), lopinavir (LOP), ritonavir (RIT), favipiravir (FAV), and
remdesivir (REM).

3.3. Interaction of Anti-COVID-19 Drug Candidates with ABCG2
3.3.1. Transport Measurements in Intact Human Cells—PLB/ABCG2 and HeLa/ABCG2

The ABCG2 protein does not transport Calcein AM, so this assay cannot be used for
assaying ABCG2 activity in intact cells. In contrast, several fluorescent dyes, including
Hoechst 33342 (Hst), DyeCycle violet (DCV), and PhenGreen-SK diacetate (PG-DA), are
actively extruded by the ABCG2 transporter [44,58-63], providing an opportunity for
fluorescence-based cellular assays. Here, we used both PhenGreen-SK diacetate and Hst
dye for these measurements. The PhenGreen (PG) assay is a recently patented method
applied for ensuring an efficient ABCG2 transport measurement, as the non-fluorescent
PhenGreen diacetate (PG-DA) is actively extruded by ABCG2 and the cellular fluorescence
is correlated with ABCG2 transport activity [44]. Therefore, we applied this assay to
characterize the test drug interactions in intact PLB-985 cells expressing high levels of
the ABCG2 protein. Maximum inhibition of the transporter was achieved by 2.5 uM of
Ko143, which is a high-affinity specific inhibitor of ABCG2. ABCG2 inhibition by the test
compounds was estimated by their relative (%) inhibition compared to full inhibition by
Ko143. As shown in Figure 3A,B, ivermectin caused a strong inhibition of the ABCG2-
dependent PG-DA extrusion at micromolar concentrations (estimated ICsy of 3.1 pM).
Lopinavir and ritonavir also had strong inhibitory effects, with estimated ICsy values
of 13.1 and 8.3 uM, respectively. Favipiravir, chloroquine, and hydroxychloroquine had
practically no effect on this ABCG2-dependent transport. Remdesivir and its complex
are relatively weak inhibitors of the ABCG2-dependent PG-DA extrusion at micromolar
concentrations (estimated ICsg values are greater than 40-50 pM).

3.3.2. Vesicular Transport Studies in HEK/ABCG2 Membrane Vesicles

The effects of the test compounds on ABCG2 activity were also measured in a vesicular
transport assay by using inverted membrane vesicles prepared from HEK-293 cells express-
ing high levels of the ABCG2 transporter. The ATP-dependent uptake of lucifer yellow
(LY), which is a substrate of the human ABCG2/BCRP transporter [64], was measured,
and inhibition of this fluorescent substrate uptake by the test compounds was compared
to a full inhibition achieved by 1 uM of Ko143. As shown in Figure 3C,D, in ABCG2
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containing HEK-293 cell membrane vesicles, ivermectin caused a strong inhibition of the
ATP-dependent LY uptake at low micromolar concentrations (estimated ICsg of 1.1 uM),
while chloroquine and hydroxychloroquine had practically no effect. Lopinavir, riton-
avir, and remdesivir, as well as remdesivir-cyclodextrin, inhibited the transport activity of
ABCG2, with estimated ICsg values of 4.2, 7.5, and more than 20 uM, respectively.
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Figure 3. (A,B) Inhibition of ABCG2-mediated PhenGreen (PG)-AM extrusion in intact PLB-985 cells. Panel A: Effects of
ivermectin (IVE), chloroquine (CQ), and hydroxychloroquine (HCQ). Panel B: Effects of lopinavir (LOP), ritonavir (RIT),
favipiravir (FAV), remdesivir (REM), and SEBCD-remdesivir (REM-CD). (C,D) Inhibition of ABCG2-mediated lucifer yellow
(LY) transport in the vesicular transport assay. (E) ABCG2-ATPase activity in isolated Sf9 membrane vesicles. Effects of
ivermectin, lopinavir, ritonavir, and remdesivir. Maximum ATPase stimulation was obtained by 5 uM quercetin. Data on
the graphs show the average of at least three independent experiments, +/— SD (A,B) or SEM (C-E) values.

3.3.3. ABCG2-ATPase Activity Measurements in Sf9 Membranes

Drug-stimulated ATPase activity of the ABCG2 transporter was also measured in
the present study. This functional assay may be used to estimate the substrate/inhibitory
features of various drugs (see 1.E, and [50]). Here, we measured the vanadate-sensitive
ABCG2-ATPase activity in membrane vesicles isolated from ABCG2 overexpressing Sf9
cells [50], and the maximum stimulation of this ABCG2-ATPase activity was achieved
by the transported substrate—5 pM quercetin—serving as a positive control in this assay.
As shown in Figure 3E, ivermectin, ritonavir, and lopinavir at low micromolar concentra-
tions, and remdesivir at higher concentrations (around 20-50 micromoles), significantly
inhibited the baseline ABCG2-ATPase activity. None of the tested compounds displayed
significant ABCG2-ATPase stimulation effects. Therefore, the assay was not informative
regarding their potential transported substrate nature.

3.3.4. Effect of the Q141K-ABCG2 Polymorphism on the Inhibitory Potential of the
Test Drugs

The very frequent (present in 12-35% in various populations) Q141K-ABCG2 poly-
morphic variant has been reported to have lower membrane expression levels and reduced
transport activity in various assay systems [65]. Since ivermectin, lopinavir, ritonavir,
and remdesivir resulted in well-measurable inhibition of the ABCG2-dependent PG dye
extrusion activity (see above), we performed similar studies in HeLa cells stably expressing
either the wild-type ABCG2 or the Q141K-ABCG2 variant [45]. In this case, we measured
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the extrusion of the Hoechst 33342 dye, which is another transported substrate of ABCG2,
and once again used the specific inhibitor Ko143 to achieve full inhibition of the transporter.
As shown in Figure 4, ivermectin (A), ritonavir (B), and lopinavir (C) also inhibited Hst
dye extrusion by ABCG2 in the HeLa cells, and remdesivir (D) had a slight effect at rela-
tively high concentrations. An important finding was that Hst dye extrusion in HeLa cells
expressing the Q141K-ABCG2 variant showed a higher sensitivity to all drug inhibition.
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Figure 4. Hoechst 33342 dye extrusion in HeLa cells stably expressing the WT and Q141K variants
of ABCG2. Different concentrations of ivermectin (A), lopinavir (B), ritonavir (C), and remdesivir
(D) were used to determine their effect on ABCG2 function. Data on the graphs show the average of
three independent experiments, +/— SD values.

3.4. Interaction of Anti-COVID-19 Candidates with OATP1A2 and OATP2B1 Transporters

In order to explore potential interactions between the potential anti-COVID-19 drugs
and OATP1A2 or OATP2B1, the compounds were investigated in a fluorescence-based cellu-
lar transport assay recently developed by our laboratory [47,51]. The uptake of pyranine or
sulforhodamine 101 as test substrates was measured in A431-OATP1A2 or A431-OATP2B1
cells, and mock transfected A431 were used as the negative control. As shown by Figure 5,
with the exception of favipiravir, all of the compounds examined inhibited OATP1A2
function. Based on the ICsy values, the antivirals lopinavir, ritonavir, remdesivir, and
the anti-parasitic ivermectin exhibited similar affinities towards OATP1A2. On the other
hand, although still effective, chloroquine and hydroxychloroquine were 3-10-fold lower
affinity inhibitors (see Table 2). Interestingly, cyclodextrin resulted in a slightly decreased
inhibitory potential of remdesivir on OATP1A2 function (Figure 5, and Table 2). In the case
of OATP2B1, a similar inhibitory potency was observed for the antiviral compounds, as in
the case of OATP1A2. Lopinavir and ritonavir were the highest affinity inhibitors, with
ICs) values of 1.0 and 1.4 uM, respectively, and remdesivir, the remdesivir-cyclodextrin
complex, and ivermectin had lower inhibitory effects, with ICsy values of 3.8, 5.6, and
8.6 uM, respectively. Chloroquine and hydroxychloroquine exerted only modest inhibition
of OATP2B1 activity, and favipiravir showed no interaction with this transporter.
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Figure 5. (A,B) Inhibition of OATP1A2-mediated sulforhodamine101 (SR101) uptake by potential antiviral compounds.
Uptake of 0.5 uM SR101 was measured in A431-OATP1A2 cells seeded on 96-well plates for 10 min in the presence of
increasing concentrations of ivermectin (IVE), chloroquine (CQ), hydroxychloroquine (HCQ), favipiravir(FAV), lopinavir
(LOP), ritonavir (RIT), remdesivir (REM), and SEBCD-remdesivir. (C,D) Inhibition of OATP2B1-mediated pyranine uptake
by different antiviral compounds. Uptake of 20 M pyranine was measured in A431-OATP2B1 cells for 15 min in increasing

concentrations of the tested compounds. In all cases, averages were obtained based on at least three biological replicates.
+/— SD values are shown.

Table 2. Summary of the transporter inhibition properties of the drugs examined. Approximate
ICs59 (1M) values were determined by nonlinear regression analysis of the data shown in the results
section, using GraphPad prism software (version 5.01, GraphPad, La Jolla, CA, USA).

Estimated Transporter Inhibition—ICso (uM)

OATP

ABCB1 ABCC1 ABCG2 Cellular Assays

Potential cellular  vesicular  cellular  vesicular  cellular  vesicular

anti-COVID-19 OATP1A2 OATP2B1
compounds assay assay assay assay assay assay

chloroquine - - - - - - 17.0 119
hydroxychloroquine - - - - - - 18.9 84
ivermectin 0.6 0.3 3.3 13.3 3.1 1.1 5.2 8.6
lopinavir 6.3 0.6 10.7 10 13.1 42 1.5 1.0
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Table 2. Cont.
Estimated Transporter Inhibition—ICso (uM)
OATP
ABCB1 ABCC1 ABCG2 Cellular Assays
ritonavir 8.4 0.3 7.7 - 8.3 7.5 2.3 14
remdesivir - >20 - -* >50 >50 3.8 3.8
remdesivir-SBECD - >20 - NA >50 >50 6.1 5.6

favipiravir

* Stimulation of substrate transport.

4. Discussion

Multispecific drug and xenobiotic transporters play a major role in the pharmacoki-
netics of numerous pharmacological agents, and any new drug candidates have to be
tested for interactions with the key transporters in this regard [66,67]. However, several
drugs rapidly repurposed in the past months for potential anti-COVID-19 activity may
not have been analyzed in detail for these interactions. This lack of information is making
their clinical use, especially in combination with other pharmacological agents, potentially
dangerous for patients. Since SARS-CoV-2 virus infection causes severe clinical symptoms,
especially in elderly patients and/or in those with existing co-morbidities, the ADME-Tox
properties and the potentially harmful drug—drug interactions of the repurposed drugs
may have major relevance in these cases. In addition, there are no current methods for
correctly estimating the transporter—drug interactions by in silico approaches, and only
detailed in vitro studies may answer these questions. Therefore, in the present study, we
examined the interactions of the repurposed drug candidates with the key multispecific
drug transporters, with the hope that our results help clinical applications in COVID-19
treatment. We have used a wide range of assay systems and transported substrates to
provide comparative aspects for the transporter—drug interactions.

ABC transporters play a key role in the pharmacokinetics of numerous pharmacolog-
ical agents, and they—especially ABCB1 and ABCG2—should be tested in early phases
of drug development [66]. As shown in the results section and in the summary in Table 2,
regarding the three ABC multispecific transporters examined, we found that chloroquine,
hydroxychloroquine, and favipiravir displayed practically no potentially relevant inter-
action with any of these transporters. In contrast, ivermectin was found to exert a strong
inhibitory effect in the case of the ABCB1, ABCC1, and ABCG2 transporter. Some of these
interactions have already been explored; in particular, ivermectin inhibition of the human
and animal Mdrl/Pgp/ABCB1 has been studied in detail [8,9,68]. As we show here, in all
kinds of assays, a strong inhibition of both ABCC1 and ABCG2 transport activity was also
observed by ivermectin, emphasizing the potentially dangerous effects of this compound
at higher doses or with an impaired transporter function. The antiviral protease inhibitors
lopinavir and ritonavir had a significant inhibitory effect on the three ABC transporters
examined here, and a strong inhibition was observed for ABCB1/Pgp (Table 2). However,
ABCC1 and ABCG2 were also inhibited by these compounds in potentially relevant con-
centrations. As suggested by the relevant FDA information (https://www.accessdata.f
da.gov/drugsatfda_docs/label /2007 /021226s0181lbl.pdf, https:/ /www.ema.europa.eu/
en/documents/scientific-discussion/kaletra-epar-scientific-discussion_en.pdf), lopinavir
in patients may reach plasma concentrations of about 13 uM, while ritonavir may peak
at about 1 pM. Therefore, our in vitro data indicate that drug—drug interactions should
be considered. Remdesivir was found to be a relatively weak inhibitor of all three ABC
transporters, although the ABCB1/Pgp inhibition with an ICsy of about 20 uM, which
was observed in the vesicular transport assay, may be relevant under certain treatment
conditions (reported peak plasma concentrations of remdesivir of about 5 uM). Interest-
ingly, remdesivir significantly stimulated the vesicular transport of a test substrate ETGB
by the ABCC1 transporter, so an allosteric effect of remdesivir on this transporter should
be considered.


https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021226s018lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/021226s018lbl.pdf
https://www.ema.europa.eu/en/documents/scientific-discussion/kaletra-epar-scientific-discussion_en.pdf
https://www.ema.europa.eu/en/documents/scientific-discussion/kaletra-epar-scientific-discussion_en.pdf

Pharmaceutics 2021, 13, 81

DOI:10.14753/SE.2023.2898
140f 18

The experiments performed in intact cells expressing the polymorphic ABCG2 trans-
porter variant Q141K, with impaired membrane localization and transport activity, suggest
that, with lower transporter functions, some of the weak inhibitors may have a clinically
important effect. In this case, both lopinavir and ritonavir exerted significantly stronger
inhibition of this drug transporter variant. Considering that the allele encoding the ABCG2-
Q141K variant (rs2231142) has an incidence of about 30% in the Asian population, this
information is especially important for clinical interventions in these countries. In our
studies, we also examined the membrane ATPase activity of the ABCB1 and ABCG2
transporters in isolated membranes. These assays may help to decipher the substrate vs.
inhibitor nature of the test compounds. Although these results only provide a tentative
answer in this regard, we found that the ABCB1-ATPase activity is significantly stimulated
by low concentrations of lopinavir, ritonavir, and remdesivir, indicating that these drugs
may be transported substrates. We observed no such stimulation in the case of the ABCG2
transporter in terms of these drugs. In addition to the ABC multidrug transporters, the role
of drug-transporting OATPs in pharmacokinetics and drug-drug or food—drug interactions
is increasingly being recognized [66]. While OATPs 1B1 and 1B3 are liver-specific proteins,
OATP1A2 and OATP2B]1 are highly expressed in the endothelial cells of the BBB. Therefore,
these transporters are key modulators of the entry of their drug substrates into the central
nervous system [41,69,70]. In addition, OATP2B1 also influences the absorption of its
substrates from the intestine [40]. In the current study, we investigated the interactions
between OATP1A2 and OATP2B1 and drugs repurposed to treat COVID-19 disease. We
found high-affinity interactions between the antiviral protease inhibitors lopinavir and
ritonavir with both OATP1A2 and OATP2B1. These interactions have already been doc-
umented [71-74]. Moreover, lopinavir and ritonavir are also inhibitors of OATP1B1 and
OATP1B3, which are the key transporters in the liver [71]. The IC5y values obtained in
our study are in harmony with those observed by Tupova et al. [72] and Kis et al. [73].
Moreover, a previous study [74] showed that lopinavir is transported by OATP1A2, so
OATP1A2 probably affects lopinavir absorption and blood to brain entry. Ivermectin, as
reported previously [75], also inhibited OATP2B1, although in our experiments, with a
higher affinity than that found by Karlgren et al. (20 uM, 39%—this may be explained by
the different test substrates used). However, here, we document, for the first time, that
ivermectin inhibits OATP1A2 function. Our experiments confirmed the relatively weak
interactions between chloroquine and hydroxychloroquine with OATP1A2 and OATP2BI,
and the observed ICs; values are in harmony with those found by others [76,77]. We ob-
served no interaction of favipiravir with the two OATPs examined here. There are no
data available for the interaction of remdesivir—currently a major anti-COVID-19 drug
candidate-with OATP1A2 and OATP2B1. Based on our data, showing a high-affinity
interaction of remdesivir with both transporters, and the relatively high plasma concentra-
tions of this drug (peak values in 3-5 uM [78,79]), remdesivir may significantly interfere
with the pharmacokinetics of drug substrates of OATP1A2 and OATP2B1. Our current
methods do not distinguish between transported and non-transported inhibitors, so further
investigations are needed to decipher whether OATP1A2 and OATP2B1 can mediate the
uptake of remdesivir. From the currently developed anti-COVID-19 drugs tested in our
study, favipiravir is the most promising candidate for avoiding unexpected drug—drug
interactions. Favipiravir, similar to what was found for the multispecific ABC transporters
located in the tissue barriers (see above), did not inhibit the function of the investigated
OATPs. Therefore, this compound is not expected to influence OATP-mediated drug phar-
macokinetics. As a summary, our current data, summarized in Table 2, provide a detailed
in vitro quantitative analysis on the interaction of the anti-COVID-19 agents with the key
human multispecific drug transporters. These in vitro assays, which should be followed
by careful clinical pharmacokinetic studies, may provide a strong warning against the
compassionate use of some of these agents, especially when other relevant drugs are also
applied to the patient, or in cases of endogenously impaired transporter activity.
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Interactions of anti-COVID-19
drug candidates with hepatic
transporters may cause

liver toxicity and affect
pharmacokinetics

Csilla Ambrus®3*, Eva Bakos*®, Balazs Sarkadi®*, Csilla Ozvegy-Laczka? & Agnes Telbisz?**

Transporters in the human liver play a major role in the clearance of endo- and xenobiotics. Apical
(canalicular) transporters extrude compounds to the bile, while basolateral hepatocyte transporters
promote the uptake of, or expel, various compounds from/into the venous blood stream. In the
present work we have examined the in vitro interactions of some key repurposed drugs advocated

to treat COVID-19 (lopinavir, ritonavir, ivermectin, remdesivir and favipiravir), with the key drug
transporters of hepatocytes. These transporters included ABCB11/BSEP, ABCC2/MRP2, and SLC47A1/
MATEL in the canalicular membrane, as well as ABCC3/MRP3, ABCC4/MRP4, SLC22A1/0CT1,
SLCO1B1/OATP1B1, SLCO1B3/OATP1B3, and SLC10A1/NTCP, residing in the basolateral membrane.
Lopinavir and ritonavir in low micromolar concentrations inhibited BSEP and MATE1 exporters, as
well as OATP1B1/1B3 uptake transporters. Ritonavir had a similar inhibitory pattern, also inhibiting
OCT1. Remdesivir strongly inhibited MRP4, OATP1B1/1B3, MATE1 and OCT1. Favipiravir had no
significant effect on any of these transporters. Since both general drug metabolism and drug-induced
liver toxicity are strongly dependent on the functioning of these transporters, the various interactions
reported here may have important clinical relevance in the drug treatment of this viral disease and the
existing co-morbidities.

COVID-19 is a devastating new viral disease still showing an overall fatality rate of about 2-3%, with numerous
patients requiring intensive care treatment. Several repurposed drugs have been proposed to have therapeutic
effects against Sars-CoV-2 both in vitro and in vivo, and currently the most widely studied and applied such
agents include ivermectin (IVE), ritonavir (RIT), lopinavir (LOP), favipiravir (FAV) and remdesivir (REM)'.
IVE is a frequently used anti-parasitic drug, especially effective in various tropical diseases. While IVE has also
been indicated to inhibit the cellular replication of the SARS-CoV-2 virus!, clinical trials showed no convincing
antiviral efficacy in this disease'®!!. LOP and RIT are efficient HIV protease inhibitors and were also shown to
have in vitro efficacy against SARS-CoV-2 replication®!2. However, clinical studies performed until now do not
support their anti-COVID-19 efficiency, neither when applied separately, nor in a combination, named Kaletra®.
Currently none of these compounds are promoted to be used in COVID-19 outside selected clinical trials'’. FAV
and REM are prodrugs invented earlier as antivirals, inhibiting viral RNA-dependent RNA polymerase. Currently
these two drugs have emergency use authorization for COVID-19 treatment in several countries, with still ongo-
ing clinical studies. Remdesivir can be applied in hospitals only, whereas favipiravir can be prescribed at earlier
disease stages for non-hospitalized patients as well. Currently the usefulness of these therapies is questionable,
although slight beneficial effects are probable'*.

Pharmacokinetic and pharmacodynamic characteristics, as well as toxic side effects of pharmaceutical agents
are greatly influenced by membrane transporters, especially by those expressed in tissue barriers and in the cen-
tral organ for drug metabolism, the liver (see Fig. 1). Canalicular ABC (ATP Binding Cassette) transporters in
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Figure 1. Schematic presentation of the localization and transport directions of the hepatocyte transporters
examined in the present work. SLC type transporters are colored red, ABC type transporters are blue, TJ: tight
junction.

hepatocytes, such as ABCC2/MRP2, ABCG2/BCRP, ABCB1/MDR1/ P-gp and ABCB11/BSEP (bile salt export
pump) mediate the extrusion of endo- and xenobiotics into the bile. P-gp, MRP2 and ABCG2 are multispecific
transporters mediating the efflux of hydrophobic (P-gp) or partially detoxified amphiphilic compounds (MRP2,
ABCG2). MRP2 is the key transporter for bilirubin conjugates. The SLC-type transporter MATE1 (SLC47A1—
multidrug and toxin extrusion protein 1) in the hepatocyte canalicular membrane mainly transports cationic
drugs, but also some zwitterionic and anionic molecules'>'¢, and mediates their biliary excretion. Inhibition of
these drug exporters may cause elevated liver toxicity due to compound accumulation. ABCB11 (bile salt export
pump, BSEP), the pump responsible for the extrusion of bile salts into the canaliculi, may also be inhibited by
numerous drugs, leading to cholestasis or drug-induced liver injury (DILI)".

Basolateral/sinusoidal ABC transporters (ABCC3/MRP3 and ABCC4/MRP4) defend the hepatocytes from
any potential overaccumulation of toxic agents, including drugs, by their extrusion into the venous blood'%.
Key SLC-type (“uptake”) drug transporters from the sinusoidal blood stream include SLC22A1/OCT1, SLC10A1/
NTCP, SLCO1B1/OATP1BI1 and SLCO1B3/OATP1B3. OCT1 preferentially supports the hepatocellular entry
of cationic agents, thus working in a coordinated fashion with the apical MATE1. NTCP primarily performs
sodium-dependent uptake of bile acids in the basolateral membrane of hepatocytes, thus NTCP, together with
BSEP, are major players in the enterohepatic circulation of bile acids. However, NTCP also promotes the hepato-
cyte uptake of several drugs, including statins, and therefore is a recognized risk factor for hepatic drug-drug
interactions*?%. OATP1B1 and OATP1B3 are the key organic anion uptake transporters in the liver. Although
with somewhat different selectivities and specificities, these transporters are responsible for the hepatocellular
uptake and elimination of a wide variety of drugs and toxic compounds from the blood stream. Inhibition of
these transporters causes an increase in blood retention and general toxicity of many clinically applied agents*-.

While the transporter-related pharmacology and toxicology properties of LOP, RIT and IVE have already been
examined in several studies, there are no detailed data available for REM and FAV. Previously we have studied
the interactions of these repurposed anti-COVID-19 drugs with tissue barrier membrane transporters!, while
in the current work, using various in vitro assays, we have examined their interactions with the key hepatocel-
lular transporters involved in hepatic drug clearance. Based on the data obtained, we also provide assessment of
in vivo pharmacokinetic properties and potential drug-drug interactions for these compounds.
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Figure 2. Inhibition of vesicular uptake of transporter-specific substrates by FAV, RIT, LOP, REM and IVE. (A)
Inhibition of ATP-dependent vesicular uptake of CDCEF in Sf9 cell membrane vesicles overexpressing MRP2.
30 ug (protein content) membrane vesicle was incubated with 5 pM CDCF at 37 °C for 10 min. Average values
of 3 independent experiments +/— SE are shown. (B) Inhibition of ATP- and benzbromarone sensitive CDCF
uptake into inverted HEK cell membrane vesicles overexpressing MRP3. 30 pig membrane vesicle was incubated
with 5 uM CDCEF at 37 °C for 10 min. Average values of 3 independent experiments +/— SE are shown. (C)
Inhibition of ATP- dependent DHEAS uptake into inverted HEK cell membrane vesicles overexpressing
MRP4. 50 g membrane vesicle was incubated with 0.5 uM DHEAS at 32 °C for 1.5 min. Average values of 3
independent experiments +/— SE are shown. (D) Inhibition of ATP- and glyburide-sensitive taurocholate (TC)
uptake into inverted HEK cell membrane vesicles, overexpressing BSEP. 50 pig membrane vesicle was incubated
with 2 uM TC at 37 °C for 10 min. Average values of 3 independent experiments +/— SE are shown.

Results

Interaction of potential anti-COVID-19 drugs with hepatic ABC transporters. MRP2 drug inter-
actions were characterized by following the inhibitory effects of drugs on ATP- and benzbromarone-sensitive
CDCEF uptake into inverted membrane vesicles generated from MRP2-overexpressing Sf9 cells (Fig. 2A and
Table 1). We found that IVE strongly decreased the accumulation of the probe substrate at higher than 10 uM
concentration, while LOP and FAV had no such effect. Interestingly, RIT and REM did not inhibit but rather
increased the probe substrate transport at high concentrations, possibly due to an allosteric effect*>*. Since
reduced glutathione (GSH) levels may affect MRP2-dependent substrate transport or drug interactions, we have

Scientific Reports |

(2021) 11:17810 | https://doi.org/10.1038/s41598-021-97160-3 nature portfolio



www.nature.com/scientificreports/

DOI:10.14753/SE.2023.2898

Table 1/A. Effects of drugs on hepatocyte exporters (basolateral: MRP3 and MRP4, apical: BSEP, MRP2 and MATE1)

MATE1/
ABCC3/MRP3 ABCC4/MRP4 ABCBI11/BSEP ABCC2/MRP2 SLC47A1
) (O ) (O ) (O ) (O ) (O
Hepatocyte exporters Type uM | Type uM Type |uM Type uM | Type
LOP inh >40 | No effect - inh 7.8 No effect | - inh 7.7
RIT inh 17 No effect - inh 32 Increase | - inh 1.4
IVE inh >50 | No effect - inh >30 inh >20 | Noeffect |-
REM No effect | - inh 2.9 inh >40 Increase | - inh 2.3
Table 1/B: Effects of drugs on hepatocyte importers (uptake transporters)
OATP1B1 OATP1B3 NTCP/SLC10A1 | OCT1/SLC22A1
(o7 (o IG;, ICs,
Hepatocyte importers | Type uM | Rvalue Type | uM R value Type uM | Type uwm
LOP inh 1.1 inh 2.6 inh >50 |inh >50
2.39 1.74
RIT inh 1.4 inh 1.5 inh 250 |inh 59
IVE inh =20 inh 1.4 1.07 no - no effect | -
REM inh 2.9 inh 4.3 inh >50 |inh 6.1
Table 1/C: Effects of drugs on the hepatocyte exporters ABCB1/Pgp and ABCG2/
BCRP, as measured previously in similar vesicular transporter assay systems (Telbisz
etal., 2021)
ABCB1/Pgp ABCG2/BCRP
(o7 (o)
Hepatocyte exporters Type uM Chax/ICso | type | pM Crnax/ICs0
LOoP inh 0.6 18.6 inh 4.2 3.33
RIT inh 0.3 2.66 inh 7.5 0.13
IVE inh 0.3 0.17 inh 1.1 0.047
REM inh >20 | nr inh >50 |nr

Table 1. Summary of the transporter modulation properties of the repurposed anti-COVID-19 drugs
examined in transport assays. Approximate ICs, (M) values were determined by nonlinear regression analysis
of the data shown in the results section, using GraphPad prism software (version 5.01, GraphPad, La Jolla, CA,
USA). Favipiravir (not listed) had no effect on any of the transporters examined. Estimation of the DDI effects
was performed as described in the Methods section, and references for in vivo parameters were provided in the
Discussion. For importers the R values (cut off value 1.1), while for the exporters C,,,,/ICs, values (cut off value
0.1) were calculated. For lopinavir and ritonavir R values were calculated for a combined treatment.

also examined these transport processes in the presence of 2 mM GSH, but neither the vesicular uptake of
CDCE, nor its inhibition by the drugs examined were affected (data not shown).

MRP3 drug interactions were characterized by measuring ATP- and benzbromarone sensitive CDCF uptake
into inverted HEK-293 membrane vesicles generated from MRP3-overexpressing HEK-293 cells (Fig. 2B and
Table 1). Only RIT inhibited the MRP3 transport function at a lower than 10 uM concentration, whereas LOP
and IVE were effective only at higher concentrations (>20 uM), while FAV and REM did not influence MRP3
transport at all.

MRP4 drug interactions were characterized by measuring ATP-sensitive DHEAS (dehydroepiandrosterone-
sulfate) uptake into inverted membrane vesicles generated from MRP4 overexpressing HEK-293 cells (Fig. 2C and
Table 1). We found that most drugs examined had no significant inhibitory effect on MRP4-dependent substrate
transport (a maximum of 10-30% inhibition was observed by up to 50 uM of RIT, LOP, IVE or FAV), while REM
had a strong inhibitory action on this transporter, with an ICs, of about 2.3 uM (Fig. 2C).

BSEP drug interactions were characterized here by measuring the effects of drugs on ATP- and glyburide
sensitive taurocholate (TC) uptake into inverted cell membrane vesicles generated from BSEP overexpressing
HEK-293 cells (Fig. 2D and Table 1). We found that LOP and RIT strongly inhibited TC transport at low con-
centrations (see Table 1 for ICs, values) whereas IVE and REM were only effective above 20 uM. FAV did not
modify BSEP-mediated TC transport.

Cellular assays for SLC type transporters. OATP1BI1 (Fig. 3A) and OATP1B3 (Fig. 3B) drug inhibi-
tion was studied by measuring the uptake of the fluorescent model substrate, pyranine, into A431 cells overex-
pressing the respective transporters and into mock-transfected control cells. As shown on Fig. 3, the drug inhi-
bition panel for the two OATPs examined was somewhat different: IVE was less inhibitory for OATP1B1 than
for OATP1B3, and RIT, LOP and REM had strong inhibitory effect at low micromolar range but with slightly
different ICs, values for both transporters (see Table 1). FAV did not modify OATP functionality in our assay.

MATEI1 (SLC47A1) interaction was characterized by metformin uptake into MDCKII cells overexpressing
MATE]1 and in mock-transfected controls. As shown in Fig. 4A, LOP, RIT and REM had a strong inhibitory
action on this transporter at the low micromolar range, while IVE and FAV showed practically no inhibition of
MATE] transport activity (see also Table 1).
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Figure 3. Inhibition of OATP1B1 (Panel A) and OATP1B3 (Panel B) dependent pyranine uptake in transporter
overexpressing A431 cells by repurposed anti-COVID agents. Cells were incubated with 10 uM (OATP1B1) or
20 uM (OATP1B3) pyranine in the presence or absence of increasing concentrations of anti-COVID agents at
37 °C for 15 or 30 min (OATP1B1 or OATP1B3, respectively). Average values of 3 independent experiments +/—
SD are shown.
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Figure 4. Inhibition of the cellular uptake of transporter-specific substrates by the repurposed anti-COVID
agents FAV, RIT, LOP, REM and IVE. (A) Inhibition of MATEI dependent metformin uptake in MATE1-
overexpressing MDCKII cells. Uptake was measured by 10 uM metformin for 10 min at 37 °C. Average values
of 3 independent experiments +/— SE are shown. (B) Inhibition of OCT1-dependent metformin uptake in
OCT1-overexpressing HEK cells. Uptake was measured by 10 uM metformin for 5 min at 37 °C. Average values
of 3 independent experiments +/— SE are shown. (C) Inhibition of NTCP-dependent taurocholate uptake in
NTCP-overexpressing HEK cells. Uptake was measured by 2 uM taurocholate for 2 min at 37 °C. Average values
of 3 independent experiments +/— SE are shown.

OCT]1 (SLC22A1) interaction was measured by metformin uptake into HEK-293 cells overexpressing OCT1
and mock-transfected controls. As shown in Fig. 4B, RIT and REM had a strong inhibitory effect on this trans-
porter (below 10 uM), while LOP was less inhibitory, and IVE and FAV had no significant inhibitory action on
OCT1 transport (see also Table 1).

NTCP/SLC10A1 interaction was investigated in HEK-293 cells overexpressing NTCP, where taurocholate
(TC) uptake was measured in NTCP-overexpressing and in mock-transfected control cells. As shown in Fig. 4C,
the repurposed anti-COVID agents had relatively weak inhibitory action on this uptake transporter: RIT, LOP
and REM had IC;, values at or above 50 uM, and IVE and FAV showed only minor inhibition, and observed
only at higher concentrations.
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Discussion

In the present work we have studied transporter interactions of several repurposed potential anti-COVID-19
agents. We focused on key membrane transporters involved in the liver uptake and excretion of endo- and xeno-
biotics and applied well documented in vitro assay techniques to characterize these interactions. We selected
lopinavir, ritonavir, ivermectin, remdesivir and favipiravir as promising repurposed anti-COVID-19 agents for
these studies. Some of the data presented here reinforces previously described transporter-drug interactions. In
addition, our study on the key hepatocyte transporters working in a network at the uptake and export sites, may
help decipher both potential risks of drug-induced liver injury (DILI) and alterations in general hepatocellular
functions. Importantly, in the case of the clinically most promising agents, remdesivir and favipiravir, our findings
may serve as a valuable addition to the previously scarce information about transporter interaction of these drugs.

In the case of ABC transporters, we employed a vesicular transport assay system based on inside-out vesicles
generated of membrane isolates in which modulatory effects of the drugs on the accumulation of model substrates
could be quantitatively examined. For SLC-type transporters we used whole-cell assays, in which drug modula-
tion of a transporter specific substrate uptake was measured. In order to provide an estimation of potential in vivo
drug effects from in vitro data, we followed the recommendations of the International Transporter Consortium
(ITC)* and used the available pharmacokinetic data for the given compounds, to indicate potential drug-drug
interaction risks (DDI)**. We used the recommended in vivo—in vitro extrapolation approach, based on the R
values for OATP transporters and the C,,,,/ICs, values for ABC transporters (see the Methods section). In this
extrapolation, our ICs, values and the FDA-published pharmacokinetic data for these drugs were used.

In harmony with earlier investigations, our results show that IVE has a strong in vitro inhibitory effect on
ABCB1, ABCG2 and OATPI1B3 transporters (***-%7, Table 1). According to the FDA guideline for stromectol
(IVE), we calculated the possible drug influence using a 165 ug/kg IVE dose and a peak plasma concentration
value of 46 ng/ml (https://www.accessdata.fda.gov/drugsatfda_docs/label/2008/050742s0221bl.pdf). The pre-
dicted R value for IVE in the case of OATP1B3 (1.07) is near to the 1.1 cut-off value, and the C,,,,/IC;, value is
above the 0.1 cut-off value for ABCBL1 (0.17) but not for ABCG2 (0.047). These data suggest that higher dose IVE
treatment may increase the risk of DDI related to the interactions with these transporters. As widely accepted,
mainly the ABCB1/P-gp and the ABCG2/BCRP efflux transporters are responsible for reduced human IVE toxic-
ity, by restricting the absorption of this drug in the intestine and protecting the brain as part of the blood-brain
barrier*>*3%%_ Based on our results, MRP2 and BSEP inhibition appears only at higher IVE concentrations
(above 20 uM), which probably does not occur in vivo, but compromised ABCB1 and ABCG2 transporter func-
tion (mutations, inhibition) may increase available drug plasma levels.

LOP and IVE were suggested to be used in combination (Kaletra) for antiviral treatment®. It has been reported
that these drugs strongly inhibited several drug transporters in a wide array of in vitro assays'”*”4**>, and here we
have also found that LOP and RIT inhibited several hepatic transporters with high affinity (ICs,-s below 10 M,
see’ and Table 1). According to an FDA dataset for Kaletra, the potential treatment dose is 400 mg lopinavir
and 100 mg ritonavir, added in combination as an antiviral treatment (https://www.accessdata.fda.gov/drugs
atfda_docs/label/2013/0212515046_021906s0391bl.pdf). This dose results in about 11-20 pM of lopinavir and
1-1.73 uM of ritonavir peak plasma concentrations in vivo*®. The estimated R values for OATP1B1 (2.39, com-
bined) and OATP1B3 (1.74, combined), and the C,,, /IC;, values for ABCB1 (18.6 for LOP, 2.66 for RIT) and
ABCG2 (3.33 for LOP, 0.13 for RIT) indicate that LOP and RIT may exceed the cut-off values of these transporters
and thus, inhibition of these transporters can be a relevant factor in DDI risk. Though the RIT dosage is relatively
low in Kaletra, the measured low ICg, values indicate that RIT may exacerbate lopinavir-mediated transporter
inhibition in the combination treatment.

Estimation of clinical relevance from the in vitro inhibition data regarding the other investigated transporters
is more difficult. However, the low in vitro ICg, values (Table 1) for the OCT1 and the MATEI transporters raise
the possibility of potentially compromised in vivo function of these transporters. Previously, RIT was classified
as a highly potential DILI causing compound, based on information in the NIH LiverTox Database*’ (livertox.
nih.gov) and the Liver Toxicity Knowledge Base (fda.gov), although the cause of the observed liver enzyme eleva-
tions during ritonavir therapy has not yet been fully understood. The risk of DILI by RIT and LOP may occur via
several mechanisms. It is known that these drugs are extensively metabolized via CYP3A4, and the production
of toxic intermediates as well as their interactions with multidrug transporters may be involved in liver toxicity.
Another significant source of DILI can be a compromised bile acid handling. If hepatocellular concentrations of
these drugs reach the micromolar range, the bile acid exporter activity of BSEP may be decreased, because the
IC, values of LOP and RIT regarding BSEP were 7.8 and 3.2 puM, respectively. Indeed, even low potency BSEP
inhibition may be biologically significant if the local drug exposure is high. It has been reported that basolateral
MRP3 and MRP4 provide a compensatory mechanism for bile acid efflux in the case of BSEP inhibition* and,
although these transporters also interact with RIT and LOP, the high IC;, values indicate that RIT and LOP may
not inhibit the function of these transporters in vivo. However, the combined inhibition of BSEP and these trans-
porters may lead to a clinically significant DILI, especially in the case of a wide-spread inflammation caused by a
Sars-CoV-2 infection. In addition, pharmacokinetics of other drugs, optionally co-dosed in COVID patients, may
be influenced by LOP/RIT. For example the transport of OATP1B substrate drugs, including statins, repaglinide,
olmesartan and valsartan®*>*, or the OCT1- and MATE1-mediated metformin transport™ could also potentially
be affected by LOP and/or RIT. Consistently with in vitro findings of transporter inhibition studies, Macias et al.
found in a cross-sectional study a high overall frequency of DDI between ritonavir-boosted lopinavir for treating
COVID-19 and other relevant medications such as statins, antibiotics, corticosteroids, or antiarrhythmic drugs®.

Since REM is a most promising repurposed drug in treating COVID-19, in this work we carefully assessed
potential transporter inhibitions by this compound in various assay systems. REM did not show a significant
inhibition of the ABC transporters, while we observed strong inhibition of OATP transporters (IC5, of OATP1B1
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and 1B3 were 2.9 and 4.3 uM, respectively) (Table 1). Moreover, OCT1- and MATE1-mediated in vitro met-
formin transport was inhibited by REM in a concentration-dependent manner with an IC;, of 6.1 and 2.3 uM.
These in vitro ICs, concentrations are close to the peak plasma concentration observed 30 min after intravenous
administration of 200 mg REM for 30 min®, or close to the 3.7 uM C,,,, after intravenous administration of a
clinically applied dose of 100 mg remdesivir in healthy adults (https://www.accessdata.fda.gov/drugsatfda_docs/
label/2020/2147870rig1s0001bl.pdf).

Based on our data, a combined inhibition of these transporters may affect the uptake and the biliary extrusion
of both anionic and cationic drugs as well as endogenous substates, such as bile acids. REM also inhibited the
NTCP-mediated uptake of taurocholate in a concentration-dependent manner. As NTCP and BSEP inhibition
in vitro occurred only at high REM concentrations (40-50% inhibition at 50 tM) probably not achieved in vivo,
this effect may not be considered clinically relevant. REM was shown to inhibit MRP4 in vitro (ICs, was 2.9 M),
whereas it did not inhibit either MRP2 or MRP3. Since MRP4 has the ability to transport nucleoside analogue
drugs?™, this relatively selective effect was not unexpected. Regarding MRP4, there are no specific citations of
clinically relevant DDIs ascribed to this transporter, and there is only limited information on the role of MRP4 in
the clinical ADME of drugs. However, MRP4 is a multispecific pump extruding endogenous metabolites, includ-
ing bile acids, urate, and conjugated steroid hormones into the bile canaliculi, therefore its potential involvement
in adverse effects and DDI cannot be excluded. When treating co-morbidities in COVID-19, clinically important
MRP4 drug substrates include cephalosporin, several antibiotics, diuretics like furosemide and hydrochlorothi-
azide, as well as olmesartan'®?!-2>%-8_[n addition, MRP4 inhibitors include non-steroidal anti-inflammatory
and cardiovascular drugs®. It should be noted that while in this work we focused on liver resident transporters,
MATEI and MRP4 are also highly expressed in the basolateral renal tubular membranes and these proteins
have an important role in renal drug excretion. The current FDA guideline recommends evaluation of MATE1-
mediated interactions for drugs that undergo significant renal secretion (=25% of total systemic clearance). Thus,
REM inhibition of MRP4 may have multiple effects on general uric acid and drug clearance. In addition, MRP4
in the intestinal epithelia is involved in the oral absorption of various drugs, while in the blood-brain barrier
MRP4 has a protective role for the central nervous system from drugs?®’.

In our REM studies, the data support earlier observations (https://www.ema.europa.eu/en/documents/other/
summary-compassionate-use-remdesivir-gilead_en.pdf) on the inhibition of OATP1B1, OATP1B3, BSEP, MRP4,
and NTCP, while MATE] inhibition is a new information. Since REM is rapidly cleared (T1/2 =69 min)* from
the human body, the potential of REM to be a perpetrator of clinically significant drug-drug interactions through
these hepatic transporters is limited.

As a summary, we found that the examined repurposed anti-COVID-19 agents, with the exception of FAV,
have multiple inhibitory effects on hepatic membrane transporters. These results may significantly help to deci-
pher the effects of these transporter-drug interactions on general drug clearance and drug-induced liver toxicity.
In addition, the various interactions quantitatively assessed here should be considered in clinical drug treatment
strategies for the COVID-19 disease and for understanding existing co-morbidities.

Methods

The source of materials is provided in the detailed descriptions of the methods applied. Lopinavir, ritonavir and
ivermectin were obtained from Sigma Aldrich Inc.; favipiravir (T-705) from MedChem Express; remdesivir was
kindly provided by Lajos Szente, Cyclolab Ltd, Budapest, Hungary.

For the ABC-type transporter assays we used isolated membrane vesicle-based functional assays. ABCC2/
MRP?2 vesicles were prepared from Sf9 cells infected by the human MRP2 coding baculovirus using a previously
established method*. ABCB11/BSEP, ABCC3/MRP3 and ABCC4/MRP4 membranes were prepared from trans-
porter expressing HEK-293 cells by Solvo Biotechnology (Budapest, Hungary). The vesicular uptake of trans-
porter specific substrates was measured, and transporter related uptake was defined as the difference between
the uptake with and without ATP (in the presence of AMP). Transporter specific inhibitors were also applied
to control the specificity of transporters. For BSEP, radiolabeled taurocholate (1.5 pCi/sample of radiolabeled
compound plus 2 pM unlabeled TC) (PerkinElmer Co); for MRP2 and MRP3, CDCF (5(6)-Carboxy-2',7'-
dichlorofluorescein, Sigma) (5 uM); for MRP4, radiolabeled dehydroepiandrosterone sulfate (DHEAS) (0.2 uCi
radiolabeled compound plus 0.5 pM unlabeled DHEAS) (PerkinElmer Co) substrates were used. Applied specific
inhibitors were 100 uM glyburide for BSEP, 40 uM benzbromarone for MRP2 and MRP3, and 50 uM MK571
for MRP4. A 30 pug (MRP2, MRP3) or 50 ug (BSEP, MRP4) protein/sample was incubated for 10 or for 1.5 min
(MRP4) with the specific substrate at 37 °C or at 32 °C (MRP4) in the presence of test drugs (added in 1 ul of
DMSO) and incubation was started by pipetting 4 mM Mg-ATP or Mg-AMP to the samples. DMSO was added to
the controls as well. The sample volume was 75 pl. After the incubation, samples were filtrated and washed rapidly
on the Millipore manifold vacuum filter in MSFBN6B10 (Millipore, Burlington, MA, US) filter plate. After the
plates were dried, Optiphase HiSafe (PerkinElmer) scintillation cocktail was added to each well for detection of
radiolabeled compounds. CDCF was dissolved from the filter by 10% SDS and as a fluorescence stabilizer 0.1 N
NaOH was added. The amount of radiolabeled substrates inside the filtered vesicles was determined by liquid
scintillation counting by a MicroBeta Scintillation Counter (PerkinElmer, Waltham, MA, US). CDCF fluores-
cence was measured by VictorX (PerkinElmer Perkin-Elmer, Waltham, MA, US) plate reader at 492/635 nm.

For the SLC type transporter assays we used whole cell assays, by employing cell lines specifically expressing
the investigated hepatic transporters and the relevant control, mock-transfected cell lines®.

For the OATP1BI and OATPI1B3 transporter assays, the interaction between potential anti-COVID-19
agents and OATPs was investigated in a microplate-based indirect assay employing pyranine as described®.
Briefly, A431 cells (ATCC) overexpressing OATPs®® and mock transfected A431 cells as control were seeded on
96-well plates in a density of 8 x 10* cells/well and cultured for 24 h at 37 °C. The next day, cell culture media was
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removed and the cells were preincubated in an uptake buffer in the presence or absence of anti-COVID-19 agents
for 5 min at 37 °C. The reaction was started by the addition of an uptake buffer containing a final concentration
of 10 uM (OATP1B1) or 20 uM (OATP1B3) pyranine and cells were incubated at 37 °C for 15 min (OATP1B1)
or 30 min (OATP1B3). The reaction was stopped by removing the supernatant and the cells were washed with
ice-cold PBS. The fluorescence of cells was determined using an Enspire fluorescent plate reader (PerkinElmer
Co), Ex/Em: 460/510 nm. OATP-dependent transport was determined by extracting fluorescence measured in
mock transfected cells.

MATEI (SLC47A1), OCT1 (SLC22A1) and NTCP (SLC10A1) transporter inhibition assays were performed
as follows: overexpressing cell lines created by lentiviral method were used for these assays described in®'.
MATEL1 was overexpressed in Madin-Darby canine kidney strain IT (MDCKII) cells while OCT1 and NTCP
were overexpressed in HEK-293 cells. Cells were seeded into 96-well tissue culture plates at a cell density of
1% 10° cells per well. Experiments were performed 16-24 h after seeding. Before the experiments, cells were pre-
incubated at 37 °C for 5 min in a Krebs Henseleit buffer (KHB, pH 8.0) or Hank’s balanced salt solution (HBSS,
pH 7.4) containing the tested drug at increasing concentration. DMSO was used for solvent control and the
reference inhibitor (RI) for reference inhibitor wells. After the pre-incubation step, the solutions were removed.
Experiments were performed at 37 °C in KHB or in HBSS containing the appropriate probe substrate and the
drug at increasing concentrations. The organic solvent concentrations were equal in all wells. Cells overexpress-
ing MATE1 and OCT1 were incubated with metformin (10 pM, including 0.2 or 0.1 pCi/mL "*C-metformin) for
10 or 5 min, respectively, while cells overexpressing NTCP were incubated with TC (2 uM, including 2 uCi/mL
*H-TC) for 2 min at 37 °C. MDCKII or HEK293-Mock (empty vector transduced) cells were used as a control.
After the experiment, cells were washed twice with 100 pL of cold HBSS and lysed with 50 pL of 0.1 M NaOH
and then analyzed by liquid scintillation.

Data and statistical analysis. All experiments were performed in duplicates and repeated in three bio-
logical replicates, thus each data point reflects six independent measurements. The group sizes were equal in all
experiments. Normalization for the per cent (%) of control values was performed after subtracting the back-
ground levels as specified in the assay descriptions above, in order to avoid the inherent differences of the trans-
porter activities and to properly reflect the inhibitory potential of each drug examined. ICy, values were calcu-
lated by nonlinear regression analysis using the GraphPad prism software (version 5.01, GraphPad, La Jolla, CA,
US https://www.graphpad.com/scientific-software/prism/).

For the estimation of potential in vivo drug effects, we have used the R values and the C,,,,/ICs, values, calcu-
lated as described in the International Transporterter Consortium guideline®*, and the available pharmacokinetic
data for the compounds. The R value is defined as 1 + (fu x [in, max/ICs), in which Iin, max is the estimated
maximum inhibitor concentration at the inlet to the liver and is equal to: Iin, max = Cmax + (ka x Dose x FaFg)/
Qh/RB, where C,,,, is the maximum systemic plasma concentration of the inhibitor; ka is the absorption rate
constant. ka=0.1/min was used as the worst-case estimate; Fa is the fraction absorbed, and Fa=1 was used as
the worst-case estimate. Fg is the intestinal availability, and Fg=1 was used as the worst-case estimate; Qh is the
hepatic blood flow rate. Qh=1,500 ml/min was used; RB is the blood-to-plasma concentration ratio, assumed
to be 1. ICs is the drug concentration which caused in vitro measured half maximum inhibition of the given
transporter.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.
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Abstract: ABCB4 is almost exclusively expressed in the liver, where it plays an essential role in bile
formation by transporting phospholipids into the bile. ABCB4 polymorphisms and deficiencies
in humans are associated with a wide spectrum of hepatobiliary disorders, attesting to its crucial
physiological function. Inhibition of ABCB4 by drugs may lead to cholestasis and drug-induced
liver injury (DILI), although compared with other drug transporters, there are only a few identified
substrates and inhibitors of ABCB4. Since ABCB4 shares up to 76% identity and 86% similarity in the
amino acid sequence with ABCB1, also known to have common drug substrates and inhibitors, we
aimed to develop an ABCB4 expressing Abcbl-knockout MDCKII cell line for transcellular transport
assays. This in vitro system allows the screening of ABCB4-specific drug substrates and inhibitors in-
dependently of ABCB1 activity. Abcb1KO-MDCKII-ABCB4 cells constitute a reproducible, conclusive,
and easy to use assay to study drug interactions with digoxin as a substrate. Screening a set of drugs
with different DILI outcomes proved that this assay is applicable to test ABCB4 inhibitory potency.
Our results are consistent with prior findings concerning hepatotoxicity causality and provide new
insights for identifying drugs as potential ABCB4 inhibitors and substrates.

Keywords: ABCB4 inhibitors; MDR3; hepatotoxicity; drug-induced liver injury

1. Introduction

Multidrug resistance protein 3 (MDR3, ABCB4) is predominantly expressed in the
canalicular membrane of hepatocytes. It has been predicted to be a floppase that translocates
phosphatidylcholine (PC) from the inner to the outer leaflet of the membrane bilayer [1-3].
Translocated PCs are available for extraction by bile salts mixed micelles, and exert two
essential functions in the bile: they protect the biliary tree from the detergent activity
of bile salts [4,5], and maintain cholesterol solubility, preventing supersaturation with
cholesterol [6].

In agreement with these proposed roles, ABCB4 mutations result in a broad spectrum
of phenotypes ranging from progressive familial intrahepatic cholestasis type 3 (PFIC3)
to ABCB4-related cholestatic liver disorders of varying manifestation and severity in
adults [7]. Clinical studies revealed the strong association between ABCB4 gene mutations
and low-phospholipid-associated cholelithiasis syndrome (LPAC), a rare type of gallstone
disease [8,9].

Historically, ABCB4 was classified as multidrug resistance transport protein based
on 76% identity and 86% similarity of its amino acid sequence to the highly promiscuous
ABCBI transporter [10]. In a recent publication on cryo-EM studies with chimeric trans-
porters of ABCB1 and ABCB4, a shared overall transport mechanism has been proposed.
It suggests that ABCB4 transports PC to the outer membrane leaflet by an alternative
access mechanism with the entire phospholipid molecule entering and leaving a central
translocation pathway, in contrast to mechanisms proposed for other phospholipid trans-
porters [11]. However, the loss of ABCB4 function is not readily compensated by ABCB1
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or by other mechanisms [12]. In mouse knockout studies Abcb1 is unable to compen-
sate for loss of Abcb4 function, as these mice develop a liver disease that appears to be
caused by the complete inability of the liver to secrete phospholipids into the bile [5]. In
a similar fashion, stable transfectants of LLC-PK1 cells revealed that ABCB1 has broad
specificity for phospholipids, but ABCB4 expressing cells exclusively released short chain
phosphatidylcholine [13].

In contrast, ABCB4 can recognize and transport ABCB1 substrates, but its role in
conferring drug resistance is still inconclusive. Although the transport rate was low
for most ABCB1 substrates, Smith et al. demonstrated directional transport of digoxin,
paclitaxel, vinblastine and ivermectin through ABCB4-transfected LLC-PK1 cells. Digoxin
transport was inhibited by typical ABCBI inhibitors such as verapamil, cyclosporin A or
valspodar [5,13-16]. These results also suggest that ABCB4 is primarily a PC transporter
that can translocate various typical ABCB1 substrates as well. Even though ABCB4 showed
approximately 10-fold less ATPase activity than ABCBI, this activity is enough to confer
multidrug resistance in chimera protein containing ABCB1 transmembrane domains [17].
The potential role of ABCB4 in multidrug resistance was indicated by increased ABCB4
transcript levels in paclitaxel-, doxorubicin-, and vincristine-resistant cell lines [18-20].
ABCB4 overexpression was also correlated with high-risk Wilms tumors [21].

Drug-induced liver injury (DILI) is a leading cause of drug development termination;
therefore, its prediction in early stages is crucial [22,23]. Because of its role in the process of
bile formation, inhibition of ABCB4 by drugs is believed to contribute to DILI and impact
the hepatocellular /biliary toxicity of bile acids [24,25]. Drug-induced cholestasis (DIC), a
frequent manifestation of DILI [26], is caused by alterations in the hepatobiliary disposition
of bile acids, which in turn, is a result of direct injury to the bile ducts or inhibition of bile
acid formation or transport [27,28]. Several drugs cause cholestasis by inhibiting canalicular
efflux transporters [7,29]; however, there are significant differences in the relevance of
biliary transporter inhibition in the development of DILI [30,31]. Inhibition of ABCB11
(Bile Salt Export Pump, BSEP) is a major risk factor in the development of cholestatic
hepatotoxicity, though recent publications do not fully underscore this correlation [32,33].
To improve the predictive power, multidrug resistance proteins (MRPs) are included in
screens with varying degrees of success [30,33,34]. In contrast to ABCB11, inhibition of
ABCB4 in cholestatic diseases has received little attention to date.

Impaired ABCB4-mediated biliary phospholipid secretion was shown to be involved
in itraconazole-induced cholestasis, where biliary PC levels were markedly reduced, while
biliary bile salt levels remained unchanged [24]. While studying antifungal agents, Mahdi
et al. described the inhibitory effect of ketoconazole and posaconazole in LLC-PK1-ABCB4
cells [35].

In a primary hepatocyte assay, ABCB4-mediated PC transport was investigated using
several structurally distinct cholestatic drugs [25]. In a similar study, Aleo et al. tested
125 drugs grouped by their DILI potential, and identified several drugs which are shared
inhibitors of both ABCB4 and ABCBL11 [36]. These results suggest that such inhibitors may
exacerbate the cholestatic effect [35].

Although in vitro ABCB4 assays have been already reported, only a few addressed the
role of ABCB4 in drug interactions [25,36]. Hence, compared with other drug transporters,
ABCB4 has a small number of identified drug substrates and inhibitors. Therefore, we
aimed to investigate ABCB4 activity and interaction with drugs independently of other
transporters in an in vitro assay.

Here, we developed an Abcb1 knockout (Abcb1KO) MDCKII-ABCB4 cell line, which
shows a polarized morphology and completely lacks Abcb1 background activity but has
ABCB4 activity. Using this cell line, the interaction of several hepatotoxic, anticancer as
well as ABCBI1 interactor drugs with ABCB4-mediated digoxin transport was investigated.
We showed that this assay system is also well suited to identify potential drugs highly
specific for ABCB4 by excluding overlapping specificity from Abcb1.
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2. Results
2.1. Characterization of the Abcbl Knockout MDCKII Cell Line Engineered to Express ABCB4

An Abcb1 biallelic knockout MDCKII (Abcb1KO-MDCKII) cell clone was generated by
GenScript (Leiden, the Netherlands) using the CRISPR/Cas9 system. To verify biallelic KO,
the canine Abcb1-related properties of the Abcb1KO-MDCKII and MDCKII parental cells
were characterized. The transcript levels of Abcbl in the cell lines were analyzed by RT-
qPCR (Figure Sla). The parental MDCKII and Abcb1KO-MDCKII cells were examined by
FACS using a calcein AM assay. Compared with the MDCKII parental cells, the Abcb1KO-
MDCKII cells exhibited a high fluorescent signal, corresponding to the lack of canine Abcb1
efflux activity (Figure S1b).

To confirm the impact of endogenous canine Abcb1 on the efflux ratio (ER) on two
prototypic Abcb1 substrates, bidirectional transport experiments with digoxin and talinolol
(both 1 uM) were performed. In the MDCKII parental cells, apparent permeability (Papp)
in the B-A direction was higher than in the A-B direction, with an average ER of 4.74 4 0.15
for digoxin and 2.70 & 0.57 for talinolol, indicating active transport by canine Abcbl. In
contrast, digoxin and talinolol Papp were identical in both directions in Abcb1KO-MDCKII
cells, with an ER close to unity (Figure 1a). The Abcbl inhibitor valspodar decreased
the efflux ratios of both digoxin and talinolol close to unity in the MDCKII parental cells,
whereas in the Abcb1KO-MDCKII cells the ER remained unaffected. In a previous study,
using this Abcb1KO-MDCKII cell line, we also confirmed that maraviroc has a strong
affinity for endogenous canine Abcb1 in MDCKII cell lines, despite the lack of transport in
the Abcb1KO-MDCKII cell line [37].
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Figure 1. Efflux ratios for prototypic ABCB1 substrates. (a) Efflux ratios for digoxin and talinolol
(1 uM, traced with 0.17 uCi/mL *H-labelled probe) in the MDCKII parental and in the Abcb1KO
cells. The dashed line indicates an efflux ratio of 2. Data are presented as mean =+ standard deviation
for 3 experiments each performed in triplicate. (b) Functional characterization of ABCB1, Mock and
ABCB4 cells using prototypical ABCB1 substrates (1 uM, traced with 0.17 uCi/mL 3H-labelled probe).
The dashed line indicates an efflux ratio of 2. Data are presented as mean =+ standard deviation for
3 experiments each performed in triplicate.

For the purpose of this study, we expressed the ABCB4 protein in this Abcb1KO-
MDCKII cell line. Expression of human ABCB4 mRNA were determined in the Abcb1KO-
MDCKII-Mock and Abcb1KO-MDCKII-ABCB4 cells by RT-qPCR (Figure S2). The ABCB4
mRNA level (determined by the formula 2~(*A¢1) was approximately 6000-fold higher in
the Abcb1KO-MDCKII-ABCB4 cells than in Abcb1KO-MDCKII-Mock cells. Canine Abcb1
mRNA could not be detected in any of the cell lines.

Protein expression of human ABCB1 and ABCB4 were assessed by Western blot
in the Abcb1KO-MDCKII-ABCB4, Abcb1KO-MDCKII-Mock and previously established
Abcb1KO-MDCKII-ABCBI cells (from now on referred as ABCB4, Mock and ABCBI cells,
respectively). Human ABCBI1 protein was detected in the ABCB1 cells, but not in the
ABCB4 cells, and ABCB4 was expressed only in the ABCB4 cell line. Neither ABCB1 nor
ABCB4 was detectable in the Mock cells (Figure S3a,b).
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2.2. Characterization of ABCB4 Transporter Function in the Abcb1KO-MDCKII-ABCB4 Cell Line
in Comparison with ABCB1 Function in Abcb1KO-MDCKII-ABCB1 Cells

Since the substrate specificity of ABCB4 and ABCB1 was reported to be overlapping,
we tested five known ABCBI1 substrates (quinidine, prazosin, fexofenadine, digoxin, and
ketoconazole at 1 uM final concentration) in bidirectional transport assays using ABCBL,
Mock and ABCB4 cell lines (Figure 1b). While digoxin is a shared substrate for ABCB1 and
ABCB4, it shows higher ER in the ABCB1-expressing cell line compared with ABCB4. The
other compounds span a wide range of ERs (3.47 to 39) in the ABCB1-expressing cells. In
contrast, quinidine and fexofenadine showed ER < 2 in the ABCB4 cells, which is a cut-off
value for active efflux. In the case of prazosin, minor ABCB4-mediated directional transport
was detected. Ketoconazole is an ABCB1 inhibitor [38] and an ABCB1 substrate [39].
Accordingly, an ER of 5.54 for ketoconazole was seen in the ABCB1 cell line. Under the
experimental conditions of the present study, ketoconazole was also identified as an ABCB4
substrate (ER 2.78). The corresponding ERs in the control experiments using Mock cells
were at, or very close to, unity.

For further functional validation of the assay, digoxin was used as an ABCB4 probe
substrate. ABCB4-mediated digoxin transport experiments were conducted as a time
course by taking samples from both compartments at various time points (1, 2, 3, 4 and
6 h). During the 6-h incubation, digoxin transport was roughly linear. Therefore, taking
samples at one fixed time point should suffice for Papp calculations, and the 3 h time point
was chosen for this (Figure S4a). The transepithelial transport of digoxin was measured
for 3 h using a range of initial concentrations (Figure 54b,c); however, because of the low
aqueous solubility and potentially higher Km, the kinetic parameters of digoxin transport
could not be determined.

2.3. Screening ABCB4 Interactors with Different DILI Concern to Test the Predictive Potential of
the ABCB4 Transport Assay Using Digoxin

To investigate the predictive nature of the ABCB4 bidirectional assay in potential
drug-ABCB4 interactions, inhibition studies were performed using 30 drugs with different
DILI outcomes (18 Most-DILI concern, 9 Less-DILI concern and 3 No-DILI concern) from
the U.S. Food and Drug Administration (FDA) Liver Toxicity Knowledge Base (LTKB).
In addition, seven structurally diverse compounds were also tested in ABCB4 inhibition
assays. The concentration-dependent effect of the selected compounds on ABCB4-mediated
digoxin (1 pM) transport were determined.

The known ABCB4 inhibitors itraconazole [24,25,35,40] and verapamil [16,25,36]
showed potent inhibition of ABCB4 with estimated ICsy values of 0.17 and 0.39 uM, re-
spectively. Ketoconazole (ICsy 0.56 pM), ritonavir (ICsq 0.73 uM), saquinavir (ICsq 1.4 pM)
and valspodar (ICsg 0.15 uM) also inhibited ABCB4-mediated digoxin transport. As shown
in Table 1, fluconazole, amiodarone, carbamazepine, minoxidil, furosemide and acetyl-
salicylic acid have no effect on ABCB4-mediated transport of digoxin. The results are in
agreement with the previous studies on hepatocytes [25,36]. We also identified ivermectin
as an ABCB4 inhibitor in our assay, which is not surprising since it was described earlier
that ABCB4 can bind and transport ivermectin in LLC-PK1-ABCB4 cells [16]. We did not
detect interaction with methotrexate in our assay, in contrast to previous data [36]. In
the case of benzbromarone, we observed the opposite phenomenon compared with other
reported inhibitors. Instead of an ICs value of 0.4 uM [36], a significantly higher ICsy value
(19.89 uM) was determined in the ABCB4 cells.

Among drugs with Less-DILI-concern, the ABCB1 modulator amlodipine [41] showed
a weak interaction with the ABCB4 protein. Fenofibrate, felodipine and pantoprazole
showed no interaction with the ABCB4 transporter at the concentrations we tested, whereas
carvedilol proved to be a potent inhibitor with an ICs( value of 0.70 pM.

Known ABCBl-interacting compounds were also investigated on the ABCB4 cells.
We found that valspodar [16] is a potent ABCB4 inhibitor as previously described, and
zosuquidar, elacridar, mibefradil also elicited a strong concentration-dependent inhibitory
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effect. Quinidine, a weak ABCB4 substrate, potently inhibited ABCB4 function with an
ICsq value of 1.09 uM. Prazosin also inhibited ABCB4 with an ICsy value of 16.12 uM.

The tyrosine kinase inhibitors (TKIs) gefitinib, imatinib, sorafenib and erlotinib are
classified as Most-DILI-concern drugs, and idelalisib can cause clinically apparent liver
injury [42]. In our assay, the most potent ABCB4 inhibitors were gefitinib and imatinib
(ICs0 0.81 and 1.24 uM), whereas sorafenib and erlotinib showed less potent inhibition
(ICsp 4.42 and >5uM). Idelalisib did not inhibit ABCB4.

We also identified antiviral agents (lopinavir, darunavir and asunaprevir) as ABCB4
inhibitors, which has not previously been described in the literature. Representative
inhibition curves are shown in Figure S5.

Table 1. Tested compounds with ABCB4 inhibition activities and with ABCB1 interaction abilities.

DILI Concern Compound Basedlgi"é?gg)x’in ER " Vitr?lai-,(t:r:lt\:[l)re pata Irﬁfr(;?t})r
gefitinib 0.81 a Y [43]
imatinib 1.24 a Y [44]
sorafenib 442 a Y [45]
erlotinib >5 uM, E116,[0;/<)Flill{;[hibition a Y [46]
fluconazole >3, NI >300 [36] N [38]
2.1 [25], 30% inhibition
itraconazole 0.17 at 10 uM [35], 50% inhibition Y [38]
at 1 uM [24], 22.5 uM [40]
ketoconazole 0.56 5.6 [25], 4.6 [40] Y [38]
lopinavir 0.6 a Y [47]
Most DILI concern ritonavir 0.73 9.6 [25],11.3 [36] Y [47]
darunavir >10 uM, 610;/0 Hanhlbltlon at a Y [48]
amiodarone >10, NI >300 [36], >100 [40] Y [49]
benzbromarone 19.89 0.4 [36] Y (in house data)

carbamazepine >80, NI >300 [36] Conﬂicting[gqi)r}formation
clarithromycin >80, NI a Y [51]
methotrexate >10, NI 3.1[36] Y [52]
levofloxacin >80, NI a Y [53]
diltiazem 48.61 a Y [54]
cyclosporin A 0.46 >100® [55], inhibitor ¢ [16] Y [56]
saquinavir 14 12.9 [25] Y [57]
fenofibrate >20, NI a Y [58]
ivermectin 0.53 Substrate [16] Y [47]
amlodipine 17.86 a Y [41]
Less DILI concern pantoprazole >10, NI 2 Y [59]
felodipine >30, NI a Y [60]
carvedilol 0.70 a Y [61]
quinidine 1.09 a Y [62]
verapamil 0.39 6.3 [25], 7 [36], inhibitor 4 [16] Y [63]
minoxidil >20, NI >300 [36] N [64]

No DILI concern furosemide >80, NI >100 [25] Conflicting information

[65]

acetylsalicylic acid >100, NI >300 [36] N [66]
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Table 1. Cont.

DILI Concern Compound BasedlgrsluI()Fil;:l,in ER n Vitr?léi:flt\;[l)re Pata Itﬁfr(a:?t})r
idelalisib >5, NI a Y [67]
asunaprevir © >5, NI a Y [68]
valspodar 0.15 Inhibitor 9 [16] Y [69]
other prazosin © 16.12 a Y [70]
zosuquidar 0.07 a Y [71]
mibefradil 0.40 a Y [72]
elacridar 0.15 a Y [73]
NI—no inhibition observed, @ There are no data available, ® 30-50% inhibition at concentrations ranging from
1-100 uM with no clear dose response, ¢ Asunaprevir is not curated in the LTKB database, 4 ICs, value was not
determined, © Ambiguous DILI-concern.
2.4. Identification of a Novel ABCB4 Transporter Substrate
As a next step, we also tested whether the two most potent inhibitors in the group
of TKIs are ABCB4 substrates. Gefitinib at a concentration of 0.5 uM showed directional
transport with an ER higher than 2 (4.02 at 60 min, 2.54 at 120 min and 3.23 at 180 min)
in the ABCB4 cell line. The corresponding ERs in the Mock cells were very close to unity
(Figure 2a). ABCB4-mediated transport of gefitinib was inhibited by itraconazole (2 uM).
These results indicate that gefitinib is an inhibitor and a substrate of human ABCB4. In
contrast, the corresponding ERs in ABCB4 and Mock cells were below 2 for imatinib,
suggesting that although imatinib inhibits the function of ABCB4, it is not a substrate for
this transporter (Figure 2b).
= A-B_ABCB4 == A-B_Mock 3 A-B_ABCB4 =3 A-B_Mock
E= B-A_ABCB4 E= B-A_Mock == B-A_ABCB4 == B-A_Mock
15 ER_ABCB4 = ER_Mock 6 15 ER_ABCB4 =31 ER_Mock s
é 104 m m
& = =
© > x
2 2 4
§ 5 o o
O— el
120
time (min) time (min)

(a) (b)

Figure 2. Transcellular transport of TKIs in the ABCB4 and Mock cells. (a) Bidirectional transport of
gefitinib. ABCB4 and Mock cells were incubated with 0.5 uM gefitinib for 60, 120 or 180 min. Data are
represented as means =+ S.D. for three experiments. Gefitinib concentration in the samples was determined
with LC-MS/MS. (b) Bidirectional transport of imatinib. ABCB4 and Mock cells were incubated with
0.5 pM imatinib for 60, 120 or 180 min. Imatinib concentration in the samples was determined with
LC-MS/MS. Data are represented as means =+ S.D. from three independent experiments.

3. Discussion

Finding an efficient non-hepatocyte based in vitro model to study interactions between
chemical entities and ABCB4 is still challenging. A few ABCB4 non-hepatocyte-based
cellular assays have been reported, including ABCB4-transfected LLC-PK1 and HEK293
cells [13,74,75]. However, a major disadvantage of these cell lines is that they retain the
expression of endogenous transport proteins [76—78], which might functionally interfere
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with the introduced transporter of interest [79]. Previous studies support that cell lines
with a genomic knockout of the endogenous transporters, e.g., canine Abcb1, are more
sensitive and overall, more suitable for assays of an introduced transporter [80,81].

In the present study, we successfully developed a cell line, Abcb1KO-MDCKII-ABCB4,
which lacks endogenous canine Abcb1 activity and expresses the human ABCB4 transporter.
Thorough characterization of the cell line with digoxin, a shared substrate of both ABCB1
and ABCB4, resulted in an assay capable of detecting ABCB4 inhibitors and substrates in
an easy-to-use format. This cell line was then utilized to test a versatile array of drugs as
potential inhibitors and/or substrates of ABCB4. For these inhibition studies, 30 drugs
with different DILI outcomes were chosen from the Liver Toxicity Knowledge Base of
the FDA, and seven more, structurally diverse, compounds were added to this list. In
line with the literature data, we have here confirmed the interactions of many of these
drugs (itraconazole, verapamil, ketoconazole, ritonavir, saquinavir and valspodar) with the
ABCB4 protein in bidirectional assays. When comparing our results with those presented
by He et al. [25] and Aleo et al. [36], however, a few things are worth noting. First, the above-
mentioned primary hepatocyte assays utilize labeled PC to test ABCB4-dependent transport
inhibition. He et al. tested the inhibitory potency of structurally distinct cholestatic
drugs (chlorpromazine, imipramine, itraconazole, haloperidol, ketoconazole, saquinavir,
clotrimazole, ritonavir, and troglitazone) [25]. In the latter study 125 drugs, grouped by
the severity of liver injury caused, were tested [36]. Our assay detected all interactions
reported in these studies, with only one exception, and drugs that did not interact with the
ABCB4 protein in hepatocytes did not interact in our system either. Of note is that the ICs
values for ABCB4 inhibition obtained in our study are much lower than those obtained in
hepatocyte assays. The results suggest that our assay can detect potential ABCB4 interactors
with higher sensitivity compared with primary hepatocyte assays. Possible explanations
include the difference in the substrate used and/or transporter protein abundance.

For a correct interpretation of MDCKII assay results, specific features of these cells
need to be considered. For instance, the ICs) value of benzbromarone in our assay was
much higher than in hepatocytes. Benzbromarone is metabolized by CYP2C9, and its toxic
effect is believed to be mainly caused by its metabolites [82]. It can be speculated that the
potent inhibitory effect observed in hepatocytes is partially caused by the metabolite. In
general, in hepatocyte-based assays, both the parent drug and its metabolites may affect the
assay readout [83], whereas in MDCKII cells, production of metabolites does not interfere
with the effect of the parent drug.

Another feature of the MDCKII bidirectional assay is that transcellular transport as
well as intracellular accumulation might be limited by the diffusion rate across the baso-
lateral membrane or depend on the presence of endogenous SLC transporters. Such an
example is methotrexate, which did not show inhibition in our assay. However, methotrex-
ate potently inhibited ABCB4 with an ICs of 3.1 uM in a human primary hepatocyte
assay [36]. Since methotrexate is a hydrophilic dicarboxylic acid and shows low Papp in
MDCKII cells [84], it is hypothesized that its transport is limited by the diffusion rate and
cannot accumulate intracellularly to exert its inhibitory effect. In contrast, OATP1B1 and
OATP1B3 can substantially contribute to the intracellular accumulation of methotrexate in
hepatocytes [55,85].

Our results show that several potent ABCB1 inhibitors, such as verapamil, ketocona-
zole, valspodar, zosuquidar, cyclosporin A and mibefradil, inhibit ABCB4 activity. TKIs,
such as gefitinib, imatinib, sorafenib and erlotinib, are classified as Most-DILI-concern
drugs and are well known ABCBI interactors [67,86—89]. In our assay, we demonstrated
for the first time that all four TKIs also inhibited the function of ABCB4, which might
contribute to the DILI properties of these drugs. Additionally, we identified gefitinib as a
substrate of ABCB4. To our best knowledge, this is the first demonstration of the interaction
of these TKIs with ABCB4.

Previous results suggest that several drugs are shared inhibitors of ABCB4 and ABCB11
transporters [36], supporting the earlier finding by Mahdi et al. that if a drug inhibits the
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function of both transporters, its cholestatic effect may increase [35]. These results imply
that during drug development, combined drug—drug interaction tests, which include the
transporters involved in hepatocellular bile acid homeostasis and bile formation (ABCB11,
ABCB4 and ABCC2), may help to screen for drug candidates causing liver injury. However,
the functional and clinical impacts of ABCB4 inhibition in the development of DILI require
further investigation.

Unlike hepatocyte-based assays, our ABCB4 cell line is suitable to identify even low
affinity non-phospholipid substrates of ABCB4. This feature of our assay is put into
context by recent studies that point to the importance of ABCB4 in non-hepatobiliary
tumors. High levels of ABCB4 expression have been reported in different leukaemias, even
without co-expression with ABCB1 [90]. In leukaemia cells, daunorubicin accumulation
is dependent on transporter inhibition with Cyclosporin A [91], indicating that ABCB4
is able to remove ABCBI substrates from cancer cells and may play an active role in
drug resistance. In a similar pattern, ABCB4 mediated the efflux transport of doxorubicin
in vitro and contributed to the acquired resistance of doxorubicin in breast cancer cells [92].
Previous reports showed that ABCB4 and ABCC1 overexpression correlates with high-
risk and significantly shorter disease-free survival time in patients with Wilms tumors
(WT). This suggests the role of ABCB4 and ABCC1 in drug resistance observed in WT
treatment [21].

In conclusion, we report here a novel assay that specifically measures ABCB4 activity
using an ABCB4-overexpressing canine Abcb1 knockout MDCKII cell line. In terms of
inhibition of this transporter, the positive and negative hits obtained in hepatocytes were
reproduced in our assay with even higher sensitivity. We propose that the Abcb1KO-
MDCKII-ABCB4 bidirectional assay could be used to screen the potential of chemical
entities to inhibit ABCB4 transport activity to improve DILI prediction or assist in elucidat-
ing the mechanism of DIC. This is a superior system for ABCB4 substrate identification to
aid drug development.

4. Materials and Methods
4.1. Materials

Non-radiolabeled chemicals were obtained from Merck/Sigma-Aldrich. Calcein AM
was purchased from Invitrogen. All chemicals were of analytical grade. 3H-digoxin
([*H(G)], 23.8 Ci/mmol), *H-prazosin ([7-methoxy->H], 77.4 Ci/mmol) and Ultima Gold
XR scintillation fluid were purchased from PerkinElmer (Waltham, MA, USA). *H-quinidine
([9-H], 20 Ci/mmol) and *H-talinolol ([ring—3H(G)], 20 Ci/mmol) were purchased from
American Radiolabeled Chemicals (St. Louis, MO, USA). 3H-fexofenadine ([°*H],
4.9 Ci/mmol) was purchased from Moravek Biochemicals Inc. (Brea, CA, USA). The
Tetro™ cDNA Synthesis Kit was purchased from Meridian Bioscience (London, UK). The
Light Cycler® 480 SYBR Green 1 master kit was obtained from Roche Applied Science
(Foster City, CA, USA). 4-15% precast polyacrylamide gel (Invitrogen, Carlsbad, CA, USA)
and ProSieve™ QuadColor™ Protein Marker (4.6-300 kDa) were obtained from Lonza
(Basel, Switzerland). Monoclonal human ABCB4 (P311-26, sc-58221) primary antibody was
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), and ABCB1 (C219)
primary antibody was purchased from Enzo Life Sciences, Inc (Lausen, Switzerland). Sec-
ondary anti-mouse IgG antibody was obtained from ThermoFisher (# 62-6520). The BCA
protein assay kit was obtained from Thermo Scientific (Rockford, IL, USA).

4.2. Cell Lines and Culture Conditions

Madin-Darby canine kidney II (MDCKII) wildtype cells were obtained from the
European Collection of Authenticated Cell Cultures (ECACC catalogue no. 00062107). A
MDCKII-Abcb1 biallelic KO (Abcb1KO-MDCKII) cell clone was generated by GenScript
(Leiden, The Netherlands) using the CRISPR/Cas9 system to knockout the canine Abcb1
gene. To confirm gene editing, after clonal expansion of the cells, genomic DNA was
extracted, and the target regions were amplified by PCR using primer pairs for the expected



Int. J. Mol. Sci. 2023, 24, 4459

DOI:10.14753/SE.2023.2898

9of 15

mutation sites. The genotype of this KO clone was determined by Sanger sequencing by
GenScript. The phenotype was verified through transport assays using the ABCB1/Abcb1-
specific substrates digoxin and talinolol.

Sequence verified ¢cDNA encoding human ABCB4 (NCBI Reference Sequence:
NM_000443.3) was synthesized and cloned into pCDH-CMV-EF1-Puro using 5’ Nhel
and 3’ NotI by GenScript, and lentiviral particles were generated in HEK293FT cells (Invit-
rogen/ThermoFisher, Waltham, MA, USA). Transduced and antibiotic-selected Abcb1KO-
MDCKII-ABCB4 cells were subjected to single cell cloning, and amplified clones were
functionally tested for transporter-specific efflux activity. Four puromycin-resistant clones
were isolated and tested for ABCB4 efflux activity using the known ABCB4 substrate
digoxin [16] with a digoxin ER cut-off of two [93]. Based on this criterion and on ABCB4
mRNA and protein expression levels and cell culturing properties, the best clone was
selected for continued validation and is hereafter referred to as the ABCB4 cell line. Empty
vector transduced Abcb1KO-MDCKII-Mock cells were used as negative controls.

Cell cultures were maintained in Dulbecco’s modified Eagle’s medium (DMEM),
4500 mg/L of glucose, supplemented with GlutaMax™, 10% v/v fetal bovine serum (FBS),
100 units/mL penicillin and 100 pg/mL streptomycin (all from Gibco/ThermoFisher)
at 37 °C in 5% CO; at 95% humidity. The medium was replaced three times per week.
Cells were harvested using TrypLE™ Express (ThermoFisher) at 80 to 90% confluence and
passaged or seeded.

For transport experiments, cells were seeded on Millicell™ High pore density 0.4 pm
PCEF cell culture plate inserts (Millipore, Merck KGaA, Darmstadt, Germany) at a density
of 2.27 x 10°/cm? and grown for 6 days at 37 °C in an atmosphere of 5% CO, and 95%
relative humidity. The culture medium was changed once, the day before the experiment.

4.3. Calcein AM-Based Fluorescence-Activated Cell Sorting (FACS)

The cells were detached with TrypLE™ Express and washed with PBS once before
use. The cells were suspended in 0.1 uM calcein AM diluted in DMEM without phenol red
at a cell concentration of 1 x 100 cells/mL. The cells were incubated with calcein AM at
37 °C for 30 min, protected from light, and cells in suspension were intermittently agitated.
The cells were kept on ice until the flow cytometry measurements. Cellular fluorescence
reflecting the transport activity was measured by an Attune Nxt cytometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a blue (488 nm) laser. The calcein signal was
detected in the BL1 channel (emission filter: 530/30 nm). Analysis of the data was carried
out by the Attune Nxt Cytometer Software v3.1.2 (Thermo Fisher).

4.4. Bidirectional Transport Assays

Stock solution of the compounds were prepared freshly in dimethyl sulfoxide (DMSO).
Donor solutions were prepared by diluting test compounds in Hanks’ balanced salt solution
(HBSS) at pH 7.4. Prior to the transport studies, the cell monolayers were washed twice
with pre-warmed HBSS and pre-incubated for 15 min in HBSS. The test compounds were
added in triplicate to either the apical or basolateral sides of the monolayers, and HBSS
was added to the receiver wells to start the transport assay. The cells were incubated with
the compounds for indicated times at 37 °C, and permeability was measured both in the
apical-to-basolateral (A-B) and basolateral-to-apical (B-A) directions. The apical chamber
had a final volume of 0.125 mL, while the basolateral chambers contained 0.25 mL. Samples
(35 pL) were withdrawn from the receiver compartments at 1 h,2h,3h,4h and 6 h, and
from the donor compartments at 0 and 6 h. Sample volumes withdrawn at each time point
were replaced with a corresponding volume of pre-warmed HBSS to maintain constant
volumes during each experiment. All sample concentrations were corrected for dilution
with replacement buffer during sampling.

In the inhibition studies, A-B and B-A permeabilities of digoxin (1 uM, traced with
0.17 pCi/mL ®H-digoxin) were investigated across ABCB4 cell monolayers in the absence
or presence of increasing concentrations of putative inhibitors. Samples were collected
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at 3 h. To determine the amounts of radiolabeled substrates (including digoxin) trans-
ported, samples mixed with liquid scintillation cocktail were measured with a MicroBeta2
microplate counter (PerkinElmer).

4.5. LC-MS Sample Preparation and Analytics

Samples from the receiver compartments as well as donor compartments and dosing
solution were diluted as necessary and injected into LC-MS/MS. The compounds were
separated on a Zorbax RRHD Eclipse Plus C18 3 x 50 mm, 1.8 um column (Agilent) using
water and acetonitrile including 0.1% formic acid (v/v) as mobile phases in gradient modes.
The HPLC system was coupled to an AB Sciex 5500 QTRAP Triple quadrupole linear ion
trap mass spectrometer using an electrospray interface (AB Sciex LLC, Framingham, MA,
USA). The mass spectrometer was operated in multiple reaction monitoring mode. Data
analysis was performed with Analyst software (AB Sciex LLC).

4.6. Cell Monolayer Integrity

The integrity of tight junction dynamics in cell monolayers was monitored before and
after the transport studies by measuring the transepithelial electrical resistance (TEER)
using a World Precision Instrument, Epithelial Voltohmmeter system (Sarasota, FL, USA).
The approximate TEER values were 100-120 Q) - cm?. Lucifer Yellow as a paracellular per-
meability marker was used to check that the highest concentration of the putative inhibitors
did not disturb the integrity of cell monolayers. In brief, HBSS containing the putative
inhibitors and Lucifer yellow (40 png/mL) was added to the apical chambers. Samples were
collected from the basolateral chambers. Fluorescence of the dosing and receiver samples
was measured at an excitation wavelength of 450 nm and an emission wavelength of 520 nm
with FLUOstar OPTIMA Microplate Reader (BMG Labtech, Germany). Monolayers with
Papp values <2 x 107% cm/s were considered intact.

4.7. Real-Time gPCR

Total RNA was extracted from cells using the TRIzol reagent according to the man-
ufacturer’s instructions. Reverse transcription was performed using the Tetro kit, and
TagMan real-time qPCRs (assay ID Hs00240956_m1 for ABCB4) were performed (Invitro-
gen/ThermoFisher, Waltham, MA, USA). Canine Gapdh (Assay ID Cf04419463_gH) was
used as an internal control. In each sample, ABCB4 mRNA was normalized to Gapdh
mRNA. Relative gene expression data were given as the fold change (AACrt). Each sample’s
ABCB4 expression was first subtracted from its Gapdh expression to determine its ACrt.
The ACtyock Was then subtracted from the ACtapcps to determine the AACt. The relative
expression of ABCB4 was determined by the formula 2~ (A4CD),

4.8. Western Blot

Confluent Mock and ABCB4 cells grown on filters were washed twice with ice-cold
PBS and lysed on ice in M-PER Mammalian Protein Extraction Reagent (Thermo Fisher,
Waltham, MA, USA) buffer containing freshly added protease inhibitors. The lysate was
centrifuged at 13,000x g, 4 °C for 10 min and the supernatant was collected. The total
protein content was determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher,
Waltham, MA, USA). The lysate was mixed with LDS loading buffer 3:1, and total protein
(30 ng/lane) was loaded and separated on 4-15% SDS-PAGE gradient gels. The proteins
were then transferred to a polyvinylidene fluoride (PVDF) membrane, blocked with 5%
non-fat dry milk for nonspecific binding and probed with primary antibodies specific to
human ABCB4 (1:1000) or human ABCB1 (1:1000), respectively, overnight. Following three
5-min washes with TBST (Tris buffered saline + 0.1% Tween 20), the blots were probed with
secondary antibody in TBST (1:2000, anti-mouse IgG-HRP) at room temperature for 1 h.
After the washing steps, the blots were visualized by ECL reagent (Pierce™ ECL Western
Blotting Substrate, #32106) by a BioRad ChemiDoc imaging system (Bio-Rad Laboratories,
Inc., Watford, UK).
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4.9. Calculations

All the experimental conditions were run in triplicate wells and repeated in three
biological replicates. The apparent permeability coefficient (Papp, expressed in 106 cm/s)
was determined from the amount of compound transported per unit time according to the

following equation:
~[(AQ 1
por=(5t)* (a5,) @

where AQ (pmol) is the amount of substrate translocated to the receiver compartment by
the end of incubation, At (s) is the duration of incubation, A (cm?) is the filter surface area,
and Cyp (pmol/ cm?) is the initial donor concentration of the substrate.

Sink conditions were fulfilled.

The mass balance (recovery) was defined as the sum of the test compound recovered
from the receiver compartment and the test compound remaining in the donor compartment
at the end of the experiment, divided by the initial donor amount. This was calculated
according to: Recovery (%) = (Cpin) VD + Crerin) VR)100/(Cp() VD), where Cp and Cg are
the concentrations on the donor (D) and receiver (R) sides of the monolayer at the start (0)
or end (Fin) of the experiment, and V is used for each of the respective volumes.

In all experiments, the recovery for all tested substrates was >70%

The efflux ratio (ER) was calculated as Papp p.a /Papp, a-B.

The ER of digoxin as a probe substrate was determined at all concentrations of the
inhibitor and in the presence of the vehicle only. ICs values were calculated from ER values
by nonlinear regression analysis in GraphPad Prism 9 (GraphPad, La Jolla, CA, USA).
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1 | INTRODUCTION

Baicalin (baicalein-7-O-glucuronide, BG) is the main bioactive compo-
nent found in Radix Scutellaria, the dried root of the medicinal plant
Scutellariae baicalensis Georgi, listed in the Chinese Pharmacopoeia.

Extensive research carried out in the last decade has led to the
identification of BG and its aglycone baicalein (B), as important medi-
cal agents with multiple therapeutic benefits in a number of disease
areas. Owing to its reasonably good pharmaceutical properties, BG
has been shown to achieve adequate plasma concentration in vivo
to elicit the purported pharmacological activity.

Intestinal absorption of BG is limited due to low solubility and there
are data showing direct intestinal uptake of BG in the upper segments
of small intestine (Lu et al, 2007). In addition, significant
glucuronidation of B occurs in the intestine yielding BG, which is likely
effluxed into the mesenteric blood by MRP3 and MRP4 localized in
the basolateral membrane of enterocytes (Kalapos-Kovacs et al., 2015).

Abbreviations: ABC, ATP-binding cassette transporters; B, Baicalein; BG,
Baicalin; *H-E3S, H-Estrone-3-O-sulfate; HEK, Human embryonic kidney (293
cells); MDCK, Madin-Darby canine kidney Il (cells); MRPs, multidrug
resistance-associated  proteins;  OATPs,  Organic  anion-transporting
polypeptides; RS, Radix Scutellariae; SLCs, Solute carrier transporters; MDCKII-
WT, wild type MDCKII cells

TShare senior authorship.

formed in the intestine.

The use and significance of baicalin, the main bioactive component found in Radix
Scutellaria, have been on the rise due to its interesting pharmacological properties.
Baicalin, a low passive permeability compound, is directly absorbed from the upper
intestine and its hepatic elimination is dominant. However, interaction but no trans-
port studies have implicated organic anion-transporting polypeptides in its cellular
uptake. By using mammalian cells stably expressing the uptake transporters of inter-
est, we are showing that baicalin is a potent substrate of Organic anion-transporting
polypeptide 2B1 (OATP2B1) and less potent substrate of OATP1B3. OATP2B1 and
OATP1B3 transport baicalin and may play a role in the hepatic uptake of baicalin

baicalin, OATP, transporters, uptake

Several animal studies showed that BG, instead of B, was the pre-
dominant form in the systemic blood circulation after oral administra-
tion of B or BG and BG is eliminated hepatically (Zhang, Li, Lin, Krajcsi,
& Zuo, 2011).

BG is a low passive permeability compound (Dai, Yang, & Li, 2008).
Hence, cellular uptake of BG is likely transporter mediated. Interaction
of BG with candidate uptake transporters Organic anion-transporting
polypeptide OATP2B1 and OATP1B3 has been shown in inhibition
assays (Zhang et al., 2011). In contrast, OATP1B1 and OATP1A2, the
other hepatically and/or intestinally localized uptake transporters were
not inhibited by BG (Xu et al., 2013; Zhang et al., 2011).

In this study, we are showing that OATP2B1 and OATP1B3 are
efficient transporters of BG and due to their localization, they may

aid hepatic uptake of BG.

2 | MATERIALS AND METHODS

3H-Estradiol-17-B-D-glucuronide and 3H-Estrone-3-O-sulfate were
purchased from Perkin Elmer Inc. (Waltham, MA, USA). Human embry-
onic kidney 293 cells stably overexpressing OATP1B3 (HEK293-
OATP1B3), Madin-Darby canine kidney Il cells stably overexpressing
OATP2B1 (MDCKII-OATP2B1), and control cells (HEK293-Mock and
wild type MDCKIl (MDCKII-WT)) were obtained from Solvo
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Biotechnology (Szeged, Hungary). All other chemicals were purchased

from Sigma-Aldrich Ltd. (Budapest, Hungary).
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2.1.1 | Cell culture and preparation

HEK293-OATP1B3, HEK293-Mock, MDCKII-OATP2B1, and
MDCKII-WT cells were plated in a 24-well tissue culture plates at a

Uptake experiments

density of 4 x 10° cells/well. For HEK293 cells, plates were precoated
with poly-D-lysine. Feasibility studies and characterization of trans-
port were performed 24 hr after seeding. Before experiments, cell cul-
ture medium was removed and the reaction was initiated by adding
transport buffer (Henseleit-Krebs buffer: KCl 4.83 mM, KH,PO,
0.96 mM, NaHCO3; 23.8 mM, NaCl 142 mM, MgSQO, 1.2 mM, CaCl,
1.53 mM, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
12.5 mM, D-glucose 5 mM, and pH 7.4).

21.2 |

For feasibility screening, experiments were performed by adding BG at

Incubations

two different concentrations (1 uM and 10 puM) and the cells were
incubated at 37 °C for 2 or 20 min. Experiments were carried out
three times in triplicates.

For time course, cells were incubated at 37 °C for the indicated
periods (1-45 or 1-60 min for OATP2B1 and OATP1B3, respectively)
after adding 5 (in case of OATP2B1) or 10 uM (in case of OATP1B3)
BG to the transport medium in transfected and control cells. Experi-
ments were carried out twice in triplicates.

For concentration dependence, experiments were performed by
adding different concentrations of BG (1-100 puM in case of
OATP2B1 and 21.09-2700 uM in case of OATP1B3) to the transport
medium in transfected and control cells. The cells were incubated at
37 °C for 3 (OATP2B1) and 45 min (OATP1B3). Experiments were car-

ried out three times in triplicates.

213 |

The uptake was terminated by the addition of ice-cold transport

Sample preparation and analysis

medium and immediate rinsing of cells twice with ice-cold transport
medium. Cells were lysed with methanol-water (2:1) solution, and
the plates were centrifuged at 5,000 g for 10 min, 4 °C. Supernatants
were transferred into a U-bottom plate and vacuum dried. Samples
were dissolved in eluent. The amount of accumulated BG was deter-
mined by LC-MS/MS analysis (Magda et al., 2015).

22 |

Bicinchoninic acid kit (Sigma-Aldrich, St Louis, MO, USA) was used to

check the total protein concentrations in cells. Positive control exper-

Protein quantitation

iments with specific substrates of the transporters were performed to

control the activity of the cells.
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GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA)
was used for curve fitting. Statistical significance was calculated with

Data analysis

one-way analysis of variance.

Data shown in the figures are arithmetic means with standard
deviation (+SD). Chemical properties were predicted using the physi-
cochemical property predictor software (Chemaxon Ltd, Budapest,

Hungary).

3 | RESULTS AND DISCUSSION

OATPs have been long considered to play a role in cellular uptake of
BG, a low permeability molecule with predicted values of 0.76,
-2.65, and -2.98 for logP, logDg s, and logD5 4, respectively, and an
apparent permeability of around 9 x 1077 cm/s in MDCKII cells (Li
et al, 2012). Inhibition studies have identified OATP2B1 and
OATP1B3 as potential transporters of BG (Xu et al., 2013; Zhang
et al., 2011). Cellular uptake of BG was therefore tested in OATP2B1
and OATP1B3 overexpressing cell lines as well as in control cells.

Our feasibility screen performed at two concentrations (1 and
10 puM) at two timepoints (2 and 20 min) showed that BG exhibited
a statistically significant uptake into OATP2B1-expressing cells com-
pared with MDCKII-WT control cells at all four conditions, with high
significance at two conditions (Figure 1a). In contrast, BG uptake into
OATP1B3-expressing cells compared with HEK293-Mock control cells
was statistically significant only at two conditions both utilizing a 20-
min incubation time (Figure 1b).

Average fold increase of the uptake of BG into OATP2B1
expressing cells over the uptake into wild type MDCKII cells was
above 2 at all conditions with the minimum value of 540 + 2.68 at
10 puM and 2 min and the maximum value of 22.55 + 9.37 at 1 uM
and 20 min (Figure 1c). For OATP1B3, the fold increase was above 2
(3.31 + 0.79) under one condition (10 uM and 20 min; Figure 1d).

Thus, OATP2B1 mediated transport of BG appeared to be signif-
icantly greater than OATP1B3 mediated transport at all conditions.
Kinetic characterization was carried out for both transporters.

Time dependence of BG uptake by OATP2B1 exhibited linear
kinetics for up to 5 min (Figure 2a), and showed linearity in the whole
test concentration in the case of OATP1B3 (Figure 2b).

Therefore, dependence of OATP2B1- and
OATP1B3-mediated uptake of BG was assessed at a 3- or a 45-min
incubation time, respectively. BG transport by OATP2B1 was satura-

concentration

ble (Figure 2c) and displayed transporter specific K, Vinax and intrin-
sic clearance (Cl;nt) values of 9.71 + 3.56 uM, 1163.87 + 857.10 pmol/
mg protein/min, and 162.13 + 98.58 pl/min/mg protein, respectively.
A less potent OATP1B3-mediated transport was observed with K,
Vimax and intrinsic clearance (Cli;) values of 59.62 * 9.60,
997.2 + 254.70 pmol/mg protein/min, and 20.31 + 5.05 pl/min/mg
protein, respectively (Figure 2d).

OATP2B1 is expressed in the apical/lumenal membrane of
enterocytes and, along with OATP1B3, in the basolateral/sinusoidal
membrane of hepatocytes (Zhou, Zhu, Wang, & Murray, 2016). There-
fore, OATP2B1 may mediate intestinal uptake of dietary BG as well as,
along with OATP1B3, the hepatic uptake of dietary and intestinally
formed BG.

OATP2B1 may mediate absorption via cooperation of MRP3 and
MRP4 basolaterally localized in the enterocytes (Zhang et al., 2007). In
addition, it may cooperate with OATP1B3, and with BCRP and MRP2
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FIGURE 1 (a) Feasibility screen of uptake of BG at two incubation times, two concentrations by MDCKII-OATP2B1 and MDCKII-WT cells.

*p < .05, **p < .005. (b) Feasibility screen of uptake of BG at two incubation times, two concentrations by HEK293-OATP1B3 and HEK293-
Mock cells. *p < .05, **p < .005. (c) Fold increase of BG accumulation in transporter overexpressing over control cells (Uptakempcki-oatp2s1/
Uptakempcxi-w) at two incubation times, two concentrations. The dashed line indicates the cut-off value of 2. (d) Fold increase of BG
accumulation in transporter overexpressing over control cells (Uptakepek293-0atp1e3/Uptakereko93-mMock) at two incubation times, two
concentrations. The dashed line indicates the cut-off value of 2. MDCKIIl = Madin-Darby canine kidney Il; OATP = organic anion-transporting
polypeptide; BG = baicalin; HEK = human embryonic kidney

FIGURE 2 (a) Time dependent OATP2B1-
mediated uptake of BG at 5 uM. (b) Time
dependent OATP1B3-mediated uptake of BG
at 10 uM. (c) Concentration-dependent
OATP2B1-mediated uptake of BG at 1-

100 pM at an incubation time of 3 min. The
OATP2B1-mediated transport was calculated
by subtracting the transport velocity in
Madin-Darby canine kidney II-WT cells from
that in Madin-Darby canine kidney II-
OATP2B1. (d) Concentration-dependent
OATP1B3-mediated uptake of BG at 21.09-
2,700 uM at an incubation time of 45 min.
The OATP1B3-mediated transport was
calculated by subtracting the transport
velocity in human embryonic kidney 293-
Mock cells from that in human embryonic
kidney 293-OATP1B3. OATP = organic anion-
transporting polypeptide; BG = baicalin
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expressed in the apical/canalicular membrane of hepatocytes to medi-
ate hepatic elimination of BG (Kalapos-Kovacs et al., 2015). Consider-
ing the importance of BG, demonstration of a role for OATP2B1 and
OATP1B3 in pharmacokinetics of BG using physiologically based phar-
macokinetics modeling is warranted.
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