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1 Uvod

1.1 Problematika lékovych interakci

Lékové interakce (LI) predstavuji pro soucasnou medicinu a farmakoterapii
vyznamnou komplikaci. Za LI povazujeme ovlivnéni farmakodynamickych c¢i
farmakokinetickych vlastnosti 1éCiva jinym 1é¢ivem, potravou nebo jinou chemickou
latkou z okolniho prostiedi. U polymorbidnich pacientti, 1é¢enych n¢kolika 1é¢ivymi

ptipravky soucasné ¢i v navaznosti, jsou LI spiSe pravidlem nezli vyjimkou.

Podle vysledného efektu je mozno LI rozdélit na synergistické a antagonistické.
Synergistické LI vedou k zesileni ucinku, které muze byt zdmérné a pro terapii
ptiznivé, v jinych piipadech je vSak pfic¢inou nezadoucich ¢i toxickych projevi.
Naopak disledkem antagonistické LI je sniZzeni U€inku. Ptikladem zadouci

antagonistické LI je podani antidota, negativnim nasledkem je pak netcinna 1écba.

Zatimco k farmakodynamickym LI dochazi na urovni plsobeni léciva na cilové
struktute, farmakokinetické LI spocivaji v interferenci spolupodanych xenobiotik
v pribéhu jejich absorpce, distribuce, biotransformace nebo exkrece. Struktury
zodpovédné za vznik tohoto typu LI jsou hlavné biotransformaéni enzymy a 1ékové

transportéry. Nejcastéji dochazi k LI na cytochromu P450 3A4 [1].

Manifestaci LI Ize casto velmi t€Zko rozeznat. Problematickou oblasti je samolécba,
laik ¢asto nebyva informovan o interakcich volné prodejného 1é¢iva s predepsanymi
Iéky ¢i potravou. Ani v ambulantni péci nejsou LI dostatecné sledovany, kontakt
S pacientem je Casov€ omezen a lékai mnohdy piehlédne i duplicitni preskripci.
V nemocni¢ni praxi je prostor pro sledovani LI nejvhodné;jsi, projevy interakei vSak
mohou byt zaménény za rozvoj 1éené choroby ¢i jeji komplikace bez nalezeni
souvislosti s farmakoterapii. U problematickych 1é¢iv s uzkym terapeutickym oknem
(napt. aminoglykosidy, digoxin, amiodaron, lidokain, takrolimus, vankomycin) je
doporuceno monitorovani plazmatickych hladin [2]. V pfipadé vyskytu LI je nutno

individualn¢ upravit davkovani 1é¢iv nebo zvolit jinou farmakoterapii.



1.2 CYP3A4
Enzymy cytochromu P450 (CYP) predstavuji fadu mitochondridlnich monooxygenaz
obsahujicich hemovou slozku. Tvoifi dulezity obranny systém organismu proti

pasobeni xenobiotik. Podili se na 1. fazi biotransformace 60 % vsech 1é¢iv [3].

CYP3A4 je nejvyznamnéj$im biotransformacnim enzymem u dospélého clovéka.
Nejvetsi mérou je exprimovan v jatrech a tenkém stievé. Je zodpoveédny za
biotransformaci vice nez 30 % klinicky uzivanych 1éCiv, a tim ovliviiuje jejich
terapeutickou ucinnost a bezpecnost. Krom¢ funkce v eliminaci 1éCiv byla také
popsana jeho schopnost aktivovat prokancerogeny zivotniho prostfedi [4]. V ramci

endogenniho metabolismu katalyzuje 6B-hydroxylaci testosteronu a kortizolu [5].

CYP3A4 je pri¢inou vyrazné interindividualni variability v odpovédi na podani 1éku,
hladina MRNA CYP3A4 v hepatocytech se 1isi az 50x v populaci [6]. Za urcujici
pfiinu se povaZzuje vyrazna reakce na induk¢ni piisobeni fady jeho substratd. Svou
roli hraji i dalsi faktory jako jsou vék, dieta, hormonalni stav a zanétlivé procesy [7].
Vyznam genetického polymorfismu nebyl u CYP3A4 prokazan [8], vyraznéjsi tlohu
pravdépodobné zastupuje takzvany regulacni polymorfismus, tedy genetické variace
jaternich transkrip¢nich faktorti regulujicich transkripci CYP3A4 [9]. Indukce
exprese CYP3A4 na urovni genu jsou spolu s inhibici jeho enzymové aktivity na
urovni proteinu hlavni pfi¢inou vzniku l€kovych interakci. Proto neni ptekvapivé

usili védch objasnit strukturu CYP3A4 promotoru, okolnosti jeho genové exprese a

regulace transkripce.

Transkripce genu pro CYP3A4 probiha zptisobem konstitutivnim i indukovatelnym.
Konstitutivni transkripci Vv hepatalni tkani zajistuje tfada jaterné specifickych
transkripénich faktort (LETFs, liver-enriched transcription factors) zahrnujici
HNFla, HNF4a, HNF3y (hepatocyte nuclear factor), C/EBPo a C/EBPf
(CCAAT/enhancer binding protein) a dalsi. Podili se na ni také hormony, jako jsou
glukokortikoidy, ristovy hormon a trijodthyronin (bez H) [7]. Aktivita konstitutivni

transkripce se ptizpisobuje zdkladnim pottebam bunky.

Indukovatelnd transkripce CYP3A4 je vyvoldna tfadou chemicky odlisnych latek
(Tabulka 1). Jedna se zejména o up-regulaci (indukci) transkripce, tedy o regulaci
pozitivni zpétnou vazbou, v jejimz disledku dochdzi k dramatickému zvySeni

exprese a aktivity CYP3A4 na piitomnost xenobiotika.



Vyznamné induktory CYP3A4

aminoglutetimid lansoprazol
artemisinin modafinil
dexametazon nevirapin
efavirenz omeprazol
fenobarbital oxkarbazepin
fenytoin primidon
hyperforin rifampicin
karbamazepin troglitazon

Tabulka 1: Vyznamné induktory CYP3A44 [1].

Neni to vSak jediny zpusob, jakym Xenobiotika plsobi na urovni transkripce
CYP3A4. Byly odhaleny latky s potencidlem down-regulace jiz aktivované
(indukované) i konstitutivni exprese [10][11][12][13] (spojit !!). Indukovatelna
transkripce se spousti aktivaci nuklearnich receptorti PXR (pregnane X receptor),
CAR (constitutive androstane receptor), VDR (vitamin D receptor), GRa
(glucocorticoid receptor) a FXR (farnesoid X receptor) v disledku pfitomnosti
specifického xenobiotika ¢i zvySené hladiny n€kterych endogennich latek (hormony,
Zlucové kyseliny). Struktura promotoru CYP3A4 s vyznaCenymi oblastmi pro
ptislusné receptory a faktory konstitutivni a indukovatelné transkripce je

schematicky znazornéna na obrazku (Obrazek 1). JESTE CHYBI DRE v XREMu

5 ‘
— 3
CLEM4 XREM_  eNR3A4 c/esP J | HNF3 —{ c/eBP }— c/EBP } | PprPXRE c/eBP
-11,4 kb -7,8 kb -7,6 kb -6,6 kb -1,7 kb -172 bp -121bp +1bp

Obrazek 1: Struktura CYP3A4 promotoru. CYP3A4 promotor o velikosti 35,8 kb byl analyzovdn pouze
13 kb od transkripcniho startu [9, 14, 15]. Pro vazbu PXR a CAR byly identifikoviny oblasti prPXRE
(obsahuje ER6) a XREM (zahrnuje sekvenci DR3 a misto pro vazbu HNF4a). Modul CLEM byl
vyhodnocen jako oblast bazalni aktivace transkripce, jeho soucasti je sekvence pro vazbu HNFlo a
HNF4a. Pozdéji byla potvrzena také indukce prostiednictvim interakce PXR a této oblasti a
identifikovan responzivni element ER6 [16]. Zatim nejnovéjsi studovanou sekvenci predstavuje oblast
eNR3A4, ktera byla lokalizovana uvnitir XREM. Byl prokazan jeji podil na PXR aktivované transkripci
prostiednictvim responzivniho elementu DR4 [17]. Na obrazku jsou ddle vyznaceny mista vazby
dalsich LETFs. Popsané vztahy vysvetluji okolnosti specifické transkripce CYP3A4 v hepatalni tkdni.
Schéma se nezabyva oblastmi pro vazbu obecnych transkripcnich faktoru.



Vysledkem indukce exprese CYP3A4 je zintenzivnéni biotransformace jeho
substratd, a tim snizeni jejich plazmatickych hladin a 1é¢ebného efektu. Pokud je
metabolit 1é¢iva nositelem farmakodynamického tuc¢inku, dochazi k prekroCeni

maximalnich plazmatickych koncentraci a manifestaci toxického ucinku.

1.3 Nuklearni receptory podilejici se na regulaci CYP3A4

1.3.1 Xenosenzory PXR a CAR

Pregnanovy X receptor (PXR; NR112) a konstitutivni androstanovy receptor (CAR;
NR1I3) predstavuji kli¢ové nuklearni receptory zabezpecujici indukovatelnou a do
jisté miry také konstitutivni transkripci CYP3A4. Jsou aktivovany piedevsim
xenobiotiky, kterym zajiSt'uji eliminaci regulaci exprese biotransformac¢nich enzymu

a 1ékovych transportérti. Pro tuto funkci se oznacuji také jako bunécné xenosenzory.

PXR a CAR patii spolu s dalsimi receptory do podrodiny nuklearnich receptort
NR1). Sdileji spole¢nou proteinovou strukturu, kterou tvofi vysoce rozmanitda N-
termindlni ¢ast, centralni oblast vazici se na DNA (DBD, DNA binding domain) a C-
termindlni ¢ast vazici ligand (LBD, ligand binding domain). DBD je pfiblizn¢ 70
aminokyselin dlouha a sestava se ze dvou zinkovych prsti tvofenych cysteinovymi
zbytky, které chelatuji zinek. LBD ¢ita pfiblizné 250 aminokyselin a formuje se do
hydrofobni kapsy véazajici ligand. Jeji soucasti jsou sekvence umoziujici dimerizaci a

vazbu koaktivatorti po navazani ligandu (AF-1, AF-2) [18].

I jejich signalni mechanismus je podobny, po navdzani ligandu tvoii heterodimer
s receptorem pro 9-cis-retinovou kyselinu (retinoid X receptor, RXRa), v této formé
se vazi na responzivni elementy cilového genu, ¢imz zplsobuji uvolnéni
korepresorovych proteinii a naopak zformovani obecnych transkripénich faktord a
jejich koaktivatorti. Responzivni elementy pro vazbu heterodimeru RXRo jsou
tvotfeny parem sekvenci hexanukleotidli (5°‘-AGGTCA-3¢), které se podle vzajemné
orientace oznacuji zkratkami DR (direct repeat), ER (everted repeat) a IR (inverted
repeat). Podle po¢tu vmezetenych nukleotidi je ke zkratce dale pfifazeno Cislo 1-8

[18, 19].



1.3.1.1 PXR

PXR je exprimovan v jatrech, tenkém a tlustém stfevé u ¢loveka, kralika, potkana i
mysi [18] [20]. Jeho LBD se mezi druhy vyznamné lisi, coz je pfi¢inou rozdilné
substratové specificity a aktiva¢niho profilu. Humanni PXR je nejvyznamnéjSim
receptorem regulujicim transkripci gen pro enzymy I. a II. faze biotransformace
jako 1 nékterych 1ékovych transportéri. PXR pfedstavuje hlavni receptor
zprostiedkujici 1écivem vyvolanou aktivaci CYP3A4 transkripce a je zodpovédny za
mnohé 1ékové interakce, ke kterym dochézi v dasledku indukce CYP3A4.

Krystalografickd struktura LBD PXR receptoru znazoriiuje velkou flexibilni
hydrofobni kapsu [19]. Pro Sirokou substratovou specificitu LBD je PXR aktivovan
fadou latek, jedna se zejména o lipofilni organické molekuly < 1000 Da. Mezi
endogenni ligandy patfi steroidy (5p-pregnan-3,20-dion, estradiol a kortikosteron) a
Zluéové kyseliny (litocholova kys. a 3-keto-litocholova kys.) [18]. Vazajici se

xenobiotika jsou uvedena v

Tabulka 2. Ligandem aktivovany receptor naseda na responzivni oblasti DR-3, DR-4,
ER-6 v promotorovych oblastech cilovych gent. Reguluje expresi enzymt CYP3A4,
CYP3A5, CYP3A7, CYP2C9, CYP2C19, CYP2B6, CYP2A6, UGT1Al-4 (UDP-
glukoronosyltransferaza), ~SULT2A1l (sulfotransferaza), MDR1 (multidrug
resistance), MRP2 multidrug resistance protein), OATP1B1 (organic anion
transporting polypeptide) [19]. Pro sviij plny indukéni uc¢inek na CYP3A4 promotoru
vyzaduje interakci s dalSimi transkripénimi faktory a koaktivatory transkripce,
konkrétné¢ s HNF4a, SRC-1 (steroid receptor coactivator 1) a PGC-1la (peroxisome
proliferator-activated receptor gamma coactivator la). Konstitutivni transkripéni

aktivita tohoto receptoru je dosud sporna [21] [22] sloucit.
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Agonisté Antagonisté

artemisin kava extrakt ketokonazol
bosentan Klotrimazol koumestrol
dexametazon lovastatin sulforafan isothiokyanat
efavirenz nifedipin

etoposid nikardipin

fenobarbital paklitaxel

forskolin rifampicin

ginkgo extrakt ritonavir

guggulsteron spironolakton

hyperforin tamoxifen

isradipin topiramat

karbamazepin topotekan

Tabulka 2: Synteticka léciva a prirodni produkty in vitro(proc in Vitro ?) modulujici aktivitu PXR [11,
23-25].

1.3.1.2 CAR

Hlavnim mistem exprese nuklearniho receptoru CAR jsou jatra, v mensi mife je dale
exprimovan v ledvinach [20]. PXR a CAR jsou si velmi blizké po strance struktury i
funkce, sdileji primarni strukturu DBD a LBD ze 70 % a 50 %. Lisi se ve flexibilité
LBD kapsy, substratova specificita pro CAR je v disledku méné ptizptisobivé
struktury LBD omezengjsi, pfesto tyto dva receptory sdileji nékteré ligandy [26].
VysSi substratova selektivita je téz kompenzovdna moznosti nepiimé aktivace
receptoru, kterd spocivd ve stimulaci transportu CAR do jadra prostfednictvim
xenobiotikem navozené fosforylace proteint, které ho fixuji v cytoplazmé (Obrazek
2) [23]. Kromé indukovatelné aktivity vykazuje CAR také vyznamnou aktivitu

konstitutivni, ktera mize byt modulovana inverznimi agonisty [27].
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Obrazek 2: Schéma aktivace CAR primym a neprimym mechanismem. V inaktivnim stavu je CAR
fixovan v cytoplazmé proteiny CCRP (CAR cytoplasmic retention protein) a HSP90 (heat shock
protein 90). Kaktivaci dochdzi primou vazbou ligandu na LBD receptoru, nebo nepiimo,
nedostatecné vysvétlenou signdalni kaskdadou, kterd zahrnuje navazani PP-2A (protein phosphatase
2A) na komplex CAR s proteiny. Nasledkem uvolnéni z vazby na proteiny se CAR translokuje do
jadra, kde dimerizuje s RXRa, nasedd na swviij responzivni element (CAR-RE), vaze koaktivaitory
transkripce a spousti prepis [28].

Endogenni ligandy zahrnuji androstanol, androstenol, Zluc¢ové kyseliny a bilirubin

[29]. Exogenni ligandy jsou shrnuty v

Tabulka 3. Aktivni CAR naseda na responzivni elementy DR-3, DR-4 a ER-6. Spolu
s PXR koreguluji expresi enzymi CYP3A4, CYP2C9, CYP2B6, UGT1Al, MDR1 a
MRP2, ¢imz vytvateji spletity systém regulace biotransformacénich procest [30].
Bylo vS8ak prokazano, Ze na rozdil od PXR, coby klicového regulatoru CYP3A4,
predstavuje CAR hlavni regulator genu pro enzym CYP2B6 [31].

Agonisté a aktivatory Inverzni agonisté
6,7-dimethyleskuletin fenobarbital klotrimazol
acetaminofen fenytoin guggulsteron
artemisin fluvastatin meklizin
atorvastatin klofibrat

cerivastatin orfenadrin

CITCO pravastatin

Tabulka 3: Synteticka léciva a prirodni produkty in vitro modulujici aktivitu CAR (CITCO; ((6-(4-
chlorfenyl)imidazo[2,1-b][1,3]thiazol-5-karbaldehyd O-(3,4-dichlorbenzyl)oxim)) [32][23].
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132 GRa

Glukokortikoidni receptor (GRa; NR3C1) patii do podrodiny NR3, nuklearni
receptory podobné estrogenu (estrogen-like). Vaze glukokortikoidy a
mineralokortikoidy a je tudiz zodpovédny za jejich genomicky efekt
na metabolismus sacharidd a lipidd, v procesech stresu a zanétu i v regulaci
mineralni a vodné (neni néjaky odbornéjsi termin?) homeostazy. Inaktivni GRa. je
lokalizovan v cytoplazmé vazany na multiproteinovy komplex. Po aktivaci
navazanim ligandu ptestupuje do jadra, kde tvoii homodimer s dalsim GRa.
Dimerizace je nezbytnd pro vazbu na glukokortikoidni responzivni element ve
struktufte DNA, ktery je charakterizovan sekvenci 5‘-XXTACAXXXTGTTCT-3¢,

obsahujici vazebna mista pro ob& podjednotky dimeru [33].

Mechanismus pisobeni GRa Vregulaci transkripce CYP3A4 neni piimy jako
v piipad¢ vyse uvedenych receptord a je zavisly na pritomnosti glukokortikoidii.
GRa aktivovany glukokortikoidy pfitomnymi v buiice ve fyziologickém mnozstvi
aktivuje transkripci a indukuje PXR, CAR a jejich partnera pro tvorbu dimeru RXRa,

a tim intracelularni dispozici téchto receptort [34].

1.3.3 HNF4a

Hepatocytarni nuklearni faktor 4a (HNF4a; NR2A1) je soucasti podrodiny receptort
NR2, nuklearni receptory podobné HNF4 (HNF4-like). Vyskytuje se hlavné v
jatrech, v mensi mife v ledvinach, tenkém stfeve, kolonu a B-bunkach pankreatu.
Radi se do skupiny jaterné specifickych transkripénich faktori, reguluje konstitutivni
expresi mnoha genti pro enzymy, transportéry a dals$i nuklearni receptory, a tak se
podili na kontrole metabolismu glukdzy, cholesterolu a mastnych kyselin, syntéze
koagulacnich faktorti a diferenciaci jaterni tkané. Mutace genu pro HNF4o jsou
spojovany s diabetem prvniho typu. HNF4a je také oznacovan jako sirot¢i receptor
(orphan receptor), tedy receptor bez znamych ligandi. Pfestoze se prokazala jeho
schopnost vazat estery acyl-CoA, neni jasné, jestli tato vazba ovliviiuje jeho aktivitu.
HNF4a je lokalizovan pfimo v jadfe builky, na promotory kontrolovanych gent
nasedd ve form¢ homodimeru a tvofi vazbu s responzivnim elementem DR1 ¢i DR2

[35][36].
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Aktivace transkripce CYP3A4 prostiednictvim PXR a CAR vyzaduje piitomnost
HNF4a [37], pfedpoklada se, ze umoznuje vazbu dalSich faktort transkripce (SRC-1,
PGC-1a) k formujicimu se komplexu [38].

1.4 Studovana léCiva

141 Azolova antimykotika

Azolova antimykotika (Obrazek 3) tvoii skupinu 1é¢iv pouzivanych k terapii
lokalnich i systémovych fungalnich infekci. Jejich preskripce stale stoupa v souladu
se zvysujici se incidenci systémovych mykdz u vazné nemocnych pacientt. Jsou to
vSak latky s vyznamnym vlivem na aktivitu CYP3A4 a jejich charakteristiky ¢itaji
fady popsanych lékovych interakci [1]. Jejich G€inek na CYP3A4 se do jisté miry
vysvétluje dvéma zpusoby. Jednak samotnym mechanismem ucinku azolu, tedy
inhibici fungélniho cytochromového systému, ktery vSak neni dostate¢né selektivni a
postihuje i CYP3A4 hostitele. Dalsi pii¢inou je zptsob biotransformace zejména
lipofilnich azold, kterou zajistuje CYP3A4 a pii niz muze dojit k inhibici jeho

enzymové aktivity.

Azolova antimykotika vSak dale vykazuji rozmanity efekt na transkripci CYP3AA4.
Klotrimazol a ketokonazol jsou jednémi z prvnich popsanych ligandi PXR.
Klotrimazol vyrazné aktivuje expresi CYP3A4 prostfednictvim PXR, zatimco
ketokonazol vazbou na PXR down-reguluje transkripci indukovanou rifampicinem
[12]. Klotrimazol je dlouhodobé znamym inverznim agonistou CAR. Dale byla
popsana schopnost ketokonazolu a mikonazolu down-regulovat expresi CYP3A4

indukovanou dexametazonem prostiednictvim GRa [39].

Je kupodivu, ze latky se shodnym farmakodynamickym plisobenim a vice ¢i méné
podobnou strukturou vykazuji rozdilny efekt na tirovni exprese CYP3A4. Na zaklad¢
téchto poznatkili, je mozno ptredpokladat, Ze dalSim mechanismem LI s azolovymi

antimykotiky je ovlivnéni transkripce CYP3A4 prostfednictvim PXR.
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1.4.2 Kyselina valproova

Kyselina valproova (Obrazek 4) je vyznamnym a relativné dobfe snasenym
terapeutikem generalizované a parcialni epilepsie, dale se uziva k akutni 1é¢bé a
prevenci manické faze u bipolarnich poruch. V soucasnosti se sleduje jeji efekt na
bunéény rust, diferenciaci, apoptézu a imunogenicitu nadorovych bunck [40]
Valproat se biotransformuje oxidaci prostiednictvim mitochondrialnich oxidaz a
glukuronidaci. Efekt valproatu na expresi genti byl v minulosti testovan u potkanti,
vyuzitim metody microarray byly detekovany zmény v expresi 121 genu [41]. Byla
zaznamenana schopnost indukovat Cyp2bl, Cyp2b2 [42] [43] a Cyp3a2, ortolog
lidského CYP3A4 [44]. Dale byl zjistén in vitro inhibi¢ni vliv na histondeacetylazy
(HDAC), ktery vede k zméné konformace chromatinu a aktivaci transkripce MDR1

[44]. Inducibilita CYP3A4 prostiednictvim valproatu nebyla jiz dale testovana.

OH

kyselina valproova

Obrazek 4: Chemicka struktura kyseliny valproové.
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1.5 Metodika

Zakladem experimentalnich praci byly in vitro molekularné biologické metody.
Jedna se zejména o gene reporter assay, real time RT-PCR a EMSA (Electrophoretic
Mobility Shift Assay). Gene reporter assay (Obrazek 5) a jeho variace one hybrid
assay (Obrazek 6) a two hybrid assay (Obrazek 7) jsou metody umoznujici testovat a
kvantifikovat potencial 1é¢iv aktivovat dany promotor prostfednictvim sledovaného
nuklearniho receptoru, piipadné podil dalSich transkripénich faktorti na této aktivaci.
Real time RT-PCR je rozsifena, vysoce citliva metoda s Sirokym vyuzitim, kterou
neni tieba detailnéji predstavovat. Umoziuje relativni kvantifikaci mnozstvi mRNA
sledovaného genu a zmény tohoto mnozstvi v disledku ptitomnosti 1é¢iva. EMSA
(Obrazek 8) je elektroforeticka metoda umoznujici detekovat miru interakce DNA

s nuklearnimi receptory V pfitomnosti ¢i neptitomnosti 1écivé latky.

ligand

4

CYP3A4 firefly luciferase

Obrazek 5: Gene reporter assay. Buiiky se prostrednictvim lipozomii transfekuji reportérovym
plazmidem, ktery obsahuje promotor sledovaného genu (CYP3A4) a strukturni gen pro luciferdzu
(firefly luciferase). Spolu snim je mozno kotransfekovat expresni plazmid kédujici sledovany
nukledrni receptor (PXR) a expresni plazmid pro neinducibilni luciferdzu jiného typu (renilla
luciferase), ktery slouzi ke standardizaci ucinnosti transfekce, poctu a viability bunék. Transfekované
buiiky se poté inkubuji s testovanymi lécivy. Schopnost latek transaktivovat promotor prostirednictvim
vazby na nukledrni receptor se projevi zménou v expresi firefly luciferdazy. Vyhodnoceni experimentu
se provadi pomoci luminometru, zaznamendvad se intenzita luminiscence pro luciferazy obou typii.
Porovnavaji se podily techto hodnot ziskané z lécivy oviivnénych vzorkii a neovlivnéené kontroly.
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GAL4 TATA firefly luciferase

Obrazek 6: One hybrid assay. Metoda slouzi k vyhodnoceni afinity sledované latky k LBD na PXR
receptoru a schopnost vytvoreného komplexu ovlivnit transkripci strukturniho genu. Do bunek se
vnasi expresni plazmid kodujici hybridni protein LBD PXR a GAL4, coz je nukledrni protein pritomny
V kvasinkach, ktery zprostredkovava aktivaci urcitych genii prostrednictvim galaktozy. Ddle se
kotransfekuji reportérovy plazmid obsahujici promotor s responzivni oblasti pro GALA nasledovany
strukturnim genem pro luciferazu (firefly luciferase) a expresni plazmid pro luciferdzu typu renilla.
Aktivovany PXR zvySuje expresi luciferdzy, a tim i analyzovanou luminiscenci. Experiment se
vyhodnocuje stejnym zpiisobem jako v pripade 24.

ligand
PXR | SRC-1,
GAL4/ VP16

v

GAL4 TATA firefly luciferase

Obrazek 7: Two hybrid assay. Metoda vyhodnocuje schopnost ligandem aktivovaného PXR tvorit
komplex s koaktivatorem transkripce SRC-1. Buitky jsou transfekoviny expresnimi plazmidy pro
hybridni proteiny PXRIGAL a SRC-1/VP16. VP16 je transkripcéni aktivdtor herpes simplex viru, ktery
umoziuje nasednuti polymerdzy typu Polll na TATA box a iniciovat transkripci. Kotransfekovany
reportérovy gen obsahuje promotor s responzivni oblasti pro GAL4 a TATA boxem, ddle je jeho
soucasti strukturni gen pro firefly luciferazu. Zvysenda schopnost aktivovaného PXR tvorit komplex se
SRC-1 vede k interakci podjednotek GAL4 a VP16 s promotorem, coz se projevi vyznamnym ndriistem
luminiscence Vv diisledku zvysené transkripce genu pro luciferdzu. Vyhodnoceni se provddi stejnym
zpiisobem jako v predchozich pripadech.
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Obrazek 8: EMSA. Technika je zaloZena na zpomaleni migrace komplexu dvouretézcové biotinylované
dsDNA a nukledrniho receptoru (NR) (2) oproti nevdzané znacené dsDNA (1) na
vertikalnim polyakrylamidovém gelu. Pouzita dsDNA obsahuje sekvenci studovaného responzivniho
elementu a sleduje se jeji schopnost vazat nuklearni receptor. Nukledrni receptory je mozno ziskat
rekombinantni pripravou ¢i izolaci jadernych frakci bunek. Otestovani a porovnani obou variant
umoznuje urceni podilu dalSich proteinii pritomnych v jadre na vazbé nukledarniho receptoru
Kk responzivnimu elementu. Specificitu je mozZno ovéFit pridanim protilatky proti nukledrnimu
receptoru (AQ), kterd po navdzani zpiisobi vyraznéjsi zpomaleni migrace komplexu (3). Dalsi mozZnosti
je pridani nékolikandsobné vétsiho mnozstvi ne-biotinylované dsDNA stejné struktury jako znacend
dsDNA, ktera vede Kk zeslabeni intenzity bandu (4) V disledku vytésnéni znacené dsDNA. Schopnost
léciva transaktivovat vznik komplexu se projevi zménou intenzity bandu (5 jako priklad efektu
induktoru). Detekce je chemiluminiscencni, kvantifikaci vizualizovanych bandii Ize provést pomoci
pocitacovych programii.

Experimenty byly realizovany s vyuZzitim kultur primarnich lidskych bunék a
lidskych bunécnych linii. PouzZivani zvifat neni za timto Ucelem doporuceno pro
vyznamnou mezidruhovou variabilitu jak enzymatické vybavy, tak i zplsobu jeji
genové regulace. Primdrni kultury lidskych hepatocytli jsou povaZovany za
standardni model s vyznamnou vypovédni hodnotou tykajici se biotransformace
1é¢iv. Tento in vitro systém vykazuje podobny metabolicky profil, jaky je pfitomen
in vivo. Primarni hepatocyty exprimuji vétSinu biotransformacnich enzymd, které
odpovidaji na ptitomnost induktorti [45]. Jsou izolovany =z lidskych jater a
kultivovany po dobu nékolika dnli, zatimco si zachovéavaji dospély fenotyp.
Nevyhodou tohoto systému jsou omezené moZznosti ziskani vhodnych lidskych jater,
dalsi komplikaci je kratka zivotnost diferencovanych bunék, které nemaji schopnost
proliferovat. Navic neni mozné hepatocyty jednoduse transfekovat prostiednictvim

lipozomd.
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Na rozdil od primérnich kultur bunééné linie téméf neomezené rostou, pficemz si
udrzuji viceméné stabilni fenotyp. Jsou snadno dostupné a standardizované mezi
laboratofemi. Jednd se o zc¢asti dediferencovany model, ktery vSak neexprimuje

vétsinu jaterné specifickych enzymi (

Tabulka 4) a transkripénich faktort, je v8ak snadno transfekovatelny. Proto je mozné
jej vyhodné pouzit pro gene reporter assay experimenty a sledované struktury do

bun¢k vnést pomoci plazmidu.

CYP1A1 CYP2C9 CYP2C19 CYP2D6 CYP3A4

Hepatocytes 100 100 100 100 100
HepG2 6,99 0,01 0,05 1,57 0,03

Tabulka 4: Srovnani relativni exprese mRNA jednotlivych cytochromul v primarni kulture hepatocytii a
lidské hepatomové HepG?2 linii [46].
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1.6 Cile diserta¢ni prace

Jak jiz bylo fe€eno v prislusné kapitole, CYP3A4 je biotransformaéni enzym vétSiny
metabolizovanych xenobiotik. Je také hlavni pfi¢inou Iékovych interakci.
Odhlédneme-li od funkéni inhibice tohoto enzymu, dalSim vyznamnym
mechanismem ovlivnéni jeho aktivity je regulace na urovni transkripce CYP3A4
genu. Jiz n¢kolik let se védci detailné zabyvaji okolnostmi této regulace, strukturou
CYP3A4 promotoru, ur¢enim typu a umisténi responzivnich oblasti pro nuklearni
receptory, spoluucasti transkripénich faktord a v neposledni fad¢ efekty 1éCiv na
transkripci. Jedna se o Sirokou problematiku, ktera stale skytd fadu otazek. Tato
prace je vysledkem mého podilu na nékolika projektech, kterymi se nase pracovni

skupina zabyva, a je zamé&fena na okolnosti hepatalni genové regulace CYP3A4.

Dil¢i cile této prace byly:

1. Vliv vybranych azolovych antimykotik na genovou expresi CYP3A4
prostfednictvim PXR. Objasnéni povahy sledovanych efekti na molekularni

urovni (2.1).

2. Utinek kyseliny valproové na genovou expresi CYP3A4 prostiednictvim
CAR. Zavedeni metody EMSA na naSe pracovisté za ucelem testovani
interakci adekvatnich responzivnich elementil v pfitomnosti ¢i nepfitomnosti

kyseliny valproové (2.2).

3. Objasnéni role HNF4a pii aktivaci CYP3A4 promotoru prostfednictvim
GRa. Vysvétleni jaterni specificity této aktivace (2.3).

Tato dizertatni prace je koncipovana jako soubor publikaci, uvefejnénych

v odbornych casopisech, které se bezprostfedné tykaji tématu prace.
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2 Publikované prace

2.1 Azole antimycotics differentially affect rifampicin-induced pregnane

X receptor-mediated CYP3A4 gene expression.

Svecova L, Vrzal R, Burysek L, Anzenbacherova E, Cerveny L, Grim J, Trejtnar F,
Kunes J, Pour M, Staud F, Anzenbacher P, Dvorak Z, Pavek P. Azole antimycotics
differentially affect rifampicin-induced pregnane X receptor-mediated CYP3A4 gene
expression. Dug Metabolism and Disposition36:339-348, 2008. (I1F 3,9077)

Abstrakt:

Jak jiz bylo dfive prokazano, azolové antimykotikum ketokonazol down-reguluje
transkripci CYP3A4 genu indukovanou aktivovanym PXR receptorem, a to
naruSenim interakce PXR s koaktivatorem transkripce SRC-1. Naopak néktera
(ktera-jen Klotrimazol ne?) azolova antimykotika, ktera maji svou strukturu
odvozenou od klotrimazolu, jsou znama svou schopnosti vazat se na PXR, a tim
vyznamné indukovat CYP3A4. V této studii jsme se zabyvali G¢inky azolovych
antimykotik klotrimazolu, ketokonazolu, ekonazolu, oxikonazolu, mikonazolu,
flukonazolu a itrakonazolu na expresi CYP3A4 zprostiedkovanou PXR. Otestovali
jsme ucinky jednotlivych azolli na bazédlni i1 rifampicinem indukovanou expresi
CYP3A4 v bunécné linii LS174T a v kultufe primarnich lidskych hepatocyti, jejich
interakce s LBD PXR receptoru a jejich vliv na interakci SRC-1 s PXR. Dale jsme
s vyuzitim dose-response analyz popsali povahu moZnych interakci testovanych
azolt se zndmym PXR ligandem rifampicinem a jejich vliv na transaktivaci CYP3A4
genu. Zaznamenali jsme aditivni a antagonistické interakce mezi azolovymi
antimykotiky a rifampicinem na PXR receptoru. Demonstrujeme schopnost
oxikonazolu efektivné indukovat CYP3A4, ktera mulze byt kompetitivné
antagonizovana rifampicinem. Dale ukazujeme, ze aktivace CYP3A4 promotoru je
komplexnim procesem, ktery neni urovan vyhradné navazanim azoli na PXR, ale
také vlivem né€kterych sledovanych latek na tvorbu komplexu SRC-1/PXR. Jedna se
o dal$i mechanismus, ktery se podili na spletitém procesu transaktivace CYP3A4

Vv pfitomnosti ¢i nepfitomnost ligandu PXR receptoru.
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ABSTRACT:

Azole antifungal drug ketoconazole has recently been demonstrated
as an inhibitor of a ligand-induced pregnane X receptor [PRR]-medi-
aterd transcriptional regulation of the CYP3AL gene through dismp-
tion of PXR interaction with steroid receptor coactivator [SRCH. In
cantrast, other clotrimazole-derived antifungal agents are known &s
potent inducers of CYP344 through PXR. In the present study, we
examined effects of azole antimycotics clotrimazole, ketoconazole,
econazole, oxiconazole, miconazole, fluconazole, and itreconazole
on PXR-mediated expression of CYPA44, We investigated individual
effects of the tested azoles as well &s their action on rifampicin-
induced PXR-mediated transactivation and expression of CYP34d in
LEATAT cell line and primary human hepatocytes, thair interactions
with PXR ligand-binding domain, and azolk-mediated recruitment of
SAC-1 to PXA. In addition, applying the phamacodynamic approach

and doss-response analysis, we aimed to describe the nature of
potential interactions of tested azole antimycotics coad ministersd
with a prototypical PXR ligand rifampicin in transactivation of CYP344
gens. We describe additive and antagonistic interactions of partial
and full agonists of PXR nuclear receptor in the therapeutic group of
azole antimycotics in rifampicin-mediated transactivation of CYP344,
We show that oxiconazole is a highly efficacious activator of CYPRA4
trarsactivation, which coukd be antagonized by rifampicin in a com-
petitive mannar. In addition, we show that activation of the CYPRA4
promoter is a complex process, which is not exclusively determined
by azole-PXR interactions, and we suggest that the ability of some
aroles to affect recruitment of SAC-1 to PXR modulates their net
effects in transactivation of C¥P344 both in the absence or presence
of rifampizin.

Drug-induced expression of CYPIA4 gene i= predominantdy regu-
lated thiough the pregnane X receptor (PXR. sterodd and xenobictic
receptor, hPMR, ouclear receptor 1I2), a member of the muclear
receptor fumily. PXR., an important component of the body's adaptive
defense mechanizm against xenobiotics, regulates at the transcrip-
tional level a number of genes iovolved in clearance of xenchbiotics
(Kliewer et al. 1958, 2002; Synold et al., 2001). I activation by a
variety of prescription drugs leads to drug-dug internctions (DDIs)
(Lin, 2006; Urqubart et al., 2007 PXR signaling mechanizm imvolves
ligand binding to the receptor, heterodimerization with the 9-cis

Thiz sludy was supporisd by the Imtemal Grant Agency of the Ministry of
Health of the Czech Republic (Gant HRE20E-2 12 PP
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dein1 011240 dmd 107 018341,

retincic acid receptor o (RXRa), binding of the PXR/BENRy het-
erodimer to response elements (REs) of target genes. release of
corepressor proteins, and recruitment of coactivators and the genernl
transcription machinery (Eliewer et al.. 1998, 2002: Lehmann et al.,
1998, Synold et al., 2001 ; Klewer, 2005

Interactions of several axole antifungals with buman PXE hove
recently been imvestigated. Clotrimezole, a koown inducer of CYPIA4
expression, and its analogs have been found as highly potent ligands
of human FXE. which promotes interaction of PXR with sterodd
receptor coactivator (SRC)-1 (NCOAL) (Bertilsson et al., 1958; Lah-
mann et al, 1998; El-Sankary et al. 2001; Ekina et al.. 2007; and
atherz), Itraconnzole and ketoconazole are wenk inducers of CYPIA4
via PXR (Sinz et al., 2006; Huang et al.. 20073 However, ketocon-
azode was reported to inhibit ligand-induced PXR-mediated transcrip-
tonal regulation of CYPIA4 and MIDRT genea (Takeshita et al., 2002;

ABBREVIATIONS: PXR, pregnane X recepton DD, drug-drug interaction; FERa, reftinoid X receptor @ (8o retinoic acd receptor-ajl RE,
reapores ekemeant; SRG, stemid eeeptor coactivator; BT, meerss rareciptass; PGR, polmerass chain reaction; LBD, ligand-binding dorreain;
FBS, fetal bovine semrm; SR12813, tetrasthyl 2-3,5-di-tert-butyl-4 -hydroxyphenmyfiethanyl- 1,1 bisphosphonate; DMSO, dimethyl sulfoxids; ER,
everted repeat; GAR, constitutive androstans receptor; HMF, hepatocyts nuckar factor; GR, glucocoricold recepton; DR, direct repeat; RID,
receptor-interacting domeain; VDR, vitemin D recaptor; GYP, cytochroms P450; GALY, yesst transcriptional activator of galactoss-metabolzing
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Dret et al., 2006; Huang et al.. 2007; Wang et al., 2007). It has been
suggested that the molecular mechanizm undedying the inhibition
procesds through specific distuption of PXR interaction with SRC-1
at the AF-2 coactivator binding site (Takeshita et al., 2002; Huang et
al., 2007; Wang et al.. 2007 ). Recently, oxiconamole. miconazole. and
fluconazole were reported to suppress basal and rifimpicin-activated
PXR-mediated activation of CYPIA4 (—10466 to +353) lucifernse
reporter plosmid in tmansient transfection assays (Wang et al. 2007).

In the present smady, we focused on effects of azcle antinycotics
clotrimazole, ketoconazole, econapole, oxiconazole. miconazole, flu-
conazole, and itraconazole on PXR-mediated expreasion of CYP3A4.
W irrvestigated potency of the individual azole antimycotics o mgulate
lervels of CYP3A4 mBNA in LS174T cell= and primary human hepato-
cytes employing real-tume RT-PCR. transactivate CYP3A4 promoter in
gene reporter assays, bind o the PAR ligand-binding domain (LB and
reciuit SRC-1 conctivator 1o PXR in mammalian two-hybrid assays.
Furthermore, we examined effects of ested nzoles on rifampicin-induced
CYP3A4 iansactivation through PER. Finally. we aimed to describe the
nahwe of potential pharmacodynamic interactions of tested amole antimy-
cotics coadministered with o protofypical PXR ligand rifampicin in
tmnsactivation of the CFPIA4 gene.

W reveal differential effects of several amole antimycotics on
PHE-mediated transctivation of CFP3A4, binding to PXE LED. and
recruitment of SRC-1 to PEXR. We show additive and antagonistic
effects of azole antimycotics on rifampicin-induced PHR-mediated
transactivation of CYPIA4 We demonstrate that oxiconazole is one of
the most potent inducers of CFP3A4 gene expreasion vin PXR de-
scribed so for, whose effect in transactivation of CYP344 could be
competitively anmgonized by rifampicin. We also show that ability of
some amoles o affect recroitment of SRC-1 to PXE modulates their
oet effects in tmossctivation of CYPIA4. both in the absence or
presence of rifampicin. We thus suggest that PXR-mediated activation
of CFP3A4 promoter i8 a complex process, whose magnitude is not
exclusively determined by binding characteristics of ligands to PXR
LBD. and indicate important modulatory wle of SRC-1 in PER-
mediated ransactivation of CFP3A4.

Materials and Methods

Cell Lines. The buman Caucasian bepatocyte carcinoma (HepG2), human
oolon adenecaminema (LE174T)L and African Green monkey kidney fibroblast
(CV.1) cell lines were purchosed from the Eumopean Collection of Cell
Culrures {Salisbury. UK) and were used within 20 passages after delivery and
maint@ined in amibictic-free Dulbecco’s medified Eagle’s medium supple-
mented with 10% fetal bovine serum (FES). In addition, medium of HepG2
cells was supplemented with 1% sodium pyruvate and 1% nonessential amino
acids (Bigma-Aldrich, St Louis, MO0,

LE174T human colopic epithelial wmor cell line is one of wery few
human-derived cell lines that have inducible the CYPIA4 gene and relatively
high expression of FXE (Burk et al., 2005; Cerveny et al., 20075 CV.1 cell
line was used since it does not express any hepatocyle-specific ranscriptional
factors.

Chemicals. Rifampicin, charcoal. SRI2EL3, and cell culture media were
purchased from Sigma-Alrich. Phenol red-free media wer purchased from
Inwiiregen (Cadshad, CA)L FBS was purchas ed from PAA (Pasching, Ansina).
Azole antimycotics were obiained in high-grade pharmaceutical quality from
Sigma-Aldrich (clotimazole): Jamssen Planmaceutica M.V, Beeme, Belgiuvm
(ketcconaale, baich E3400; miconazole nitrabe, baich 132001% Janssen Re-
seamch Fourdation (itmconsecle, batch A22301%; Hoffmann La Boche, Besel,
Switzerland (ondcomazole nitmte, LOT 481812); Cilag AG, Schaffhausen,
Switzerland ( econazole nitrate, baich S4P4279c and Zentiva, Pmgue. Crech
Fepublic (flucomazele ) Stock solutions (10000 or 20 ) were prepared in
DM ED (Sigma-Alrich). The final concentmation of DMES0 in culiure media
was 0.1% (v in all experiments.

Mosmids. A dumenc piAd-luc reporier comsinict containing the basal pro.
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moker {— 362+ 53) with the proximal PXE msponse element (ERS) and the disial
xenchiotic msponswe enhancer module {—TE3-T208) of the CYFPIAd gene
5 flankirg megion insened to pGL3-Basic reporer wector (Promega, Madison,
Wi was descrbed by Goodwin et al. (19990, The exprasion plemid for FXR
meepior, pSGS-hPXE, wws kindly provided by D 8. Eliewer (University of
Texze, Dallas, TX). The buman CAR expression plasmid pCRIhCAR was kindly
provided by D M. Megishi (Mational Insitute of Emvironmental Health Scierces,
Besearch Triangle Park, NC). The expression plemid pSG5-hREXE® encoding
human BXRa cDOMA was a generous gift from D C. Carlberg (University of
Euopio, Kuopio, Finland). peDMNALHMNPAx2 expression plamid was kindly
donated by Dr. B, Laine (INSEREM Unit 459, Lille, France). The expression
plasmid encoding humon GRae (pSGS-hGRa) was a generous gift from D 1.
Palvimo {University of Helsinki. Hekinki. Finland). pEL-TE was puchased
from Promega. To constnact pDR.3-luc and pERG-luc plasmids, we synihesized
complementary pairs of cligonuclectides containing three andem copies
of either DR3 or ER6 REs of the CFPiA4 promoter (5 .CTAGCGAA-
ICAACTTOCTGACCC TCTGATGGAATGAACTTGCTOACCCTCT-
GATGOATGAACTTGCTGACCCTCTA-'S to produce pDR3uc and
5 .CTAGCATATGAACTCAAAGGAGGTCAGTGGATOOAATGAACT.
CAAAGOAGOTCAGTGOATGOAATGAACTCAAAGOAGGTCAG-
TGA-" o produce pERSuc). The underlined sequence indicaes DRI and
ERS REs. Oligomckotides were annealed and cloned into the Mhel. and
Bglll-digested sites of the pGL4.23 vector containing a minimal promoter
{Promegal).

Transi ent Transfection and Luciferase Gene Reporter Asays. Trangent
ransfection assays were carried out using Lipofectamine2000 magent (I tro-
gen) according to the mamafactarer”s instruction. HepG2 cells (2 = |.|:|5_I were
seeded into 48-well plates and ransfected with a lucifermse reporter constnact
(200 or 300 ngfwell ), the expresdon plasmid encoding PXR (50 ngfeell), and
Renilla reniformis luciferase tmrsfection contral plasmid (pRL-TE) 24 b later
130 ngfwell). Celk were maimtained in phencl red-free medium (200 1)
supplerented with 10%: charcoal'dextmn-stipped FBS with azcle antimycot-
ics or combinations of drugs for & or 24 h.

In the case of ransient iransfection experimenis with pDR3-luc and pERS-
Iz repomer plemids. HepG2 cells were cotmmefected with 200 ngfwell of a
mporier plasmid the expression plasmid encoding PXE (200 ngfwell), and
pRL-TE {30 ngfwell). Subsequently, cell were mainiined in phenol med-free
medium (200 ) supplemented with 1% charceal/dextmn-sinpped FRS with
mole antimyootics (10 M) for 42 he

For mammalian two-bivbnd asssys. we used the mammalian tes-hybnd
fugon plasmids GALA-PXE-LBD and VP 14-8RC-1-mceplor-inemeting do-
main (FID which were a generous gift from Dr. A, Takeshita {Tomnomaon
Hespital, Tokyo, Japan: Takeshitm et al., 2002). The GAL4 fusion plasmid
contains the LED of buman PXER (107- 434 amdno acids) fused to GALLDED
iveast DM A-binding domain). and the Y14 fusion plasmid contains te RID
(595780 amino acids) of SRC-1 fused o Herpes simplex vines VP16 activa-
tion demain. The pGSluc reporter vector, which contains five GALS binding
stes upstream of a minimal TATA box and the firefly luciferase gene. wos
purchased from Promega. The pGald (20 ngfwell) and pWVP1S (50 ngfwell)
fuson constncts were tmnsfected along with pGSluc vector (120 ngfwell) and
pRL-TE {20 ngfaell) into HepG2 cells. One day after tmmsfection, axole
animycotics (20 pM) or their combirations with ofampicin (10 pM) were
added inte media for 8 or 24 b

In the case of reponer experimenis with pGShe and GALLPXR-LED
plasmids {one-bybrid tmms-sctivation assay ) in CV-1 cells, 150 ngfaell pGSluc
plasmid and 100 ngfwell GALA-PXE-LBD plagmid were used together with 30
ng of pRL-TE. In the assay. an agonist binding to PXRE-LBD is detectable
through GAL4 activation of the phGSle reparter wector. Cells were then
exposed to seole antimycotics for 24 h. Luminescence activity was determined
with a Genics Plus luminometer (Tecan, Grédig, Ausiria) in cell lysate using
a commercially available lucifernse detection system (Dual Luciferzse Re-
poner Assay Kit Promega).

Real-Time RT-FCR Analysis. Total BNA was isolated from LS 174T cells
and primary human bepatocytes treated with tested azole antimycotics or their
combimatiors with ofampicin for 24.or 48 b, Total BM & isclation and real-time
ET-PCE for CYPIA4 gene were performed as descni bed before i(Cerveny etal .,
20607}, The primer sequences for PXR expresson analysis were the following:
mveme primer. 5 2CTG TGA TGC CGA ACA ACT OC.3'; and forwamd
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primer, 5-C0C AGC CTGCTC ATA GGT TC-37 The hypoxanthine-guamine
phoapharibosy] transferase gene was usad as a housekeeping gene (Carveny et
al., 2007, PCR conditions specific for each gene were optimized with fespect
to MgCl, concentration and annealing temperature. All samples were ma in
Iriplicate simultanscusly with negative controls. Melting cuive analyses wese
performed in each real-time RT-PCR emperiment. Pfaffl’s (2001) method was
applied for relative quantification of gene empression normalized to a house-
keeping gene. The results are expressed as -fold induction versus contnol
vehicle-treated cells.

Primary Cullures of Human Hepatocytes. Hepatocytes were prepared
from lebectomy segments. mesected from adult patients for medical reasons
uprelated o onr reseanch progm. Humon tissue was obiained accoading o
protocols complying with the current Czech legislation. Human liver samples
usad in this study were obtained from two patients: LH 18 (woman. 69 years)
and LH 19 (woman, 44 yearsh (Cerveny et al. 20071 Hepatocytes were
izclated and cultured as previously described (Cerveny et al., 2007). Following
izclation, the cells were plated on collagen-coated culture dishes of a density
1.4 = 107 cellsiom®. In addition, two cultures of the long-teom human hepa-
tocytes i momolayer batch HEP220216 (77-year-0ld Cancasian femake with
hepatic lesion from adenccarcinoma, nensmoker) and HEP220221 (73-year-
ald Caucasian male with hepatocellular carcinomo. nonsmoker) purchesed
from Biopredict International (Rennes, France ) were used (Meneses-Lotente et
al., 20071 The medium wes exchanged for serum-free medium the day after
delivery. and the culhures were allowed to stabile for an additional 48 o 72
prior to treatments. Cullires were maintained at 37°C and 5% OOy in o
humidified incubator. The level of CYPAAL mBMA expreszion was analymed
uzing real-time RT-PCR according to the protoce] mentioned above after 24-h
treatment with indicated compounds or their combinations.

Cell Viability Test. Cytotoxicity of azale antimycotics after 24, 48, and
T2 h of incubation with tested drugs was tested by o colorimetric tetrazolinm
aalt 3-(4.5-dimethyl thizzod-2-91 -2 5-diphenyltetrazolium asay according 1o
the Aardard protocel (Roche Diagnostics, Basel Switzeddondy. Simulta-
neously, morphology of cells in culture was microscopically nasassed.

Statistical Analyses. One-way analysis of variance followed by Dunnett's
multiple compariscn post hoc test or Student’s 1 test was used for siatistical
analysis of differences between two expermental proups using GmaphPad
Priam software (GraphPod Software Inc.. San Diego, CA)L BC,,, (xenobintic
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Fic. 1. Effecis of azole antimycolics on
expression of CYP3A4 and PXR mEMAs
in LS174T cells and in primary human
hepatacytes. LE174T cells were ireated
with 10 phd tested srales or dfampicin for
42 h. Tetal RMA was isolated, and mPEMA
levels were analyzed by real-time RT-PCR
with specific primers. Expression of tesied
genes was normalized 1o the hypooant hive-.
guanine phosphonbosy tmrsfersse house-
keeping geme. The effect of tested azole
antimycetics on CYP3A4 (A) and PXR (B)
mENA levels is presented = -fold mEMA
expression 0 comtml vehicle-treated cells
iset to 1) Data represenied the means of
three independent experiments = 3.0 (n =
3) performed in triplicate. T, long-term hu-
man hepatacyles in monclayer (hatch HH
230221 were treated with 10 pb tested
azoles, rifampicin (10 ph). or vehicle
(OME0; %) for 24 h Total RNA was
isalated. and mEMA levels were analyzed
by real-time BT-PCR with specific primers
Walues reprsent the mears = 5.1, of tip-
licaie, =, p <2 005; ==, p <2 0.00; and ===,
P < 0001 as compared with control cells
tanalysis of vanance with Dunneti’s tesi)

concentration required to achieve half-maximum promoter activation) and J
(representing the overnll maximal caleulated induction produced by testad
compound; maximal responding capacity; maximal efficacy) values were
determined according to Hill's equation by nonlinear regression analyzis using
GraphPad Prism Software (GraphPad Scftware Ine.) from at keast seven-point
curves performed in triplicate. Linear regression analyses, slope, and the p
value (F test) calculation were also performed employing GraphPad Prism
Software.

Results

Imduction of CYFIiA4 and FXR Gene Expression by Tested
Azole Antimycotics in LE174T Cell Line and Primary Human
Hepatocytes. First. we tested effects of selected azole antifungals on
expression of CYP3A4 mRENA in human intestinal LS174T cells and
primary human hepaiocytes employing real-time RT-PCR analysis.
Transcriptional regulation of the target gene via PER is well docu-
mented { Lehmann et al.. 1998; Goodwin et al.. 1999). In paralle] with
CYP3A4 mRMA level, expression of PXE mBEMA was also examined.

As shown in Fig. 1A, CYP3A4 mRMNA levels were strongly in-
duced by oxiconazole {25-fold), clotimazole (19-fold), rifampicin
(La-fold), miconazole (9-fold), and econazole (9-foldy when com-
pared with control in LS174T cells in = 3). Interestingly, ketocon-
azole, oxiconazole, and miconazole significantly (p <2 0.05) down-
regulated PR mBMA in LS174T cells (Fig. 1A).

In agreement. we found that oxiconazole, miconazole, and econ-
azole are inducers of CYP3A4 mRMNA in primary humean hepatocytes
(Fig. 1B). Contrary to reaulte in LSIT4T cells, oxiconazole and
rifampicin elicited comparable potency to induce CYP3A4 mBMNA.

Tranzactivation of the CYFPIA4 Promoter by Azole Antimycot-
e Potency of selected azoles to transactivate CYP344 gene reporter
construct by full-length PXR was assayed in transient transfection
experiments in HepG2 cells. We found that oxiconazale, clotrimazole,
miconazole, and econazole efficiently activate CYPIAS promoter
through PER after S-h incubation in HepG2 cells (Figs. 24 and 3A).
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Fuo. 2. Owiconazele, miconazole and econazcle tmmscriptionally activate CYPi44
promicter through PXR. A concentmbion-dependent activation of p3Ad-luc via FXR
by teaed azcle antinnyeotics. HepG2 cells were transiently trrefected with full-
lengith PER expresson plasmid (50 ngwell) together with p3Ad-luc reporter
plasmid (300 ngfwell) and pRL-TK control plasmid for transfection normalization
30 ngfwell). After wansfection, cells were treated with the indicated concenirations
of arales or rifampicin for b B, CV.1 cells wers iransiently transfected with a
ALY reparter plasmid with firefly luciferzse reporter gene (pG5luc, 150 nghvell),
fusion GAL4-PER ligand binding domain expression plagmid (GAL4-PXRE LBD,
100 pgfwelly, and pRL-TK (30 ngfwell). Cell were then treated with the indicated
concentmtions of azoles for 24 h. Afier incubation with tesied compounds, wlls
were Iysed and analyzed for both firefly and Remile hcifemse actwities. Daa
represent the mean of three independent experiments and are shown as -fold
induction of normalized luciferase activity relative to solvent (0L1% DMS0) con-
tmols. Error bars, 5.0, EC /1T, concentration required to achieve half-maximum’
minimum gene reporier plasmid activaion. § /0. the maximalminimal calou-
lated activation produced by tested compound.

Dose-response analysis using nonlinear regression analysis revealed
that the xenobiotic concentration required to achieve half-maximum
activation of C¥P3A4 reporter plasmid (EC.;) for oxiconazole was
approximately 6.1 ph and calculated maximal -fold sctivation value
(e was 21,9, Rifampicin activated the reported construct with the
ECqy value of 1.6 pMand I, of 12.4. Thus, dose-response analysis
showed that rifampicin iz not able to produce full activation of
CYP3A4 reporter plasmid under the used experimental conditions.
Oxiconazole was also more potent to activate p3Ad4-luc reporter after
24-h exposure in HepG2 cells in comparison with rifampicin (data in
Fig. 43 or another prototypical PXR ligand SR12813 at an equimolar
concentration of 10 ehd (76,5 and 52.7-fold activation to control,
respectively ) under the same experimental conditions with 300 ng of
PAA4luc and 50 ng of pSG5-FXR cotmnsfected per well.
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Estimated [, for econazole (14.7) was higher than in the case of
rifampicin (12.4). clotimazole (13.9%, and miconazole (11.9). ECsy
values of econazole and miconazole were higher in comparison with
rifampicin (5.6, 1223, and 1.6 phd, respectively) iFig. 2A). Ketocon-
azole had a minor effect on CYPIAS promoter activation; itraconazole
and fluconazole did not yield any significant effect after 8 or 24 h of
incubation in HepG2 cells (Fig. 3A. doss-response curves are not
prezented ).

Identification of Oxdconazole, Miconazole, and Econazole as
PXR Ligands. In next experiments, we investigated interactions of
tested arole antimycotics with PXR ligand-binding domain. Consis-
tent with the results obtained using the full-length FXR and p3Ad4-luc
reporter plasmid, clotrimazole, oxiconazole, econazole, and micon-
azole efficiently activated GAL4 reporter plasmid through GAL4
PXR LED fusion construct (Fig. 2B). Interestingly, we observed the
opposite patern of activation in the case of rifampicin and cxicon-
azole in the experiments. Oxiconazole activated the reporter plasmid
with higher affinity to PXE LBD than rifampicin (ECs, = 2.9 and 5.6
whd, respectivel ¥), whereas maximal activation [, did not differ
significantly between these two compounds (3.2 versus 3.4). Econ-
azole and miconazole activated GAL4 reporter plazsmid through
GAL4 PEXR LED with the ECy, values of 3.6 and =15 pM and
maximal efficacy [, values of 2.4 and 2.3, respectively (Fig. 2B).
ECs;, for miconazole is presented az estimate becauze miconazole did
not reach plateau in the experiments. Clorimazole was the most
potent ligand of PXR in our experiments (EC,, =25 pM. I = 31)
iFig. 2B ). Surprizingly. we found that ketoconazole dose dependently
inhibited the GAL4 reporer plasmid activation through GAL4 PXR
LB construct with an [Csq of 17.9 wM and I, of 0.25 (Fig. 2B).
Fluconazole and itraconazole did not activate the reporter plasmid.
suggesting no interaction of the compound with PAXR LBD at the
tested concentrations {dose-response data not shown, Fig, 38).

Hence, we conclude that oxiconazole, clotimazole, miconazole.
and econazole, but not ketoconazole, itraconazole, and fluconazole
efficiently activate C¥P3A4 promoter through interaction with PXR
LEDriFig. 2A% We suggest that clotrimazole is a full agonist of PXR.
which iz able to produce maximal effect in interaction with GAL4-
FXR LBD (Fig. 2B). On the other hand, rifampicin. oxiconazole.
econazole. and miconazole are partial agonists on PXR LBD. which
interact with GAL4-FXRE LBD with substantial affinity; however.
they do not produce maximal activation (Fig. 2B Interestingly. we
confimmed that ketoconazole induces CYP3A4 mRENA and transacti-
vates CYPIA4 promoter, although it is not an agonist of PXR (Hoang
et al., 2007).

In the next experiments, we addressed two questions arising from
the data. First. we studied how azole antinmycotics affect rfampicin-
induced activation of C¥P3A4 promoter. We supposed to observe
additive, synergistic, or antagonistic pharmacodynamic interactions
due to different characteristics of tested azoles to transactivate the
C¥P344 promoter via PXR and differential effects of the compounds
on SCR-1 recruitment to PER. Second. we aimed to explain why
oxiconazole activates the CYPIA4 promoter with higher efficacy in
comparizon with rifampicin, although they have comparable I in
experiments with the GAL4-PXR LBD plasmid.

Transactivation of the CYP344 Promoter by Combinations of
Azole Antimycotics with Rifampicin. In the next transient transfec-
tion experiments with the p3A4-luc reporter plasmid. we observed
that the effect of oxiconazole to transactivate the p3A4-luc reporter
plasmid was significantly {p < 0.05) reduced by rifampicin at con-
centration of 5 phd or higher after 8-h coincubation in HepG2 cells
(Figs. 3A and 4). We suppose that rifampicin attenuates competitively
the effect of oxiconazole, which has higher maximal efficacy (1,,.)
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Fug. 3. Effects of apole antinmycotics in combination with dfampicin on activation
of CYP 344 promoter. intemction with PXE ligand-binding dorain, and recruitment
of SRC-1 coactivator. /&, transient tarsfection experiments in HepG2 cells were
performed with full-length PXE expression plasmid (30 ngfwell) together with
piAad-lue reporter plasmid (300 nghwell) and pRL-TE (30 ngfwell). HepG2 cells
were ireaied with ibe indicaied combinations of azces antimyooiics (20 phi),
ffampicin (19 pM), or vehicle icontral, 0.1% CRS0) for 8 h. B, CV.1 cells were
teansiently transfected with pOSluc GALA Luciferase reporter plasmid (150 ngfwell),
expression vector GALS-PEXRLED (100 ngfwell), and pREL-TE trmrsfection conirel
plasmid {3 ngfwell). Cells were then treated with 20 ph azcle antirnyootics in the
presence or absence of nfampicin at the concentration of 10 pM for 24 b, C,
two-hybrd assay was performed in HepG2 cells iransfecied with a pGSluc GALS
reparter plasmid. GALA-PXE LBD, VPIASRC.L.RID, and pRL-TK plasmids.
Cells were then ireated with 20 pM azcle antimyceiics in the presence

343

and ECs;, value to transactivate the p3Ad-luc reporter plasmid (Fig.
24). Consistently with published data (Huang et al., 2007: Wang et
al., 2007). we found that ketoconazole significantly (p < 0035
decreased rifampicin-mediated activation of CYP3A4 promoter (Fig.
3A). The inhibitory effect of ketoconazole was more pronounced after
24-h coincubation of ketoconazole (30 whd) with 10 whd rifampicin
imore than 55% reduction of activation, data not shown ), Of note, we
observed indication of additive interactions in activation of the re-
porter plasmid by combinations of econazole and miconazole with
rifampicin, but not in the case of clotimazole (Fig. 3A). Fluconazole
had no effect on both basal and rfampicin-induced PXR-mediated
activation of p3A4-luc (Fig. 3A). Finally. we observed statistically
significant (p << 0.05) stimulation of rifampicin-mediated activation
of piAd4-luc by itraconazole after 8- and 24-h incubation (Fig. 34,
data for 24 h not shown.

In parallel. we performed gene reporter experiments with emply
pGL3-basic reporter plasmid under the same experimental conditions
with all tested compounds. We ohserved a slight {~-20%) increase of
reporter activity after treatment of HepG2 cells with oxiconazole and
miconazole for & h. Because the activation was not statistically sig-
nificant. we did not subtract the nonspecific activation in final calcu-
lation of p3A4-luc -fold activation. Other tested compounds did not
significantly activated pGL3-Basic reporter plasmid after 8-h reat-
ment {data not shown).

Imteractions of Azole Antimycotics with the Ligand-Binding
Domain of PXR. Mext, we investigated binding of azole antimycotics
in combination with rifaompicin on PXR ligand-binding domain using
the GAL4-PXR LBD fusion construct and pGSluc GALA reporter
vector. We did not observe any statistically significant additive or
antagonistic interactions of azole antimycotics in combination with
rifampicin on the activation of the pG3luc reporter vector through
pirAL4-PEE LBD except ketcconazole (Fig. 3B). In the presence of
ketoconazole, we obzerved significant (p < 0.05) suppression of
paSluc reporter vector activity in CW-1 cells cither in the absence or
prezence of rifompicin (Fig. 2B). These findings contradict to the
hypothesis by Huang et al. (20075 who suggested that ketoconazole
unlikely competes with ligands in PXE LBD. Itraconazole and flu-
conazole neither bound nor affected significantly binding of rifampi-
cin to PXR LED.

Axole Antimycotics Promote PXR-5RC-1 Coactivator Interac-
tiom. Interaction of PXR with coactivators is a critical part of the
nuclear receptor signaling (Rosenfeld et al., 2006). Recently. keto-
conazole was shown to dismupt the interaction of PXR with SRC-1
resulting in suppression of ligand-induced PXR-mediated induction of
CYP3A4 and MDRET genes (Takeshita et al., 2002: Huang et al., 2007
Wang et al., 2007,

We uzed the mammalian two-hybrid azzay to evaluate whether
tested azoles individually or in combination with rifampicin (10 phd)
affect interaction of PXR with SRC-1. Consistent with previous
reports (Lehmann et al., 1998 Synold et al., 2001, Takeshita et al..
20602, Huang et al., 2007, and others)y, rfampicin and clorimazole
significantly ¢ p <2 0.01) promoted the specific interaction of SRC-1
with PXR after 24-h incubation in HepG2 cells (Fig. 3C). In agree-
ment with gene reporter data (Fig., 2A). the effect of rifampicin
plateaued from the concentration of 10 whd (data not shown), Oxi-
conazole and clotrimazole had stronger effects on interaction of PXR

or absence of rifampicin at the concentration of 10 phd for 24 h. Data are expressed
= mean = 50 of a representalive experiment performed in trplicate and are
shown as -fold induction of normalized lucifemse activity relaiive to solvent (0.1%
DAS00 control. Simdlar profiles were observed in three independent experiments
= p = 0.05
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Ro. 4. Competition of rifampicin and cxiconazale in PXE-medisted trresctivation of p2Ad-luc reporter plemid. Trmient tmnsfection expeiments in HepG2 cells wers
perdformed with full-length PR expression plasmid (30 mgheell) together with piAd-luc reporter plammid (200 ngheell) and pRL-TE 30 ngiwellp. A, cells wers
simulianeously ireated with the fixed concentmiion of oxiconazele (10 ph) together with dfampicin at the concenirations from 0.5 to 20 ph for 24 b B, cells were ireaied
with the fixed concentration of dfampicin (10 ph) together with oxiconazolke ab the concentmiions from 0.5 to 20 . Cells were incubated with the compounds for 24 b
harvested. and sssayed for lucifemse activities. Data are expressed as mean = 5.0, and are shown as -fold induction of nommalized lucifernse (firefly/Resills) activity
relative to control (0.1% DBAS0N. = p < 005, as compared with cells treated with only 10 phd cxciconazcle. #, p < 005, 5 compared with cells ireated with only 10 pbd

ffampicin; #, p <2 005, as compared with cells treated with 20 pM oxiconazole

with SRC-1 in comparison with the effect of rifampicin after 24 h of
incubation (Fig. 3C). Econazole and miconazale also yield significant
recruitment of SRC-1 to PXR {p <2 0.05) In agreement with reporter
experiments with the p3Ad4-luc plasmid (Fig. 3A), rfampicin signif-
icantly (p <2 0.05) suppressed oxiconazole-mediated interaction of
PXE with SRC-1 (Fig. 3C). Fluconazole and itraconazole had no
effects on recruitment of SRC-1 to PR in the absence of rifampicin
(Fig. 323 However, we observed that jtraconazole augmented rifam-
picin-mediated recruitment of SRC-1 to PR after & and 24-h coin-
cubation in HepG2 cells. The simulative effect of iraconazole (20
by was statistically significant {p = 0.01) after 8-h coincubation
{7.7- = D.4-fold activation in comparizon with the effect of dfampicin
alone, —4.%- * (.1-fold activation), but not after 24-h cotreatment
{p < 0.07) (data for 24 h in Fig. 3C) Ketoconazole (20 pMj
significantly inhibited rifampicin-induced intzraction of PXR and
SRC-1 after 24-h incubation. which comelates with recent reports
{Takeshita et al.. 2002; Huang et al.. 2007). Interestingly, we did not
see additive effects of econazole and miconazole in combination with
rfampicin on SRC-1 recruitment (Fig. 3, A and C). We thus hypoth-
esize that additional factor §coacti vator/core pressor) might underlie
the interactions of the azoles with rifampicin in transactivation of
CYP3A4.

Based on the data in Fig. 3, we can conclude that oxiconazole,
clotrimazole, miconazole, and econazole are agonists of PXR, which
ransactivate CYFP3A4 promoter and promote SRC-1 coactivator re-
cruitment. In addition, we indicate that oxiconazole promotes recruit-
ment of SRC-1 to PXRE more efficiently than rifampicin and clotrim-
azole, which consequently results in greater transactivation of
CYP3A4 promoter by the azole antimycotic. Imeonazole stimulated
activation of CYP3A4 promoter and recruitment of SRC-1 o FXR,
although it did not interact with PXR LBD. Eetoconazole suppresses
rfampicin-mediated CY¥P344 transactivation. SRC-1 recruitment to
PXE as well as interaction of rifompicin with FXE LDB. Fluconazole
did not bind to PXE LED and had no effect on transactivation of
CYP3A4 promoter.

Oxiconazele Competes with Rifampide in Activation of the
CYPi44 Promoter im Transient Transfection Experiments. To
study interaction of rifampicin and oxiconazole in activation of the
CYP3A4 promoter. we performed trarsient transfection experiments
in HepG2 cells cultivated for 24 h with increasing concentration of

oxiconazole and fixed concentration of i fampicin {and vice versa). As
shown in Fig. 4A. rifampicin activated p3Ad4-lue in a doze-dependent
manner and plateaned with the -fold activation at about 35 {caloulated
I .. = 37.6 for 24-h incubation). Combination of oxiconazole (10
) with increasing concentrations of rifampicin resulted in statisti-
cally significant {p = 0.05) suppression of oxiconazole-mediated
activation of the p3Ad-luc mporter plasmid (Fig. 440

In the next experiments. we assayed the effects of increasing
concentrations of oxiconazole on activation of p3A4-luc in HepG2
cells exposed to a fixed concentration of rifampicin (10 ph) (Fig.
4B). Omiconazole alone activated p3A4-luc in a dose-dependent man-
ner, with the maximal activation at the concentration of 20 b after
24-h treatment (Fig. 4B). Combination of 10 pM rifampicin with
oxiconazole (20 ph) resulted in significant (p < 0.05) additive
increase of p3Ad-luc activation in comparison with the individual
effect of 10 pM rifampicin (Fig. 4B). However, the activation by the
combination of oxiconamole and rifampicin was significantly lower
{p <= 0.035) than the activation mediated by 20 phd oxiconazole alone
(Fig. 4B). Thus, we demonstrate antagonistic effect of rifampicin on
oxiconazole-mediated activation of CFP3A4 promoter. These results
confirm our hypothesis that rifampicin and oxiconazole compete for
activation of the CYPIA4 promoter.

Addditive Interactions of Econazele and Miconazoele with Rifam-
picin in Activation of the CYPIAY Promoter in Transient Trans-
fection Experiments. To study in detail interactions of rifampicin
with econazole and miconazole (see Fig, 3A), we performed transient
tranzfection experiments in HepG2 cells wreated for & h with increas-
ing concentration of rifampicin and fixed concentration of econazale
and miconazole (20 phf), We expected that concentrations closed to
an BC ., of rifampicin {about 1.6 phd) might reduce CYP3A4 promoter
activation caused by cconazole and miconazole due to different EC,,
of the compounds (Fig. 2A). In a higher concentration (=5 pbd), we
supposed additive interactions of rfampicin in combination with
econazole or miconazole since these drugs individually activabe
p3Ad-lue reporter plasmid (Fig. 2A).

We found additive effects of both econazole and miconazole in
combination with rifompicin in the range of concentrations from 0.5
up to 10 M (Fig. 5). The effect was statistically significant (p <
0.05) from the 5 pM concentration of rifampicin. We did not observe
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R, 5. Additive interaciions of econazole and micomazole with dfampicin in
PXR-mediated tmrsactivation of CYP3A4 promoter. Trmsient tmrsfections in
HepG2 cells were performed s described in Fig. 4. Celk wers simultanecosly
treated with the fixed concentration of cconaale or miconazele (20 pMj together
with fifampicin at the concentrations from 0.5 to 10 gh. After B-h incubation with
tested compounds, cells were lysed and analyzed for firefly lucifemse normalized to
Renilla hacifersse activity, Daia are expressed as mean = 5.0, and are shown &
-fold induction of normalized luciferse activiry relative 1o control ©0.1% DRS00,
=, p = 005, siatistically different from cells treated with only econazele or
miconazele (20 phi).

any clear competitive antagonism by nifampicin in azoles-meditated
ransactivation of the CYF3A4 reporter plasmid.

Induction of CY¥FIA4 mRNA by Combinations of Azole Anti-
mycotics with Rifampicin in LSI74T Cells and Primary Human
Hepatocytes. Next, we tested effects of oxiconazole and itraconazole
in combination with rifampicin on CYP344 mRNA expression em-
ploying real-time RT-PCR in LS174T cell line and'or in primary
human hepatocytes. We did not detect any statistically significant
effect of oxiconazole (10 pM) on rifampicin-mediated (10 phd)
up-regulation of CYP34A4 mBMA in LE174T cells after 48 h of
coincubation (22,77 + 922 for rifampicin versus 26.29 + | 282 for
rfampicin-coticonazole combination; three independent experiments
performed in triplicate). Similarly, we did not find out significantly
different induction of CYP3A4 mRNA after reatment of commercial
primary human hepatocytes (batch 220221 with combination of
oxticonazole and rifampicin from induction mediated by cxiconazole
alone (10 M)y after 24-h exposure (5.79 = 091 for combination
versus 492 £ 0.5]1 for oxiconazole alone).

We also examined the hypothesis that itraconazale (5 and 10 phd)
stimulates rfampicin-madiated induction of CYP3A4 mEMNA in pri-
mary human hepatocytes after 48-h coincubation with 10 @M rifam-
picin as suggested in Fig. 3A. We noted variable effact of itraconazole
on rifampicin-medisted induction of CYP3A4 in primary human
hepatcoytes from three donors (data not shown)j. which at the moment
does not support the hypothesis, Ongoing sudies with extensive szt of
primary hepatocytes cultures should elucidate the effects of the azoles
on dfampicin-mediated induction of CYP3A4 mRENA.

Oxiconazole  Activates the CYPIAY Promoter Specifically
through PXR. To test whether additional nuclear receptors are in-
vaolved in strong activation of CYPIA4 promoter by oxticonazole, we
performed gene reporter experiments with the p3A4-luc reporter plas-
mid and expression vectors encoding human CAR, VDR, GRa,
HMF4a, RXFe, and PER nuclear receptors, which frams-activate
CYP3A4 (Martinez-Jiménex et al., 2007), We obzerved that oxicon-
arole (10 ph) stimulated significantly { p < 0.01) the reporter activity
only in cotransfection with PXR expression plazmid (Fig. 6). This
activation was relatively weak in CV-1 in comparizon with hepatoma
HepG2 cells (Figs. 24, 3A. and 4). This finding corresponds with the
abzence of HMF4e and possibly additional he patoc yte-speci fic factors
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FIG. 6. Oxiconsmale activates CYPI44 promoter specifically through PXE. Tan-
dent transfection expeiments in CV-1 cells were performed with piAd-lue reporter
pleasmid (200 ngiwelly, expression plammids for PXE, VDR, CAR. REXRe. GRex,
HMFdm. or the empry expression plasmid peDMAS (100 ngfwell), and pRL-TK (30
ngfwell). —, transfection of CW-1 cells with only p3Ad-luc and pRL-TE plasmids
without cotransfection with additional expression plasmid. Cells wem incubaied
with cxiconazale at the concentrtions of 10w or vehicle (control. 0.1% DRSO
for 24 h. After incubation, cells were lysed and analyzed for firefly lucifemse
normalized o Remilla luciferse activity. Data are expmssed a5 mean = S0 of a
mpresemtative experiment performed in triplicate and are shown s -fold induction
of pormalized luciferase activity relative to contrel cells (0.1% DME0H (set to 1L
= p< 001,

in CW-1 cells, which are essential for maximal transactivation of
CYP3A4 promoter (Tirona et al., 2003b; Li and Chiang, 2006). Co-
transfection of CV-1 cells with PR, CAR, and VDE expression
plasmids also yielded activation of CYP3A4 promoter plasmid in the
absence of an exogenous ligand (Fig. 6). This well known phenom-
enon is likely caused by an endogenous ligand or a ligand-indepen-
dent activation of CYP3A4 promoter reporter plasmid. Luciferase
activity of p3Ad4-luc was not significantly increased in the absence or
presence of oxiconarole in cotransfection with BXRe. GRe, and
HMF4a expression plasmids or their empty expression plasmids
pecDMAY (Fig, 6) or pSGS (data not shown). Interaction of oxicon-
azole with GRe and CAR has been also examined using pGRE;-luc
and p2B6{FEREM +5V40-luc reporter plasmids with appropriate RE=
for tested nuclear receptors (Cerveny et al., 2007). These experiments
confirm no statistically significant agonistic effect of oxiconazale on
GRe and CAR (data not shown) Hence, we can conclude that
oxiconarole at the 10 pM concentration had negligible effect on
activation of p3Ad4-luc through CAR. VDR, GRa, HNFd4e. and
RXBa muclear receptors.

Activation of ERG and DR3 Response Elements by Tested Azole
Antimycotics Correlate with Activation of the CYPIA4 Promoter.
Finally we tested activation of chimera reporter plasmids with repli-
cate DR3 and ERG response elements of C¥P344 promoter by tested
azoles. The ligand-activated PXR forms a heterodimer with B2 Rs and
binds to two central REs of C¥P344 promoter: the everted repeat
separated by six bases (ERG) located in the proximal promoter and the
direct repeat spaced by three bases (DR3) in the distal xenchiotic
responsive enhancer module (Bertilsson et al.. 1998, Lehmann et al..
1998, Goodwin et al, 19995, DR3 and ER6 REs synergistically
tranzactivate the C¥P344 gene via PXR, and dizmuption of the REs
destroys 80 to 90% of PXR-mediated responsiveness of CYPIAL
promoter (Goodwin et al., 1999, We supposed that activation of the
pDR3-luc and pER6-luc reporter plasmids would correlate with acti-
vation of p3Ad4-luc promoter only on the assumption that no addi-
tional cis-acting elements are involved in azole-mediated activation of
the CYPIA4 promoter.

We found that activation of the ER6 response element with tested
azole antimycotics well comelated with activation of the p3A4-luc
reporier fr: = 0.90; p = 0.0003) (Fig. 74) Similady, we found
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Fi. 7. Activation of ERG and DR resporse elements by tested azole antimyootics comelate with activation of CYPIA4 promoter. Effects of tested amole antinycotics on
PHR-medisted trrsactivaiion of laciferse reporier gene plesmids containing DR and ERS response elements. HepG2 cells were wrarsfected with piad-luc firefly
luciferase mporer corstract and pSO5-hPXR expression plagmid or with pERS-luc (A) or pDRE3-Juc (B) and p8G5-hPXR expression plasmid s described in detail under
Marerials aed Merbods. Following 12-h exposure to transfection complexes, cells were treated with vehicle {contral. 001% DRS00, 10 pM rdfampicin (RIF) 2 a positive
control, and azole antimycatics (10 phf) for 24 h (p3Ad-luc) or 43 h (pDF3-luc and pERA-luc) Normalized piAd-luc (y-axes) or pLR3-luc and pERS-luc (x-aes) gene
reporier activities represent the mean = 5 1. of three independent tnnsfections and are expressed as fold activation to contrels, CLE, clotrimazale; ECE, econazole; MCZE,
mizonazclk; ITR. iraconazole: KTE, ketoconmmale; FLE, fluconamole: ONE, oxiconazoke.

correlation betwesn EDRS—Iu-:‘ and p3Ad-luc activation with tested
arole antimycotics (= = 0.7%9; p = 0.003%: F test). with the exception
of itraconazole, which activated pDR3-luc and pERG-luz, but not the
pAA4-luc reporter plasmid (Fig. 7B). Rifampicin was a lezs effica-
cious activator of both pDE3-luc and pERGS-lue reporter plasmids than
oxiconazole. miconazole, econamole, and clotdmazole ai the concen-
ration of 10 wh under the experimental conditions, Thus, we suggest
that oxiconazole activates the C¥PIAS promoter via PXR specifically
through binding to DRE3 and ER6 RE=.

Cell Viability Testing after Treatment with Azole Antimycotics
Several azole antimycotics have been shown to be toxic to HepG2
cells or rat hepatocytes (Somchit et al., 2004 Sinz et al., 2006).
Therefore. the cytotoxic potential of all compounds was tested em-
ploving the 3-i4.5-dimethylthiazal -2-y1+-2,5-diphenyltetrazolivm as-
=ay in HepG2 and LS174T cell lines. We found indications of lower
viability of HepG2 cells in the case of itraconazole (605%) = oxicon-
azole (T0%) = ketoconazole after 72-h incubation at the 10 phd
concentration. Incubation of HepG2 with tested azoles for 24 or 48 h
did not affect cellular culturez in comparison with the control. In
LEITAT cells, we did not observe any changes in cell viability after
24-h incubation, whereas the 48-h incubation with 10 M itracon-
azole decreased formation of tetrazoliom salt by about 30%. Mo
microscopic changes in cell morphology were observed in HepG2 or
LS174T cell lines after 24- and 48-h treatment with any tested
compound.

Diiscussion

In the current paper, we reveal differential effects of several azole
antimycotics on rifampicin-induced PAXR-mediated transactivation of
CYFP3A4. We describe additive and antagonistic interactions of se-
lected azole antimycotics with rifampicin in the process, We demon-
strate that oxiconazole is one of the most potent inducers of CYP344
gene expression via PXR described so far, whose effect in transacti-
vation of CYP3A4 could be competitivel y inhibited by rifampicin. We
alzo found that econazole and miconazole are potent FXR ligands and
inducers of C¥FPIA4, which in coadministration with rifampicin acti-
vate CFP3A4 promoter in an additive manner. Itraconazole stimulaied
activation of the C¥P3A4 promoter and recruitment of SRC-1 o PXR,
although it did not interact with PXRE LBD. Clotrimazole, a highly

potent PXR ligand, neither affected rifampicirrinduced transactiva-
tion of CYPIA4 nor produced any interaction with rifampicin on PXR
LEBD. We also show that ketoconazole suppressed rifampicin-medi-
ated CYPIA4 transactivation, SRC-1 recmitment to PXR. as well as
interaction of rifampicin with PXE LDE. On the other hand, keto-
oonazole indoced CYPAA4 mBMA through CYP3IA4 promoter BEs.
albeit it iz not an agonist of PEXR. Fluconazole did not bind to PXR
LBD and had no effect on transactivation of CYP3A4 promoter. We
thuzs show differential effectz of tested azoles on PXR-controlled
CYP3A4 transactivation and suggest that its magnitude is not solely
determined by binding characteristics of azoles {or their combinations
with rifampicin to PXE LBD.

The CYFiA+4 gene regulation is & complex process mediated by
numerous transcription factors (PXR, CAR, CCAAT enhancer bind-
ing protein o, CCAAT/enhancer binding protein B, GRa, HMF4a.
and HMF3a) and multiple promoter/enhancer elements (Martinez-
Jiménez et al.. 2007). Although PXR is critical determinant of xeno-
biotics-induced CFPIA4 expression, other frams-acting factors such as
HMF4a, SRC-1, SHR, and peroxisome proliferator-activated receptor
. coactivator le are essential for maximal transactivation of the
C¥P3A4 gene (Tirona et al., 2003b: Li and Chiang, 2006}, For most
tested compounds go far, a good comelation has been observed be-
tween transactivation of the CYPIA4 promaoter and ligand-PXR bind-
ing azzay data (Zhu et al., 20047, However, discrepancies were found
with some compounds showing high binding affinity in the ligand-
hinding assay. but with low efficacy to transactivate CY¥P3A4 (Zhu et
al., 20045, In the present study, employing dose-response analysis, we
found that oxiconazole produced greater maximal responding capacity
(I qas) to activate CYP3A4 luciferase reporter plasmid in comparison
with rifampicin (., = 21.9 versus 12.4: Fig. 2A) Rifampicin
activated the CYP3A4 promoter with lower ECs; than oxiconazole
(1.6 versus 6.1 bl respectively: Fig. 2A). In contrast, employing the
tranzactivation assay with GAL4-PER LBD and pGSluc plasmids,
oxiconazole activated the re porter plasmid with higher affinity to PXR
LED than rifampicin (EC,, = 2.9 and 5.6 M. respectively), whereas
maximal activation did not differ significantly between these two
compounds (... 3.2 versus 3.4). This discrepancy clearly indicates
that interaction with PXR LBD does not directly determine the mag-
nitude and character of CFP3A4 promoter transactivation by ooicon-
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arole and rifampicin (Fig. 3. We hypothesize that additional factors
such as recruitment of coactivators, release of corepressors from
unliganded PXR, suppression of shont/small heterodimer partner gene
expression, presence of a liver-enriched tranacriptional factor. his-
tone-deacetylase activity. or binding to promoter DMA determine the
net effect of PXR ligands to transactivate the CYP3A4 promoter.

Dose-response relationshipz presented in Fig. 2 suggest that rifam-
picin is not able to produce full activation of p3A4-luc and pGSue
reporter plasmids under the vsed experimental conditions in compar-
izon with other potent PXR ligands. clotrimazole and oxiconazole
(Fig. 2A) In agreement with our data, PXR ligands such as hyper-
forin, nifedipine, SR12813, reserpin, op'-DDT (2.4°-DDT), fenval-
erate, pesticide oxadiazon, herbicide pretilachlor, steroid 3ee-hy droxy-
5A-pregnanc-11.20-dione  methancaulfonate, and several other
compounds have been shown to be by about 20 to T0% more potent
at equimolar concentrations than rifampicin in transient transfection
assays with different reporter plasmids of CYP3A4 gene or in trans-
activation assays with GAL4-PXR LBD (Bertil==on et al., 1998,
Moore et al., 2002; Sinz et al.. 2006, Lemaire ef al., 2007; and others).
In our experiments. oxiconazole was by about 60% mon: potent than
rfampicin after S-h treatment and almost 2-fold more potent after
24-h wreatment at the concentration of 20 whd in the transient trans-
fection experiment with p2A4-luc, and caleulated I, , for oxiconazole
was higher by 77% than [, for nfampicin (Fig. 2A). which rates
oxiconazole among the most potent inducer of CYP3A4 via PER. A
dmg that produces maximal possible effect through a receptor is
referred to as a full agonist, and a dug that displays submaximal
effectivensss is refemred to as a partial agonizt. In pharmacodynamic
theory, a partial agonist acts also as an antagonist in the presence of
a full agonist. When it bindz to the receptor, it also oocupies the
drmg-binding site competitivel y with respect to a full agonist. & higher
concentration of a full agonist will be required to produce a maximal
effect. We observed this phenomencon in the case of coadministration
of axiconazale with rifampicin (Figs. 3B and 4). We also demonstrate
that econazole and miconazole are potent ligands of PR, activators
of the CFPIAS promoter, and inducers of CYP3A4 mRMA. Their
comhinations with rifampicin activate the CYP3A4 promoter in an
additive manner since we ohserved partial summation of their indi-
vidual effectz (Figs. 3A and 5). Interestingly, another potent PXE
ligand clotrimazole did not elicit any additive effect with rifampicin
on CFPIAS transactivation or recruitment of SRC-1 to PXR (Fig. 3.

In the current paper, we used HepG2 and CV-1 cell lines, which
express no or very low mREMA levels for major uptake and efflux drug
rransporters. which determine intracellular concentration of drugs and
thus their activity in interaction with transcriptional factors {Hilgen-
dorf et al., 2007). In contrast, in hepatocyies expressing numerous
drug transporters, cellular concentration of a PEXR ligand may be
affected (Tirona et al.. 200%a). Interface of drug transporters and
muclear receptors thus should be considerad in the final effect of an
inducer in hepatocytes.

During preparation of the paper, Wang et al. (2007 ) published their
data on activation of CYF3A4 {— 10,466 to +53)-luc reporter plasmid
by oxiconazole, miconazole, and fluconazole in HepG2 cells. These
authors suggested that the compounds suppress basal and rifampicin-
activated PXR-mediated activation of the plasmid after 48-h incuba-
tion. In contrast, in our experiments with highly inducible CYPIA4
reporter plasmid and employing chimera reporter plasmidz with ERG
and DR REs normalized o pRL-TK R rengformis control vector,
oxiconazole and miconazole appeared to be highly efficacious acti-
vators of CYP3A4 promoter after 8-, 24-, or 48-h incubation. In
addition, oxiconazole and miconazole promoted recmitment of SRC-1
to PXR in two-hybrid assay and significantly induced CYP344
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mRMNA in LS174T cells and in primary human hepatocytes. Explana-
tion of the discrepancy in not apparent now because both CYP3A4
reporter plasmids and protocols of the tranzient trans fzction have been
validated in past. Other experimental conditions and approaches
should be used to elucidate the conflicting obzervations.

We suppose that cytotoxicity is another important factor, which can
lead to false negative or positive reaults. Therefore, to minimize any
cytotoxicity of selected azole compounds. we designed some ransient
transfection experiments for 8-h incubation, and we used concentra-
tions of tested drugs up to 20 phl. A shorter incubation pericd alzo
eliminates potential biotrans formation of tested compound. although it
is very low in HepG2 cells (Rodriguez-Antona et al, 20020 In
addition, 8-h incubation iz too short to up-'down-regulats any tran-
scripticnal factor or nuclear receptors.

CYP-mediated DDI= are one of the most alarming problems in
climical practice and in the pharmaceutical industry (Lin, 2006).
Treatment of serious mycotic infections by systemic azole antifungal
agents (itraconazole. fluconazole, ketoconazole, voriconazole) in mul-
timorhid patients is associated with the number of severe DDIs.
Recent estimates suggest that as many as 95% of hospitalized patients
treated with azole antifungals may receive medications capable of
producing major or moderate pharmacokinetic interactions (Bates and
u. 2003,

It is generally known that CYP inhibition is the basiz of DDIs
mediated by azole antimycotics (Venkatakrishnan et al., 2000). The
inhibitory capability of azoles stems from their mechanizm of action.
which iz inhibition of fungal CYP-mediated synthesis of ergosteral.
As aresult, the azole antifungals interact also with human cytochrome
P450 and canse DDI= with a large number of dmg clazzes, including
antineoplastics, steroids, antimicrobials. antiretroviralzs, cardiovascu-
lar agents, psychotropics, and oral contraceptives (Venkatakrishnan et
al., 2000 Shakeri-Mejad and Stahlmann, 2006). Our results indicats
that several azole antimycotica up-regulate CYFPIAS gene exprezsion.
Therefore, it is urgent to consider potency of azole drugs to affect
gene expression in pharmacotherapy. This could prevent unintended
consequences in terms of D= but also in metabalism of endogenous
compounds. Our current data imply that pharmacodynamic interac-
tionzs on PXR in transactivation of CYPIAS gene may result in DDIs
at the level of gene regulation. Further studies should elucidate addi-
tive and antagonistic interactionz of coadministered PXR ligandz in
CYPIA4 tmnsactivation and study dose-response relationzhips of clin-
ically relevant PXE ligands.

In conclusion, we describe agoniztic and antagonistic pharmacody -
namic interac tions of partial and full agonists on PXR nuclear receptor
in tranzactivation of the CYP3A4 gene in the therapeutic group of
azole antimycotics., We identify oxiconazole as a highly potent acti-
vator of CYFPIA4 promoter via PXR and an efficacious inducer of
CYP3A4 mRNA. On the contrary. we established rifampicin as a
partial agonist of PXR-mediated transactivation of CYP344 in tran-
sient ransfection gene reporter experiments. In addition, we show
that activation of C¥P3A4 promoter i= a complex proceza determined
not solely by azole-FXE LBD interactions and suggest an important
modulatory role of SRC-1 coactivator in some  azole-mediated
CYPIA4 transactivation.
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2.2 Valproic acid induces CYP3A4 and MDR1 gene expression by
activation of constitutive androstane receptor and pregnane receptor

pathways.

Cerveny |, Svecova L, Anzenbacherova E, Vrzal R, Staud F, Dvorak Z, Ulrichova J,
Anzenbacher P, Pavek P. Valproic acid induces CYP3A4 and MDR1 gene expression
by activation of constitutive androstane receptor and pregnane X receptor pathways.
Drug Metabolism and Disposition35:1032—-1041, 2007. (IF 3,907007)

Abstrakt:

Tato studie testuje hypotézu, zda je kyselina valproovda (VPA) ve svém
terapeutickém rozmezi schopna ovlivnit expresi CYP3A4 a Pgp
prostfednictvim receptori CAR a PXR. Interakce VPA s témito nukledrnimi
receptory byly studovany s vyuzitim metod gene reporter assay, real time RT-
PCR, EMSA a analyzou katalytické aktivity CYP3A4. Pouzitim gene reporter
assay Vv bunécné linii HepG2 byla zaznamenana schopnost VPA aktivovat
CYP3A4 promotor ptres CAR i PXR. Signifikantni efekt VPA na aktivaci
MDR1 promotoru byl pozorovan pouze u HepG2 kontransfekovanych CAR.
Tato data koreluji s up-regulaci mRNA CYP3A4 a MDR1 v buiikéch
transfekovanych expresnimi plazmidy pro CAR ¢i PXR a ovlivnénych VPA.
Dale VPA vyznamné up-reguluje CYP3A4 mRNA v primarnich hepatocytech
a signifikantné zesiluje efekt rifampicinu. EMSA experimenty ukazuji
schopnost VPA podpofit vazbu komplexu CAR/RXRa na DR3 a DR4
responzivni elementy genit CYP3A4, resp. MDR1. Analyzou specifické
katalytické aktivity CYP3A4 jsme potvrdili signifikantni vzestup jeho
aktivity v LS174T linii transfekované PXR a inkubované s VPA. Dale
ukazujeme, Ze VPA synergisticky zvysuje efekt rifampicinu na transaktivaci
CYP3A4 v primarnich lidskych hepatocytech. Nase vysledky demonstruji
schopnost VPA up-regulovat CYP3A4 a MDR1 prostiednictvim receptorti
CAR a PXR, ackoli nemizeme vyloucit 1 dal$i mechanizmy, kterymi by VPA
ovliviovala transaktivaci CYP3A4 a MDR1 (napf. inhibici histon deacetylaz a

aktivaci nékterych signalnich kaskad).
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ABSTRACT:

In eur study, we tested the hypothesis whether valproic acid (VPA)
in therapeutic concentrations has potential to affect expression of
CYP3A4 and MDRA via constitutive androstane recepter (CAR) and
pregnans X receptor (PXR) pathways. Interaction of VPA with CAR
and PXR nudear receptors was studied using luciferase reporter
assays, real-time reverse transcriptase polymerase chain reaction
(RT-PCR), electrophorstic mobility shift assay (EMSA), and analy-
sis of CYP3A4 catalytic activity. Using transient transfection re-
porter assays in Hep@2 cells, VPA was recognized to activate
CYP3A4 premoter via CAR and PXR pathways. By contrast, a
significant effect of VPA on MDR1 promoter activation was ob-
sarved only in CAR-cotransfected HepG2 cells. These data waell
correlated with up-regulation of CYP3A4 and MDR1 mRNA=s ana-
lyzed by real-time AT-PCR in cells transfected with expression
vectors encoding CAR or PXR and treated with VPA. In addition,

VPA significantly up-regulated CYP34A4 mAMNA in pimary hepato-
cytes and augmented the effect of rifampicin. EMSA experiments
showed VPA-mediated augmentation of CARretineid X recaptor o
heterodimer binding to direct repeat 3 [DR3) and DR4 responsive
elements of CYP3AL and MDRT genes, respectively. Finally, anal-
yeis of specific CYP3A4 catalytic activity revealed its significant
increase in VPA-treated LS1TAT cells transfected with PXR. In
conclusion, we provide novel insight inte the mechaniam by which
VPA affects gene expression of CYP344 and MDRT genes. Our
results demonstrate that VPA has potential to up-regulate CYP3A4
and MDR1 through direct activatien of CAR and’or PXR pathways.
Furthermore, we suggest that VPA synergistically augments the
effect of rifampicin in ransactivation of CYP3A4 in primary human
hepatocytes.

Valproic acid (WPA) is an effective broad-spectrum anticomulzant
used in the treatment of primary generalized tonic-clonic, absence,
and partial seizures {Tanaka. 1999 VPA has recently been identified
as an inhibitor of histone deacetylase (HDAC) with pobential antin-
morous activity that has been studied in several clinical trals (Git-
tlicher et al., 2001; Blaheta et al., 2002, 2005; Kramer et al.. 2003;
Raffoux et al., 2005,

VPA i= well known to affect mechaniams that contral drug dispo-
sition such as activity of hepatic biotransformation enzymes or drug
binding to plasma proteins (Rogiers et al., 1995 Wen et al., 2001,

This wonk was supported In part by grants from The Grant Agancy of the
Chanes Unersity N Prague (34/2005/C), The Czech Sclence Foundation (1707
S3T53), and the Ministry of Education of the Czech Repubilc (MSM
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sfick, publistion date, and chation Information can be found at
hittp:'drmd. aspetjoumals.org.

4011011 240, 108.0 14456,

Pemucca, 2006). Generally. VPA is thought to be an inhibitor rather
than an inducer of dmg-metabolizing enzymes (Perucca, 2006, How-
ever, this point of view is currently not supported satisfactorily by
comprehensive data published in the literature. Regarding metaboliz-
ing enzymes of the cytochrome P450 family, Wen et al. {2001 have
demonstrated, using in vitro methods, that ¥PA in therapeutically
relevant concentrations competitively inhibits only huoman CYP2CS
catalytic activity. On the other hand, there is clear evidence that VPA
has potential to up-regulate expression and activity of several rodent
and human genes encoding proteins involved in dmg dispozition. It
was found that prolonged exposure of rats to VPA resulis in the
self-inducing metabolism of the agent (Fisher et al., 1991, Moreover,
Rogiers et al. (1992, 1995) have found YPA to be a potent inducer of
genes of the rat Cyp2b subfamily, in particular, Cyp2BJ8 and Cyp2b2,
Recently, Eyel et al. {20067 have found out that WPA does not affect
expression of rat Cyplal. an ortholog of human CYPIA4, whereas
valpromide, the primary amide of YPA that reveals no HDAC-

ABEREVIATIOMS: VPA, valproic acid; HDAZ, histons deacstylass; CITCO, @-4-chlorophamyl) imidezo [2,1-4&]01,3] thiszole-S-carbaldshyda
O-(3 4-dichlorobenzyl) owime); MR, nuclear recsptor; AT-PCR, reverse tranecriptase polymerase chain reaction; PXR, pregnans X receptor; CAR,
conetiutive androstans receptor; RXRa, retinoid X recaptor o (9-cls retinole acid receptor-a); FCS, fetal calf ssrum; DMS0, dimeathy| sulfoxids; DR,
dirsct repsat ER. everted repsat; HPRT, hypoxanthins-guanine phoaphoriboegyl transferass; BEM, B.-rmicroglebuling PBREM, phencbartital
reaponaive enhancer module; EMSA, electrophorstic mobility ahift assay; ANOVA, analyeis of varancs.
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VALPROIC ACID INDUCES CYP2A4 AND MDR1 VIA PXR AND CAR

inhibitory activity, was shown to induce this gene by a nonspecific
mechanism. In additon. these outhors have snggested that VPA
induces exprezsion and activity of human P-gl ycoprotein (MDR1 ), a
member of the ATP-binding cazsette family of drug transporters, in
tumor cell lines by the mechanism of HDAC inhibition (Eyal et al.,
2006). These summarized data indicate that VPA is capable of altering
expression and activity of various cytochromes P450 differently.
Muorecver, VEA has potential to induce the MIRT gene.

We pssumed that alteration of expression of these gepes could be
caused by interaction of VPA with constitutive androstane receptor
{CAR: M113) and human pregnane X receptor (PXR; SXR; NRII2).
PR and CAR are ligand-activated nuclear receptors that act as
heterodimers with retinoid X receptor ¢ (RXRe) and up-regulate the
ranscription of their target genes. such as CYPSAS and MDRT, by
interaction with specific promoter-binding motifs (Goodwin et al.,
19995, PXR has been shown to be activated by many structurally and
chemically diverse ligands. Examplez of human FXR activators in-
clude xenobiotics such as ffampicin (Bertilsson et al., 1998; Pascussi
et al., 2000). the endobiotic lithocholic acid (Staudinger et al., 2001;
Mie et al., 2001}, the progesterone metabolite 5-pre gnane-3,20-dione
{Jones et al., 20007, and the herbal compound hyperforin (Moore et
al.. 2000a). In the case of CAR. the experimental substance CITCO
{{6-(4-chlorophenyl) imidazo [2.1-b][1.3] thiazole-5-carbaldehyde
O+ 3 A-dichlorobenzy]l) cxime), the antimalarial artemizinin dogs,
and 5-pregnane-3,20-dione have been recognized as its ligands (Jones
et al.. 2000; Maglich et al.. 2003; Burk et al.. 2005k). The barbiturate
dmig phenobarbital activates CAR indirectly through the increase of
CAR tranzlocation from the cytoplasm to the nucleus (Honkakoski et
al.. 1998 Kawamoto et al., 1999; Goodwin and Moore, 20045 On the
other hand, several competitive inverse agonists of CAR have also
been discoverad such as androstanol, androstenol, and clorimazole
{Forman et al., 1998; Moore et al., 2000b).

In this study, we examined whether WPA controls expression of
CYP3AS and MDRI (ABCBL) genes at the ranscriptional level via
activation of PXR and CAR pathways. This hypothesis was investi-
gated in the human Caucazian hepatocyte carcinoma (HepG2) and
human colon carcinoma (LS174T) cells using several reporter lucif-
erage constnicts  with major  promoter-regulatory  sequences  of
CYP3AS and MOR T In addition. using real-time RT-PCR, we inves-
tigated CYP3A4 mBMNA expression in primary human hepatocytes
reated with VPA. Moreover, we studied whether VPA augments
binding of CARMXRe o several response elements of CYP3A4
(DR ERG) and MDE] { DE4) using the electrophore tic mohility shift
azzay (EMSA).

Our data indicate that ¥PA is capable of transactivating both
CYP3A4 and MDR] via interaction with the CAR pathway: however,
WPA-mediated activation of FXR pathway controls only CYP3A4
gene expression. Moreover, we demonstrate that VPA synergizes with
rifampicin in transactivation of CYP344 in primary human hepato-
cytes.

Materiaks and Methods

Cell Lines and Chemicals. The human Cancasian bepatocyle carcinoma
HepG2 and human colon adenccarcinoma LEITAT cell lines were purchased
from the Buropean Collection of Cell Cultures (Salisbury, UK and were used
within 25 passages after delivery and maintained in antibiotic-free Dulbecea's
medified Bagle's medium supplemented with 109 fetal calf serum (FCS), 1%
sodinm pyruvabe, and 1% nonessentiol amino ackds { Sigma-Aldrich, St Louds,
M. The latter cell line has been previously shown to have highly inducible
eopression of CYP3A4 and MDRT (Geick et al., 20015

Amdrostenc] | Foa-androst- | E-en-3e-ol ) rifampicin, VPA (2-propylpentancic
acidl, and dimethyl sulfoxide (DMS0) were purchased from Sigma-Aldrich.
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CITCO was purchzsed from BIOMOL Research Laberatories (Plymouth
Meeting. PA). MS0 or water was used as a solvent of ¥PA when indicated.

Plasmids. A chimeric pidd-lac reporier construct containing the basal
promoter {—368+33) with proximal PXR response element and the distal
xenobiotic responzive enhancer module (— 7836/~ T208) of the CYPIAL gene
5'-flanking region inserted to pGL3-Basic reporer vector was described by
Goodwin et al. {1999). Plasmid p-T973(AT0] 2-1804) harboring the enhances
of MDRI gene 5°-flanking region (MDRLE) and the basal promoter were
constructed with pGLI-Basic reporter vector oz described by Gexck et al
(2001 ), herein referred to as pd DRI -luc, pM IR E-SVd0-luc repodter plasmid
was constructed by nsertion of the enhancer mpion of MDR! gene from
—T8EL to —TR09 o peLI-Promoser plasmid (Promega, Madison, W) in
MheLBelll cloning sites upstieam of a heverclogons promoter SV40, CYPIBG
phencbarbital responsive enhancer module (PEREM) reporter gene construct
(pPRREM-SVdi-lac) containing two DR4-type molifs (MR and MR2) was
prepared from pil3-Promoter plasmid by insertion of the megion from — 1733
to — 1683 of CYPIBE promoter into Mhel/Bglll cloning sites upsiream of a
heteradogous promoter SV4D, Constmctad plasmids were sequenced using a
Big Dye Terminator Cycle Sequencing Method (Applied Biosystems, Foster
City. CA). The expression plasmid for human PXR receptor, pSGS-PXR, was
kindly provided by Dr. 8. Khewer (University of Texas, Dallas, TX). The
tmman CAR expression plasmid pCRI-CAR was kindly provided by Dr. b
Megizhi (Mational Insitte of Environmental Health Sciences, Research Tri-
angle Park, NC). The expression plasmid pSGi-MEXRe encoding bR R
cDMA waz a generouz gift from Dr. . Carlberg (Univesity of Kuapio,
Kuopio, Finland).

Transient Transfection and Luciferase (zene Reporter Assays. All trans-
fection asays were carded out nsing Lipofectamine2000 transfection reagent
{Iovitrogen, Carlsbad, CA) in cells cultivabed in the phenol red-free medinm
conmmining 10% charcoal-stripped FCS, 1% sodinm pyruvate, and 1% nones-
santial amine acids according to the manufachirer’s instuction.

HepG2 cells (2 % 107 per well) were seeded intc 48-well plates and
cotransfected with a luciferase seporter construct (0.4 pefwell) and expreazion
plasmid encoding either CAR or PXR (30 agfwell) 24 h later. Subsequently.
cells were maintined in medium supplemented with 10% charcoalidextmn-
siripped fetal bovine serum contining VA at appaopriate concentrations for
24 h. Luminescence activity wos determined with a Genios Plus lumirometes
(Tecan, Grodig, Austriay in cell tysate using o commercially available lncif-
erase detection system (Promega). In addition. all experiments were performed
in parollel using empty pGL3-Basic and pGLI3-Promerer luciferase reporter
construcis confaining ne responsive elemenis to distingnish nonspecific CAR-
ard PER- independent effect of VPA on reporter plasmide usad. Luminescence
of these samples was taken &8 backgmound that was sublracted in the final
cakeulation from luminescence of cell samples wansiently wansfectad with
repodter ploamids containing response elements of tested genes. Resulting data
are presented as ratio of luminescence of treated cell samples to control
Luminescence of each sample hos been normalized 6o its protein concentration
determined with the BCA system (Piesce, Rockfosd, IL).

Real-Time RT-PCR Analysis of CYP3AS mRNA. LE174T calls (1.2 =
10% per well) were seaded into 24-well plabes and cultivated for 24 b Then
cells were trarsfected with CAR or PXR expression plasmids (400 agfwell)
ard appropriste cell samples were exposed to WPA at a concentration of 500
ph for 48 h. Total RMA was solated using TRIzol meagent {Invitrogen)
according to the manufachirers imstuctiong. The following primers were usad
for CEFPIAL: forward primer 3-TTCAGCAAGAAGAACAAGGACAA-3",
reverse primer 5’ -GGTTGAAGAAGTCOCTCCTAAGC-37: for MDRI, for-
ward primer 3°-TGCTCAGACAGGATGTGAGTTG-, mvems primer 5°-
AATTACAGCAAGCCTGGAACC-3"; and for howsekeeping genes HPRT
{hypoxanthine-guanine phosphoribosyl transfernse). forward primer 5°-CTG-
GAAAGAATGTCTTGATTGTGG-3, reverss primer 3°-TTTGGATTATAC-
TGOCTGACCAAG-3" and B2M (By-microglobuling, forward primer 5°-CG-
TOTGAACCATGTGACTTTGETC-2', reverse primer 5'-CATCTTCAAACT-
TCCATGATGC-3" ¢DMA was prepared from | pg of total RNA with
MMLY transcriptase (Finnzymes, Espoo, Pinland) wsing oligoddT).VH
primer { Generi- Biotech, Hmde: Krikowd, Coech Republic) and podcine RMase
inhibitor (ToKaRa BIO, Shiga, Jopan). Real-Time PCR analysis was
performed on an iCycler (Bio-Rad, Hercules, CAJ cDMA (40 ng of reversa-
transeribed RMAY was amplifisd with HotStar Tag polymemse (QIAGEN,
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Valencia, CA) under the following conditions: 3 mM MgCl,. 0.2 mM decxy-
mxleoside-3-iriphosphate, 0.3 pM each primer, 0025 Wl polymerass,
SYBER Gean I in 11000000 dilution, and fluosescein ( 10 abd). The temperamme
profile waz 95%C for 14 min: 30 times %5°C for 15 =, 60°C for 2008, 72°C for
3008, 72°C for 15 5 melting curve progmm T0-95°C. All samples were tun in
triplicates simultaneously with negative controls. The processing of real-time
amplification curves was performed on iCycler software version 4.6 (Bio-R-
ad . Pfaffl's methad was applied for relative quantification of gene expression
normalized to endogenous control (honsekesping) gene (Pfaffl. 20015 Resuls
are presented as the means of ot leest three experiments.

Isolation and CYPAA4 mRNA Analysis in Primary Cell Culture of
Human Hepatocyles. Himan tissue samples were cbtained according to
protocols approved by the local ethics committes of the Palacky University in
Olomoue (Czech Republic) complying with the current Crech legislation.
Hepatcoytes were prepared from lobectomy segments sesected from adult
patients for medical remsons unpelated to our research program. The tisue
encompassing the tmor wos dissected by a surgson and sent for anato-
mopathalogical smidies. whereas the remaining tissue was usad for hepatocyte
preparation. Mo information on the patients was available to us, apart from age,
aem, and the reason for surgery. Human liver samples used in this shdy weme
abtained from two donom: donor 1, @ woman, 69 years old, timor metnsteis;
and donor 2. a woman, 46 years old, Caroli syndrome. Hepatocytes wene
isolated as described previcusly (Pichard-Garcia et al., 20020 After isclation,
the cells were plated on collagen-coated culture dishes at density 1.4 = 107
callafem® Culure medivm wae enniched for plating with 2% FCS {w'v) as
described previoualy (Ieom et al., [985) The medium was replaced with
serum-free medinm the day after, and the cells were allowed to be stabilized
for an additonal 48 to 72 h before the weatment with VPA (300 pbd) or
rifampicin (10 pM) or their combination. Cells were maintained at 379C and
0% C0; dn 2 humidified incubator, The effect of VPA on CYP3A4 mRMA
expreasion was testad n periods of 24 and 48 h. The effect of rifampicin and
the combination of WPA and rifampicin were stdied in a period of 24 h. In the
latter experiments, DMS0 (0.1%) wes used as solvent of both VEA and
rfampicin. The level of CYP3A4 mBMA expression was analyzed using
teal-ime RT-PCR according to the protocol menticned above.

Functional Analysis of CYPAAL Activity. LS17AT cells (6 = 107 per well)
were seedad into | 2-well plobes and cultivated for 24 h. Subsequently. cells
wera tranafectad with CAR or PR expression plasmids (1.2 pgfwell) and then
exproaed o VPA ot a concentration of 600 pM for 4% h. After reatment, cells
were washed with phosphate-buffered saline and cultivated in serum-fres
Opti-MEM medium (Invitrogen-Giboo ) containing testostercne at a final con-
centmtion of 150 pbd for 2 hat 37°C. Then, cells were washed with phosphate-
tuffered =aline and lysad with 200 pl of SDS (1%L CYP3AL activity was
detectad in tatal cedlular lysate (150 pl) using an established methed based on
the meamring of a prototypic CYP3A4-medisted testosterone 68-bydronyla-
tion activity (Guengerich et al, 1986) and medified for the anolysis of the
metabolite in cell Iysate. Por the determination of CYP3A4 activity, the
metabolity wos extracted to dichloromethane. Subsequenty. the solvent was
evaporated and the eample disolved in the mobile phose. The concentration of
the testosterons metabolite was determined uzing o Shimadm Claas VP HPLC
ayatem (Shimadzn, Tokyo, Japan). Final activity was normalzed to sample
probein concentration in cell lysate that wos meamired using the BCA amay
according to the manufactuier’ s insictions (Pierce).

EMSA Human CAR and RXReo were translated in vilro using THT Cuick
Coupled Transcription/Translation Systems (Promega, Southampton, TEL
The ouclear fraction wos isclated from HepG2 cells transfected with hFXRo
expreazion vector using Cellytic NuCLEAR Extracton Eit (Sigmai. The
following double-strnded 5%-biotinylated oligonuclectides of specific ne-
aponse elements of both CYP2A4 and MDR] promoters were used as probes:
CYP3A4 DRS senze, 3 -GAATGAACTTGCTGACCCTCT-3"; CYP3A4 DRS
antigensa, 3-AGAGGGTCAGCAAGTTCATTC-3" CYP3A4 ERS sensa, 5'-
ATATGAACTCAAAGGAGGTC AGTG-3" CYP3AL ERS antisense, 37-CA-
CTGACCTCCTTTGAGTTCATAT-3": MDR1 DR4 sense, 3"-CATTGAAC-
TAACTTGACCTTGC-3"; and MDR1 DR4 antisense, 5-GCAAGGTCAA-
GTTAGTTCAATG-3. The oligonuclectides were synthesized at Generi-
Biotech.

The EMSA wos performed according to the protocol published previcusly
with slight modifications (Frank et al. 20030 The binding reactions were
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Fic. 1. Effect of ¥PA on CAR- and FXR-mediated transctivation of CYP3A4
promoter. HepG2 cells were transiently transfected with p344-lae reporter construck
comtaining the baml promoter §—362/453) with proximal FXR response element
and the distal xenobictic msponsive enhancer module | — TR —T208) of CYP3AL
(0.4 paiwell) and sither pCR2.CAR or pSGS-PXR expression vector (50 ng) usng
Lipofectamine2(00 tmmsfeciion reagent according to the manufactrer's instnc-
tiors. Transfected HepG2 cells were maintained in medium containing VPA at the
indicated concentmtions for 24 h. Lucifersse activities are normalized to protzin
concentration and expressed as -fold activation of nontreated cells tmrsfected with
pIALfae. All means = 5.1 were calculated from quadruplicates of a repressniative
experiment and analyzed using ANOVA followed by Dunnett’s test. &, p < 0.05;
e o< 0000 statistically different from nontreated cells tansfected witk p3ddl
luc, ®, p <0 005 »e, p = 001 statistically differert from VPA-pontreated cells
ootrars fected with either pCRI- CAR or pSCS-PXR.

performed in a total volume of 30 pl and contmined equal amounta (3 pg)of
CAR and RXRa. 10 binding tuffer (100 mM Tris, 300 mM KCL 10 mM
dithicthreitoly (Pieme), polyidl - dC) Double Stmand (GE Healtheare, Little
Chalfont, Buckingtamshire, UKL ond 1% Mopidet P-40. VPA was teated ot
final concentratiors of 100, 500, and 1000 ph. CITCO, an agonist of human
CAR. was used at the concentration of 623 uM asd andrstenol at the
concentration of 10 phd. DME0 was used o8 a solvent of the compounds at
maximal final concentration of 0.1%. For supershift experiments. | pg of the
anti-B }Fo rabbit polyclonal IpG antibody was added to the reaction mixture
(Santa Cruz Bistechnology, Inc. Santa Cruz, CA) Reactions were preincu-
bated on dce for 10 min before the addition of oligonuclectide probe (20 fmsl).
Samples were maintined at moom temperatuge for an additional 20 min, and
then proteinDMA complexes were msolved on a 3% (wiv) nondenaturing
polyacrylamide gel (acrylamide/bisocrylamide 29:1 wiv) in 0.5 Trs bomte-
EDTA tmffer (430 mM Tris, 450 mM boric acid. 10 mM EDTA) The gels
ware alecirophoresad ot 1060 % for an hour ot room temperame. Next, the gels
ware blotted at 380 mA for 30 min at 4°C and then anolyzed by the Chemi-
luminescant Mucleic Acid Detection Module (Plerce)

EMSA Quantification. EMSA reactions were exposad o X-ray film (Foma
Bohemia as. Hrodee Krilovd, Crech Republic) and bands were quantified
using computermed densitometry using LobImage densitometry anatysis soft-
ware (Kapelan Bio-lmaging Solutions, Halle. Gemany).

Statistics. One-way AMOWVA followed by Dunnett's multiple comparison
poat hoc test or unpaired Student's ¢ test was used for statistical analyzis of data
uzing GraphPad Prism softwane (GraphPod Software Inc.. San Diego. CA)
Two-way AMOVA with interaction wes wsed to analyze the synergistic effect
of WPA and rifampicin,

Results

Effect of VPA on CAR- and PXR-Mediated Activation of
CYP2A4 Promoter in Hepiz2 Cells Transiently Transfected with
pidd-lue Luciferase Reporter Construct. First, we examined
whether VPA  affects activation of pJA4-fuc reporter construct
through CAR and PXR. We observed statistically ignificant concen-
tration-dependent increase in CAR- and PXR-mediated transcriptional
activation of piA+-fec in HepG2 cells after 24 h exposure to WPA
(Fig. 13. WPA at the concentration of 500 phd doubled the activation
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Fa. 2. Tenssctivation of CYP3A4 promoter by VPA in combination with CITCO
or rfampicin, HepG2 cells were tmmiznly tmnsfected with piddisc reporter
congruct (0.4 pghwell) and pCRI.CAR or p SRS PXR expression plasmdd {30 ng)
weing Lipofectamine 2000 transfection reagent according 1o the manufacoarer’s
instructicre and subsequenily exposed te VPA in combinstion with CITOD (500
nbdy or rifampicin (RAE; 10 ), prototype ligands of CAR and PXR, respectively,
for 24 b All mears = 5.1, were calculated from quadnaplicates of 4 representative
experiment and amalyzed using ANOVA followed by Dunneit’s test. Diata are
presented s -fold activation of nontreated cells transfected anly with p3AdJuc. =,
P o< 005 =&, p oo 0001 statistically different from cells cotransfected with either
PCRI.CAR or pSES.PYXR and treated with either CITOD or Afampicin.

of pAA4fuc in cells cotransfected with CAR expression vector (Fig.
1. In HepiG2 cells cotransfected with PXR, we observed even a 4-fold
increase in activation of p3A<-fuc after treatment with VEPA (500 ph)
iFig. 1. In contrast. WVPA did not significantly affect transcriptional
activation of pi4+-luc in HepG2 cells, which were not cotranafected
with either CAR or PXR (Fig. 1. We obzerved that expression of bath
CAR and FXR in HepG2 cells in the absence of an exogenous ligand
resulted in statistically significant activation of plA#-lue reporter,
which is in agreement with publizhed data and indicates imvolvement
of endogenous activators of the nuclear receptors in HepG2 czlls (Fig.
1t (Goodwin et al.. 1999, 20025

Transactivation of CYP3A4 Promoter by VPA in Combination
with CITCD or Rifampicine In these experiments, we examined
whether WPA has the ability to affect CAR- and PXR-mediated
activation of p344-fec construct cansed by prototypic ligands CTTCO
(500 nM) in CAR-expressing cells and rifampicin (10 ph) in PXR-
expressing cells. WPA at tested concentrationz in combination with
CTTOD (500 nM ) significantly sugmented CAR-mediated activation
of p3A4-fuc compared with CAR-expressing cells treated with CTTCO
(<2 001 (Fig. 25, Similady, we observed a more pronounced effect
of YPA in combination with rifampicin (10 M) on tanscrptional
activation of p344-fuc via PXRE compared with the effect of rifampi-
cin alone (p < 0.05) (Fig. 2).

Effect of VPA on CAR- and PXE-Mediated Activation of
MDRI Promater in HepGG: Cells Tramsiently Transfected with
pMDRI-lue or Heterologous pMDRTE-SV40-luc Ludferase Re-
porter Constructs. Regarding MDRI. two different luciferase re-
porter constructs were used in our study. First, we used pMDRI-luc
construct containing the distal enhancer region with o DR4 responzive
motif common o both PXR- and CAR-mediated transactivation of
MDRI gene, and the native basal promoter from — 1803 o + 281,
Using this re porter constmct. we observed a similar effect of WPA on
activation of MDR 1 promoter in cells coransfected with PXR or CAR
in comparison with mock-transfected HepG2 cells (Fig. 3A). On the
other hand, rifampicin (10 pM) and CITCO (1 whd) significantly
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activated (~-2-fold. p <2 0.05) the pMDRI-fwe constmuct in HepG2
cells cotransfected with PXR or CAR expression plasmids under the
experimental conditions used. This indicates that VPA probably has
potential to transactivate this luciferase construct independently on
PXR and CAR pathways through o nonspecific mechanism. which is
likely related to activation of MDR]1 basal promoter (Mormow and
Makagawa, 19945,

In light of cur previous observations demonstrating that heterolo-
gons pMDRIE-SV40-fuc is more responzive to both PXR- and CAR-
mediated activation than pADRF-fue reporter, we performed a trans-
fection assay with pMDRTE-SVH-lue reporter construct containing
the MDRI enhancer upstream of viral SV-40 promoter. Using the
plasmid, we obzerved that VPA at a concentration of 500 phd acti-
vates significantly only CAR-mediated transcription of pMDRIE-
SV#-ue reporter construct (p <2 0,001 (Fig. 3B). The effect of VPA
on activation of pMDE!E-SV40-Twe plasmid was comparable to the
effect of CITCO (1 M, 2-fold activation) and rifampicin (25 pehd.
23-fold activation, p <2 0.05) in nuclear receptor-transfected cells.

Finally, we used androstenol. an inverse agonist of CAR, to
confirm that WPA& activates pAd DRIE-SVH0-lue through CAR. An-
drostenol (10 wM) significantly repressed CAR-mediated tran-
scriptional activation of pMDRIE-SV40-luc in cells exposed to
VPA at a concentration of 500 pM (p < 0.05) (Fig. 3C. In
contrast. we observed no effect of androstenol on pGL3-Basic or
PELF-Prometer construct activities in cells cotransfected with
CAR expression vector (data not shown).

Effect of VPA on CAR- and FXR-Mediated Activation of
CYP2BG PBREM in Hep:2 Cells Transiently Transfected with
PPEREM-5V40-lue LucHerase Reporter Construct. To elucidate
the discrepancy between CAR- and PXR-mediated activation of
MDRI promoter by WVPA, we analyred luciferase activity of pP-
BREM-SVH0-luc construct in cells tranzientl y transfected with CAR or
PXR expression vectors and exposed to VPA (500 bl pPEREM-
SV#-uc construct containg two DR4-type responsive elements of the
FEBEEM of the CYP2BS gene, which has high ability to interact with
both CAR and FXR (Goodwin et al., 2001; Faucette et al., 20071 We
detected significant up-regulation of pPRREM-SVHO-lue activity in
HepG? cells cotransfected with both CAR and PXR expression plas-
mids (p =<2 0001 Fig. 4). Moreover, the activation of the construct
was further significantly augmented in cells coexpressing CAR and
exposed to WPA (5.8-fold incresse, p < 0.001; Fig. 43 Similarly.
VPA increased significantly activation of pPBREM-5V0- e in PXR-
expresaing cells (2-fold. p << 0.05) Under the same experimental
conditions, CITCO (| phd) increased activation of the plasmid 2.1-
fold in the cells expressing CAR and rifampicin (10 M) 2.4-fold in
FYR-transfected cells. Mevertheless, we also detected comparable
activation of the luciferase construct by VPA in cells with no exog-
enous PXRE (p <= 0.05) (Fig. 4), which documents that exogenous
FXR has minor or no effect on activation of pPEREM-SVAue by
VPA. Thus, we observed a similar pattemn in activation of pPEREM-
SV#i-uc and pMDRIE-SV#0-uc by VPA (Figze. 3B and 4). In bath
cazes, we demonstrated that VPA increases CAR-mediated. but not
FYR-mediated transactivation of the constructs.

Analysis of VPA-Mediated Up-Regulation of CYP3A4 and
MIDMRL mEMNAs in LEIT4T Cells. To evaluate the ability of VPA to
induce CYP3A4 and MDRE] mEMA levels by means of CAR and
FXR activation, real-time RT-PCR was used. CYPF3A4 and MDE]
mBM Az were quantified in samples of LS17T4T cells transfectad with
expresaion plasmids encoding studied miclear receptors and exposed
to VA for 48 h. Significant effect of VPA on CYP3A4 mREMNA level
was observed in cells transfected with both CAR and PXR nuclear
receptors yielding a 4.2-fold and 3.8-fold (p < 00600 and p << 0.01)
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ha. 3. Effect of YPA on CAR- and PXE-mediated activation of reporter constnacts of MR gene. HepG2 cells were ransiently iransfecied with pCRT- CAR or pSGSPXR
expression plamid (50 ng) and appropriate reporter corstruct (0.4 pgiwell) using Lipafectamdne 2000 transfection reagent sccording to the manufaciarer”s instructions.
Transfected HepG2 cells were maintained in medium containing the tesed compounds at the indicated concentrations for 24 ho A, effect of YPA on CAR- and
PHR-rnediated tmmsactivation of pM DR [.{uc construct containing the enhancer region of MDRT gene (—7975/—70013) and the basal promoter from — 1803 te +231. B,
WPA-mediated trarecoptional activation of pMDRIE SV40 Jrc construct containing the enhancer region of MDR] gene and viml promoter SVAD in cells coexpresdng
exogenous CAR or FXR. C, influence of androstenc] (Andaly, an itvesse agenist of CAR, on CAR-medisted transcrpticnal activation of pMDRIESVAN fac in HepG2
cells tmated with WPA. HepG2 cells were tmusiently tramsfecied with pCR2-CAR (40 ng) and pdDR 1 E-5V40Jue construct (0.4 pgfwell) using Lipofectamine2 60, Control
ard WEA-reated cells were expesed o DMSO0 {01%) 1o eliminate the influence of the androstencl solvent. Data are presented as -fold acivation of pontreated cells
transfected only with the appropriste meporer construct, pMDRVE Jac or pM DR JE SVE0Jac. All means = S0 were caloulated from quadniplicates of a represeniative
experiment. Ses, o = 0001 statistically different from nentreated cells transfected only with mponer congruct. =, p < 0.05; es_ o =7 001; #ee, 0 <2 0.00]; statigically
diffepent from VPA-pontreat ed cells cotransfected with cither pCR2.CAR or pSGEPXR expression vectors, * %, p < 0.01: statistically different from celk transfected with

reporier plesmid and exposed o YVPA,

induction, respecti vely (Fig. 5A). VPA also significantly up-regulated
CYPRA4 mEMA in LS174T cells. which were not coransfected with
any nuelear receptor (p << 0001 ) (Fig. 540 This might be in agreement
with high expression of endogenous PXR in LS174T cells. which
could at least partly participate in up-regulation of CYP3A4 mRMNA
by WPA idata in Fig. 1) (Burk et al.. 2005b). Inthe case of MDRL, we
ohserved a similar profile of WPA-mediated MDRI mEMNA up-regu-
lation. Contrary to transfection assay reaults, we detected a statisti-
cally significant effect of YPA on MDR] mRMNA expression in
PXR-transfected LE1T4T cells (2.0-fold increase, p << 00051, How-
ever, the MDRI mRMA level was not statistically significantly dif-
ferent from the level in VPA-weated cells (Fig, SB). Thus, we suppose
that the increase in MDR1 mEMA level after treatment with VPA is
caused mostly by the mechanizm of HDAC inhibition described
previously rather than through activation of the FXR pathway by VPA
i Mormow and Makagawa, 1994; Jin and Scotta, 1998; Xiao and Huang,

2005). It is notewaorthy that we observed statistically significant (p <
0.05) up-regulation of MDE] mREMA after cotransfection of LS174T
cells with CAR expression vector and treatment with YPA (Fig. 5B).
O the other hand, cotransfection of LS174T cells with expression
plasmid for either PXR or CAR without exposure to VPA did not
result in statistically significant up-regulation of CYFP3A4 and MDR ]
mBEMAs (Fig. 5, A and B Under the same experimental conditions,
treatment of LS174T cells with rifampicin (10 wh) resulted in a
12-fold increase in CYP3A4 mREMA and a 7-fold increase in MDR |
mRMA.

Determination of CYP3AS Catalytic Activity in LSITST Cells
Exposed to VPA (60 pwhl). CYP3A4 induction was subzequently
investigated employing functional azsay based on determination of
specific CYPAA4-mediated testosterone 6F-hydrooylation activity
measured in LS174T cell lysate. As shown in Fig. 6, only cells
transfected with plasmid encoding PXR yielded statistically signifi-
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HFi. 4. Effect of VPA on CAR- and PXR-mediated activation of the PEREM
region of the CYP2ZES promoter. HepG2 cells wem transiently rmresfected with
PCRI-CAR or pSGI-PXR expression plasmid (50 ng) and pPEREM.- VY0 fue re-
porter consruct containing twe DRA-type motife of CYPIES PEREM (0.4 pafwell)
wsing Lipofectamine 2000 iransfection reageni according to the manufacharer’s
instructions. Transfecied HepG2 cells were mainiained in medium containing ¥PA
(300 phi) for 24 b, #s, p < 0001 statisically different from nontreated cells
teansfected only with reporter corstnace; =, p < 005; we%, 0 <2 D001 satistically
different from VPA-nontreated cell corarsfected with either pCR3-CAR or pSGI-
PXR exprassion vectors,

cant increase in CYP3A4 catalytic activity after 48 h exposure o VPA
at a concentration of GO0 ehd (p <2 005

YPA Induces CYP3A4 mBMNA in Primary Human Hepatocytes
and Symergizes with the Effect of Rifampicinn To determine
whether VPA induces CYP3A4 mEMA and whether it influences the
induction by rifampicin, primary cultures of human hepatocytes were
reated individually or in combination with VPA (500 b andfor
rfampicin (10 eM) CYP3A4 mENA was significantly up-regulated
in the hepatocytes exposed to VPA for 45 h taken from both donor |
{14.1-fold, p < 0.01) (Fig. TA) and donor 2 (3.8-fold, p <= 0.01) (Fig.
TB). As shown in Fig. TC. by using the unpaired Student’s ¢ test, we
revealad a statistically significant increase of CYP3A4 mBMNA com-
pared with control treated with DRS00 (0,15 in cell samples treated
with rifampicin (10 phd) for 24 h (donor 1, 2001-fold and donor 2,
13.6-fold, respectively; p =< 0.001) In cells cultivated in medium
containing VPA (500 phdy and wehicle (DMSO, 0.1%) uzed for
elimination of rifampicin solvent effect. we also detected significant
induction of CYFP3A4 mEMA relative to control (DMS0, 01 %) (p <
0.01 and p <= 0.05, respectively). Furthermore, when VEPA (500 ph)
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L i

1=
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FXR - - - + *

1037

and rifampicin { 10 phdy were added simultanecusly into medium and
hepatocytes were cultivated for 24 h, up-regulation of CYP3A4 was
synergistic rather than additive (62- and 34-fold). Using two-way
AMNOW A, this synergy was found to be statistically significant at the
level of p <= 0.01 (Fig. 7C).

Examination of Interactions between CAR/RXRo Heterodimer
or CAR Monomer and Responsive Elements of CYP3A4 and
MR Promoters in the Presence of VPA using a Ligand-Depen-
dent EMSA. The interactions between CAR/BEX e heterodimers and
nuclear receptor-binding motifs of CYP3A4 (DR3, ER6) and MDRI
enhancer (DR4) in the presence of WVPA were examined via EMSA
using in vitro translated CAR and RXRa proteins. CAR forms a
complex with RXRe. which binds DR, DR4. and ERG responsive
clements of CYP3A4 and MDRI even in the absence of o ligand
(Goodwin et al.. 1999, 2002 Geick et al., 2001; Burk et al.. 2005a).
This complex formation can be enhanced by ligand binding to CAR.
which can be revealsd uzing EMSA (Frank et al., 20045 We detectad
that WPA at the tested concentrations of 500 and 1000 b increased
the formation of CAR/BREXRae complex with the DR3 responsive
clement of CYP3A4 promoter (Fig. 8, A, lane 8, and B, lanez 6 and
7. Figure 84 shows that using recombinant CAR and RXRa proteins,
VPA moderately (by ~-30%) augmented the CARRXRae/DR3 com-
plex in EMSA experiments (Fig. 84, lane &), In the next experiments,
we usad nuclear fraction from HepG2 cells transfected with expres-
sion vector encoding BXRe. WPA at the concentration of 500 M
augmented the complex 1.8-fold and at the concentration of 1000 pM
increased 4.2-fold the hinding of CARMXRa to DR (Fig. 8B, lanes
6 and 7). Similarly, as shown in Fig. 8D ({lane 63, we detected
increased {-<1.5-fold) binding of CARRXFae heterodimer to oligo-
nucleotide containing the DRE4 motif of MDE] enhancer in the pres-
ence of YPA (1000 ehdy. Consistently, CTTCO, an agonist of human
CAR, augmented binding of CARRXRe complex to DE3 response
elements (Fig. 8, A, lane 5; and B. lane %) (Maglich et al.. 2003). The
inverse agonist of CAR, androstenol (10 @b, decreased formation of
CARPEXRa complex with response element DRE3 in samples treated
with CITCO (500 nM) or WPA (500 and 1000 wM) (Fig. 8 A-D)
Interestingly. we observed that WVPA at tested concentrations aug-
ments interaction of recombinant CAR monomer with the DES moti £
of CYP3A4 promoter (Fig. SC. lane 2). On the other hand. we did not
detect any significant and reproducible effect of WPA on interaction of
CARPBXRa heterodimer with the ER6 response element of the
CYP3A4 gene (data not shown). RXRe alone did not reveal any
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Fua. 5. Analyds of YPA-mediated up-regulation of CYP344 and MDE] mENAs, LS 74T cells were transfected with pCR3-CAR or pSGI-PXR expression plasmids (400
ngiwellj using Lipofectamine 2000 transfection reagent acoording to the manufacharer's instructions and exposed to WPA (500 pM) for 48 h. mBEMNA expresdon of tested
genezs was determined vhng maltime RT-PCR and normalized to HPRT bousekeeping gene. The effect of VPA (500 phj oo CYP2A4 (A) and MDREL {B) mENA
expression is presented as -fold increase 1o contrel nentreated cells. Data are the means = 5.0, of three individaal cell samiples. =, p < 005 == p < 001 s==, p = 0001,
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interaction with tested response elementz (data not shown). Similarly,
we did not detect amy complex after incubation of nuclear fraction of
HepG2 cells and recombinant RXRe with DR3 cligonuclestide under
the conditions used (data not shown). These data suggest that VPA
could directly interact with CARRXRa heterodimer and CAR mono-
mer in hinding with DR3 and DR4 response elements of CYP3 A4 and
MDR].

Unfortunately. there is no report in the literature that introduces

r
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CYPIA4 activity (fold)
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CAR i i P i
PHR O = 5 = * #

Fuo. 6. Determimation of C¥P3A4 catalyric activity. LE17AT cells were transfected
with expression plasmids encoding CAR or PXR. Subsequently, cells were treated
with VPA (G060 M) and specific CY PAAd-mediated testoderone 68-hydroxylation
activity was detected after 48 h. The conceniration of the 68-testosterone metabalite
wre determined udng the HPLC system in cell Iysate. Final activity was nonmalized
to sample proicin concenimiion. Bars indicate the means = 3.1 calculaied from
three samples. =, p < 005,
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relioble ligand-dependent EMSA as=ay with recombinant PXE at
present. Therefore, we could not analyze the interaction of VPA with
PAR/REXRa complex at present, using the EMSA method.

Discussion

WPA, an effective broad-spectrum anticonvulzant, has been shown
to affect expression of o large number of genes {Bosetti et al.. 2005).
Some of these recognized alterations in gene expression have been
attributed to HDAC inhibitory activity of VPA (Chen et al.. 1999;
Phiel et al.. 2001, Werling et al.. 2001; Eyal et al., 20067, In this study.
we show fior the first time (to our knowledge) that VPA is capable, in
a clinically relevant range of concentrations <1000 ph (Davis et al..
1994, Wen et al., 2001; Centorrino et al., 2002, Allen et al., 2006), of
up-regulating CYPIA4 and MDRT gene expression also, by a different
miolecular mechanism. via direct activation of the CAR pathway.
Moreover, we demonstrate that VPA can increase C¥PIAS gene
expression and activity through activation of PXR nuclear receptor as
well.

Ligand-activated nuclear receptors CAR and PXR up-regulate ex-
pression of target genes at the transcriptional level through interaction
with specific promoter response elements. Therefore, to examine the
potential effect of WPA on CAR- and PXR-mediated transcriptional
regulation of C¥P344 and MDR! genes, we first wsed fransient
transfection experiments with luciferase reporter constructs contain-
ing a relevant regulatory promoter sequence of tested genes (Goodwin
et al.. 1999, 2001, 2002: Burk et al.. 200532). Using transient trans-
fection, we established that the reporter constructs appeared in cells
separately from the chromosomal DMA and nuclecsome structure,
which guarantesd that the detected effect of VPA on activation of

17 5 Donor 1 i Doner 2
g ke
S 15.04 = 4.5 mEz4 hour
= = 4.0+
= 1254 ] . 45 hour
=L = 354
§ 10,04 § 3.04 Fio. 7. VPA synergizes with rifampicin
E 2 5 (Bif) in induction of CYPRA4 mBENA in
<+ .54 o primary human bepatccytes. Primary hu-
ﬁ E 2.0+ man hepatocyte culiures were cultivated to-
o 5,04 = 4.5+ gether with VP4 andior rifampicin either
= g 1.0+ individually or in combination, and then
0 25 B 0.5 wsayed usng realtime RT-PCR. CYPiAd
0.0 i1 ﬂlﬂ- mRMNA expression is normalized to HPRT
o o housckeeping gene and presented as -fold
Contrel VPA 500 uM Control VPA 500 uM increase ta control nontreated cells. Values

CYP3A4 mRNA (fold
=S 8888838

mpreent the meas = 2D, of three inde-
pendent wells. A and B, 45-h exposure of
primary hepatocytes to WVPA {500 pb) up-
mgulates CYP3AL mBEMNA (p <0 (.00, Ths
effect of WVPA was aralyzed using unpaired
Student’s f test. T, rfampicin, VPA or a
wombination of these two drugs signifi-
cantly up-mgulates CYP3A4 mENA 1o
contmel (0.1% DMSCurzated celk) with @
walues of = p <0 005 ==, p =2 0.00; and
wew oo 0001 (unpaired Student’s r test)
after 24 h of treatment. When given in
combination, the induction is in both cases
atatistically synergistic rather than addirive,
at *#, p = DO janalyzed by two-way
AMOW A with interaction),
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Fia. 8. The ability of CARBXRe hetercdimer to bind CAR. response elements of CYP3IA4 (DR, ERS) and MDE1 (DE4) in the presence of WPA was investigated using
EMZ A as described wnder M erials and Merbods, A the complex formation of CYP244 DEY with CAR/EXNEz wes examined with in viwo tandated wild-type CAR
and PXRx proteirs in the presence of salvent {water or DMSO 0.1% wher indicated), the CAR agonist CITCO (625 pM: lanes 5 and 7). the inverse agonist of CAR.
andrestenal (Andol) (10 ph; lanes 6, 7. and 93, VPA (1000 pM; lanes 3, 8, and 93 or CITCCuandrosenel and VP A-androsenc] combinations {lanes 7and %), B, combined
gel shift'supershift experments were pediormed using in vitro trrslated wild-type CAR protein and the nuclear fraction of HepO2 cells trrsfected with BXFa expresdon
wector The concentration-dependent effect of VPA (100, 500, or 10060 pM; lames 5-7) on CAR/RXEn complex wis sindied. The band supemhift was performed with
anti-FX R antibedy (1 pg: lane 8 O effect of VPA on CAR monomer inieraction with CYP2A4 DRS. The expedmenis were performed usng in vitro ranslated CAR
without BXRe and with ¥PA (1000 phd) and andmstencl (10 ph) as an inverse agonist of CAR. [, the capability of WPA (1000 phi; lame 6) o affect CARRN R
heterodimer interaction with MDE 1 DR4 msponse element was tested using in vitro translated wild-type CAR and BXEe proteins. CITCO (625 phd) and andwostenol (10
uhd) were used 55 a known ligand and inverse agonist of CAR. mspectively. Representative gels ar shown. Band signal intensity wes quantitated by densitometry and

data are expresad s -fold increase (fold relative to their wehicle controk (DMS0 or watery,

luciferase constructs is independent of chromatin remodeling caused
by VPA-mediated HDAC inhibition,

We demonstrate that VP A induces CAR- and PXE-mediated trans-
activation of pfA<-fuc construct containing both DR3 and ER6 re-
sponsive clements of CYP344 required for CAR- and PXR-mediated
regulation of the gene (Goodwin et al., 19993 (Fig. 1). Interestingly,
we found out that the combination of VPA with prototypic ligands
canses far more pronounced transactivation of the p3d<4-fuc construct
{Fig. 2). These data indicate a synergistic effect of VPA and rifam-
picin on transactivation of CYP34A4 via PXR, which could play an
important role during cotreatment with these dmgs.

In additional experiments, we examined activation of two different
luciferase reporter constructs containing MDER] enhancer and either
native or viral %40 basal promoter (Burk et al., 2005a). We did not
detect any significant CAR- or PXR-dependent effect of VPA on
activation of MINRI gene promoter in HepG2 cells transfected with

pMIRT-kic reporter construct, although an increase in transcriptional
activation of this reporter construct was obzerved in cells exposed to
WPA (Fig. 3A0. On the other hand, using pMIDRTE-SV#0-8ic re porter
construct containing the MDR| enhancer upstream of the SV40 viral
promoter, VPA was identified as an activator of the MDE ] enhancer
via the CAR pathway (Fig. 3B} Thus, by using pMIDERTE-SV40-lic
construct, we eliminated the potential interference of additional tran-
scriptional factors that bind relevant sites in the basal promoter of
MDORT gene such as NF-Y, Spl, AP-1, NE-xB, CVEBFPA. and so0 on
(Scotto, 2007, and analyzed specific CAR-TPXRE-mediated activation
of the MR enhancer by WPA. Moreover, the reporter plasmid lacks
the inverted CCAAT motif (Y-box ), which was shown to be eszential
for activation of MDR] promoter in transient transfection reporter
assays by several other HDAC inhibitors (Jin and Scotto, 1998).
Diezpite this fact, significant activation of pMIMRIE-SVH-lue re porter
construct by WPA was observed also in the absence of cotransfected
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CAR or PXR. which indicates that VPA can also activate MDRI
enhancer of pMIRIE-SV4#0-lue reporter construct (Fig, 3B We
suppose that endogenous CAR or PXR iz not involved in the phe-
nomenon becanse their functional expression in HepG2 cells is very
low . However, we cannot exclude potential up-regulation of various
ranscriptional factors by WV PA wreatment, which could lead to trans-
activation of the reporter constract.

Subsequently, interaction of VPA with PXR tranzactivation path-
way has been studied in more detail using ancther gene reporter
construct. pPREEM-5VH-luc, containing two DRE4-type motifs of the
CYPIBG6 PEBREM region upstream of 5%40 wviral promoter, which
were recently demonsirated to have a high affinity to both PXRE and
CAR (Faucette et al., 2007}, These experiments have revealed signif-
icant CAR-mediated. but no PXR-mediated, activation of pPEREM-
SVH0-Tae reporter construct by WPA, which is in agreement with the
findings obtained vsing pM DRI-SVH0-lue reporter construct. Thus,
we suggest a different effect of VPA on CAR- and PXR-mediated
ranscriptional  activation of heterologous  reporter  constructs
pPEBREM-5VH0-luc and pMDRI-5VH-Iuc in comparizon with p3A+-
Iue construct (Figs, 1. 3B, and 4). We hypothezize that this discrep-
ancy can he explained considering the report of Masuyama et al.
{20605, who demonstrated a ligand- and promoter-specific fashion of
PER-mediated transcription of CYPIA4 and MINRT genes.

CAR- and PYR-mediated regulation of CYP3A4 and MDRT gene
expression was suhsequently anal yzed by real-time RT-PCR in sam-
ples of LS1T4T cells (Fig. 5. A and B). mEMA expression of the
studied genes was normalized to both HPRT and B2M housekesping
menes to eliminate a false interpretation potentially caused by non-
specific WPA-mediated up~down-regulation of these housckesping
menes, We observed the effect of coexpressed CAR and PXR on
WPA-mediated up-regulation of CYP3iA4 mEMNA in LS1T4T cells
{Fig. 5A). which well correlates with the reporter experiments. In the
case of MODREL, the mEMA level was significantly up-regulated in
LE174T cells transfected with CAR expression vector, whereas the
WPA-mediated incresse of MDRI mRMNA in PXR-expressing cells
was not statistically different from that of nontransfected cells ex-
posed to WPA (Fig. 5B} Conzidering data from gene reporter assay
with pMDRIE-SVE-lee (Fig. 340 and pPBREM-SVa0-Tuc (Fig. 43
we assume that the observed influence of VPA on MDRE] mBEMA
expression in LS1T4T cells ransfected with PXR should instead be
attributed to HDAC inhibitory activity of VPA, which was previously
demonstrated to conse MDRT gene up-regulation (Eyal et al.. 20067,
Thus, we hypothesize that the total induction of MDR|! mRMNA
expression in LE174T cells ransfected with CAR and PXE might be
a sum of several VPA effects such as inhibition of HDAC (Eyal et al.,
2006) and interaction of VPA with CAR or PXR. On the other hand,
we suppose that the effect of WPA on CYP3A4 mREMNA up-regulation
iz mediated by a transcription factor =), since HDAC inhibition did not
result in induction of human CYP3A4 or its mt homolog Cyp3a2
mBEMA (Rodriguez-Antona et al., 2003; Eyal et al.. 2006), Neverthe-
less, we hypothesize that HDAC inhibitory activity of VPA synergis-
tically augments the effact of rifampicin in PXR-mediated up-regu-
lation of CYP3A4 mRMA in pimary human hepatocytes (Fig, TC).

The interaction of WPA with CAR was investigated in more detail
using EMSA. in which interaction of VPA with CARRXRa het-
erodimer of CAR monomer (Frank et al., 2003%) and responzive
clements of both CYP34A4 and MDRI promoters were examined. In
the presence of VPA, we detected augmented binding of CARRXRe
heterodimer to the DR3 responsive element of CYP3A4 and o the
D4 responsive element of MDRL (Fig. 7, A-D). Binding of CARS
B3R to the ERG element of CYP3A4 was not affected by WVPA (data
not shown), which might correlate with low affinity of CARRXRe
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complex to bind the ER6 motif and with minor role of ERG in
CAR-mediated CYP344 gene transactivation (Goodwin et al., 2002,
Interestingly. we also observed increased binding of the CAR mono-
mer to the DR motif of CYP3A4 promoter in the presence of VPA
{Fig. TC. lane 2. Androstenol decreased the binding of CARBRN R
heterodimer and CAR monomer to DR and CARRXRa heterodimer
to DR4 in samples containing ¥PA (Fig. 7, A. C, and D), which
provides us additional evidence that %W PA transacti vates CYP3A4 and
MDE! through CAR. Interestingly, we observed a difference in the
VPA-activated CARMRNRa heterodimer binding to the DR3 respon-
give element in EMSA experiments performed using recombinant
CAR and BXRa proteins (Fig. 7A. lane 8) in comparizon with the
experiments in which recombinant BX R was replaced with nuclear
extract from HepG2 cells ransfected with expression vector encoding
RXRe (Fig. 7B, lane 7). Binding of CARMBXRe complex with
recombinant in vitro translated BXRe to the DR3 motif was only
alightly augmented in the presence of YPA (--30% ) however, using
a nuclear fraction of HepG2 cells transfected with BX{Ra, we ob-
served 8 more than 4-fold effect of VPA on the CARBXRa/DR3
complex formation (Fig. 7B, lane 7). Based on thiz finding, we
hypothesize that the nuclear fraction of HepG2 cells could contain
another transcription cofactor involved in regulation of CARBRN R
binding to DR2 in the presence of VPA.

Finally, we analyzed CYP3A4 enzymatic activity in LS174T cells
expozed to VPA (600 wM) for 48 h. As shown in Fig. 6, significant
increase of CYP3A4 activity was detected only in VPA-treated
LE174T cells transfected with PR expression vector (p <2 0.05), We
did not detact any alteration of CYP3A4 enrymatic activity in non-
transfected LS174T cells, although LS 1 74T cells express PEXR (our
unpublished data: Burk et al., 2005b). With respect to this fact, we
suppose that CYP3A4 catalytic activity can be increased only in cells
rich in PXR protein.

In conclusion, we show that VPA mediates transactivation of
CYP3A4 and MDRI genes via direct interaction with CAR nuclear
receptor. Furthermore, we present that VPA up-regulates CYP3A4
and itz catalytic activity through PXR. With respect to the publizhed
data on the effect of WVPA inregulation of MR pene expression. we
suggest that interaction of YPA with the CAR signaling pathway
together with VPA-mediated HDAC inhibition is the mechanizm
involved in up-regulation MORT gene. Because MDE1 plays an
important role in the multidrg resistance (MDR) phenomenon, we
assume that administration of VPA could lead to an increase in tumor
resistance against many anticancer dmgs., which are transported by
P-glycoprotein. Finally, our data indicate that WPA in clinically rel-
evant concentrations during treatment of schizoaffective disorders,
acute mania, and refractory epilepsy, when VPA plasma concentra-
tions range within 500 to 1000 wbd. could cause drug-dmg interac-
tions with coadministered drgs that are metabolized by CYP2A4
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2.3 Examination of glucocorticoid receptor a-mediated transcriptional
regulation of P-glycoprotein, CYP3A4, nad CYP2C9 genes in

placental trofoblast cell lines.

Pavek P, Cerveny L, Svecova L, Brysch M, Libra A, Vrzal R, Nachtigal P, Staud F,
Ulrichova J,Fendrich Z, Dvorak Z. Examination of glucocorticoid receptor a-
mediated transcriptional regulation of P-glycoprotein, CYP3A4, and CYP2C9 genes
in placental trophoblast cell lines. Placenta 28:1004-1011, 2007. (IF 3,238507)

Abstrakt:

Placentarni trofoblast exprimuje v zavislosti na stadiu téhotenstvi nékteré 1ékové
transportéry, biotransformacni enzymy a navic nukledrni receptory, které reguluji
jejich inducibilni transkripci. Nukledrni receptor GRa je exprimovan jak
placentarnim syncytiotrofoblastem, tak cytotrofoblastem. Jak je jiz znamo, GRa
reguluje inducibilni expresi n€kterych enzymt CYP a lékového transportéru Pgp v
jatrech. Regulace transkripce 1ékovych transportéri a CYP prostfednictvim GRa
vSak dosud nebyla zkouména v placentdrnim trofoblastu. V této praci se zabyvame
expresi GRa a jeho vlivem na regulaci transkripce Pgp, CYP3A4 a CYP2C9 v
bunéénych liniich placentarniho trofoblastu. S vyuzitim metod real time RT-PCR,
western blotu a gene reporter assay jsme detekovali expresi a aktivitu GRa v liniich
JEG3 a BeWo. Up-regulaci exprese vlivem dexametazonu v placentarnich liniich
jsme vSak pozorovali pouze v ptipadé MDR1 mRNA. Také v gene reporter assay
experimentech byl v placentarnich bunikdch dexametazonem aktivovan pouze
promotor MDR1 genu a tato aktivace byla blokovana pfitomnosti RU486, zndmého
antagonisty GRa. Promotory genit CYP3A4 a CYP2C9 byly v placentarnich liniich
aktivovany pouze po kotransfekci HNF4a, coZz naznacuje jaterné specifickych
charakter regulace téchto genl prostfednictvim GRa. Kotransfekce HNF4a vSak
neméla Z&4dny efekt na aktivaci MDR1 promotoru, coZ poukazuje na HNF4a
independentni regulaci pfes GRa. Ze ziskanych dat vyvozujeme, Ze GRa se mlze
podilet na regulaci exprese Pgp v placentarnim trofoblastu. Déale naznaCujeme, ze
geny CYP3A4 a CYP2C9 nejsou v placentarnich bunkdch inducibilni
prostfednictvim GRa v dusledku nepiitomnosti HNF4a a pravdépodobné téz dalSich

jatern¢ specifickych transkripénich faktort.
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Abstract

The plucental trephohlast ot different steges of repnancy comuing some drg ransporters and senabiotic-metshaliing enxymes, 2 well
ligand-activa ted noclesr recepiors, which comral the r inducable ramsermpiione] regulaton. Glococoraook] receplor & (GRx) 15 expressed m bath
phoenta] synoytonophoblas and ovtomnophoblst. GRa was shown 1o aommo] induable expression of severz] envymes aof the cyochnome PLA5i0
faraly (CYTP) and the drog transpeorier g lyooprotean in the lver. However, (iRa-mediated transenpinon] regulation of drog transporiens and
CY P hos not been studied i the placentl trophoblast. In this study, we examaned the e xpression and acavity of GRain the mansormpional reg
uhtsn of Peglywooprotein, CYP5 A4, and CY P20 in placenal inmhohlast cell lines. Employing BT—PCR, Western hlofng, and luciferase gene
reqmrier assry, we detecied the e xpressaon and sctmvity of GR o in JEGS and BeWa cell lmes. However, we observed that anly WDR ! mBNA was
up-regulate dafier meaurent of placental cell with decamethasone. Accordingly, anly the proamater of the WOR T gene was activated by descuneth
amime in gens reporier asiys in placenty] cells and the activation was sholished by RUMEG, an angonial of GR2 CYP3A4 and CYP2O9
promoiers were ol vated in placenial cells only afier co-ramfection with hepatocyle miclear factor Az (HMNPda), which indicates the hegmta
cyle-specilic character of GRa-medited regulaton of the genes. O the ather hund, coespresaon of HNFda had no effect on the activation
of the MRS gene jromofer, soggesting HNFPdx mdependent regulyiom via GRa. We conclode that GRa may be invalved in the ranserp@onal
regulation of Pglyoomotein m the placental trophoblast. We also inccate thatthe CFP2AG and CFP20Y pemes are notinduable throngh GRa m
phoental cell nes, doe 1o the lack of HNPA2 expresaon and possibly some addiions] hepatocy te-specilic tramsonpiaom] fackons.

B AT Heevier Lid. All nghts reserved.

Kepwords: Glooecorscoid recepoor; Tramsoptional mgelison; Poghoopmtein; CYFIAL; Placens; Cell lines; Placensal bamer

1. Imtroduction stages of pregnancy, although only few of them have the func-

tional catalytic activity to metabolise xenohiotics [1-35].

Throughout pregnancy, the placental trophoblast contains
some drug transporiers and engymes of both phase 1 and 1T of
hiotransformation [ 1—3]. Several enzymes of the cytochmome
P-450 family (CYF) such as CYPLAL CYPIC, 2EIL, 3A4-T,
and 4B] are expressed in the placental trophoblast at different

* Corresponding methor. Tel s 420 495 06T fax: <400 495 $14373
E-mall addresr: peirpavek @ com oz (P Pavek)

014340045 « see font mager & 2007 Elevier Lad Al mighes reserved.
diat: 10000144 p boenss H007 08 (01

P-glycoprotein (P-gp), a membrane efflux ransporter encoded
by the ABCE I gene (MDRT), is highly expressed in the placen-
tal syncytiotrophoblast at different stages of pregnancy [6—8].
P-gp contributes tobofh xenohiotic [9— 4] and glucocorticoid
[14] bamiers in the choricallanteic placenta. CYP3A4 and
CYP209 are major OY' P enzymes involved in the hepatic me-
tabolism of xenohiotics and e bictransformation of steroid
hormones such s estrogens and estosterone [1].
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Significant progress has been made over the past few years
in wnravelling hormone/x enobiotics- mediated induction mech-
misms through nuclear recepiors and transcriptional factors
for most of the CYPs and drug transporters in the liver [ 15].
However, little attention was paid to the study of the induction
proceses in the placental trophoblast [2.3,13,16].

Glucocorticoid receptor « { GRa) i a ubiguitous nuclear re-
ceptor, which transcriptionally regulaies numerus genes
through its hinding o GRe response elements (GREs) in pro-
maoter regions of target genes. Expression of GRa was detected
haith in the syncyticrophoblast and cytotrophoblast of human
[17] and rodent placentas [18]; however, GRa-mediated tran-
scriptional regulation of any drug transporter or GRa-negulated
enzyme of the CYP family has not yet been systematically
studied in the placental trophoblast [16].

The objectives of the study were to examine the expression
and activity of GRa in two placental trophoblast cell lines in
the transcriptional regulation of the MDRI, CYPIA4, and
CYPIC? genes. These major genes involved in xenobiotic and
sterodd hormone disposition are well characerised as GRa-
regulated genes in hepatocytes [19-23). Herein, we hypothes-
isad that GRacould up-regulate these genes atthe transcriptiional
level in the placenta. In addition, we examined whether the
placental absence of hepaincyte nuclear factor da (HNFie,
NR2AL) is a limimtion of the GRe-mediaed transcriptional
regulation of the tested genes. The hepatocyte-specific trans-
criptional factor has been recently identified as the critical
cofactor in the pregnane X recepior (APXR, SXR)- and consti-
tive androstane receptor {CAR)-mediated transcriptional up-
regulation of CYP3A4 and CYP2C9 in hepatic cells [24,25].
However, the mechanisms of GRe-medisted regulation in the
placental trophoblast or othere xtrahepatic cells and the contribu-
tion of HNFd2 to the GRae-mediated transactivation of these
CYPs and P-gp have not been imvestigated so far.

2 Methaxls
2.1 Chemivaly

Dex gmedasone, mifeprsone (RU4E6), foskolm, dharooal, and cell cul
ware media ware parchared foom Sigma—Aldnch S Lows, MO, USAL

2.2, Plasmids

Im crder so evakoate the oo poe e sivel v rassce poosal acevasion of pro-
mecters for the esed genes in placental cell kmes, we wsed hedarase repomer
comsnad s with fall-mege basal ond enbancer promocer sequences of CFPA,
MOR!, and CYPHD gemes [24-27). A damenc pidddue boedferase reporter
plasrmid contamm g S bwal promoter | - 36804 55) and de disall nemobd o
resporsive enfance modsle (HREM) |-G - TI0E) of the CYPIAS geme
5 - flambcimg region was denaribed by Groodem et al. [26). The plismd contaims
am HNFdz bimdmg ste @ - 7783 o = T371 [24]. The mporer plismid
peTO TR AT Z—120d) of dhe MDE) gese | pMDE! ) bas been descrbed
bedore [I7]. The reposter plasmid piOEs |- B0EE 420 oe fenen called
A0 ) was o ndly provided by De Grerbal 4O bal o (IS ERM LUSTL Mone-
pelier, France ) |21, Consenacied plasmds wem sequenced mmg o Big Dve
Termmator Cyvols Saymencimg meded (Apphad Bicevatems, Rockovlls, MDD,
USA) plrREdee phismd barboering four copies of S comsess (RE op-
sweam of TATA box was puxhased fom Stmuagene (la Jolla, A, USA)L
The expresion plasmd encodng buman (e (p8GS-BGRe) ws o gemems

gift froen D 1. Palvimao (Usiverssy of Hebario, Helanin, Fmlind). peDsas.
HMNFdal expresswa plammid was omdly donated by De. B. Laze (INSERM
Unzt 45%, Lile, Framce). A& dumasa mowse GReGFF apreston plasmid
wis o ind gt fom De WE Pmz [ZE).

2.3 Cell bnes and bundent rangfecion assays

The brzmnam dom ccancmemia cvioceropboblas? cell Bee JEGS e cukored
m MEM medim sspplemented with 1% non-essental ammo acids (NEAA],
1 e sodiemn pemavase, and 1048 FBS (PAA, Paschimg, Awsseria). BeWo, a mo-
phaoblast cell Ime darved fmm beman donocarmoma, was manamed in
Ham s F12 mediom spplemated wrb 1006 FES. He(G2 bemon Coscasan
beprocyie carmoma cell were alored m DMEM medemn sepplemenied
w10 FBES and 1% NEAA. Al cell lines wem puxbased fmm the Euro.
pean Coleaion of Cell Colores (BCACC, Salsbory, UK) od wem wed
within 15 passages afterdelivery. Cell lmes wem colvated withon antdhiotics
arad experment s wem pafommed m phenal md-fee medn (Imatrogen’ Gibco,
Carlsbad, CA, USA) el charcoalidestme-srpped FES. In arder o pomote
fusmiom of cyaosopboblast BeWo cells i nio the symcytioroptoblist, BeWo cells
wire teaed in sepamie expermmens: wit 100 pM forsiood m for 48 B [29).

Cells were seeded (T = :IIT'per'n:II for BeWo and JEGE; 2« Jﬂiper'nefﬂ
for Hepd(v2) m 45 caell plases and rarsdected 24 b lmer i P El imesfection
reagent | Polyphes- Tmssfecton, Ilaxh, France ). Usmally, 05 ug of a repomer
plasmid, Mg of pRL-TK emcoding rendlla koifaase (Fromega, Madson,
WL USA), S0ng of an expresaon plasmid and'or appicoriae smpy expres:
mom vecior (fo mormnalie DN A rarsfedion reagent rasa) wem med for de
ransfecton of cells im one well Afer 34 b pranodbasion m media wzh
1% charcoa i devran-sripped FES, S mediam was replaced and wested com-
pomds or DMEO (vehicle, 0.1%) ware added o fe cells. The cells ware
rmamtamed for afurder 24 ordi b m e presence of tested compond s | me-
dremn sepplemented w100 charcaldexsran- sepoad FRS Dual hedemse
assnvs were pedormed accordmg o mavefacuer's mencdms (Pomega)
wmg a Tecan kemipomeser (Tean Growp, Mansedodd, Senzerlmd |

24, Ievlation of sosal RNA and quandstive
realktime RT—FCR analysds

Total RMA molmion, mvase roscrpoon and Tagphfas RT—PCR wae
pedformed as described previossly [30]. RT—PCR sxh SYBR Geen demisoy
witn pafommed as described [21] wmder comdimioms common for all gemes
{mmealmg empemaare of &0 “C, 3 mb MgCL). Pomes md probes designed
to bradge e r—enon jomotions are specifiad im Takle | Pioifl's meded was
apphed for se relasve guand fication of gene expres sion noomalised 5o endog-
enos conimd (housaeeping) ganes [FI) The delta—dela method with vali
dared PCR effciency for boch gemes wos weed for ocomparsson of GRe and
HMFx expression i differant cell mes ond dmmes [12).

2.5, Human cyotraphoblast iwkgion
and prepamtion of fivae saopley

Human tssae samples were obtmned accordmg o profocoks appmved by
e Edhics Commimees of fe Charkes Unfverszy @ Pragee and Se Palacky
Universizy m {lomowe, comphymg e coment Crech kegshsion

The e descrieed by Klmnam et al [ 35) was wed for de preparsson of
molmed cuoropioblist fmm term beman placessa.

For the preparason of pooled boman bver samples of sl BNA and
wholecell proeem fmcton, W0-mg peces of foren (=T0°C) bver S
fmemn frve oo casian male domom were pooded. S lady, the pooded placental
sample win prepared fom five wm plcents of Cooomsan mon-smoim g
women. Tome amples wae afer lomogensed fr woul BNA molion
with Trized™ magent accondimng to fe mamedacoer's ipstectons davisogen)
with o pesde bomogensa or Bomogeniad wih o pesde bomogenier in o
cold RIPA beffer (1= PES, 1% Nomade: Pudil, (5% sodnem decuveholase,
1% 508, 1= Roche mbdbiior codoml, pH 74) Wholecell hsawe was
spam dowm at 100000 = ¢ for 10min @ 4 °C and the supematn was sored
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Takle 1

Sequences of primers and probes wed for RT-FCR

Creee Promem and pmtes

ha Foraand 5 AAMOC TTACTGCTTC TCTCTTC A

Heveme SGTTAAGGAGATTTTCAACCACTTC A

HMNPda

Formamd SGOGTGTOCATACGCATCCTT-V

Reveme S GCGGTCGTTGEATGTAGTOCT-

CYPiAL

Forsamd - TTCAGEANMGAMNGAACAAGEACAN LY

Reveme SGGTTGAMGAAGTOCTOC TA MG 2

CYPND

Forsamd GOl ATGAACAACOC TOAGS- 2

Reveme STGCTTOICGTCTCTGTOCCAY
Prbe TAMEA® 5 AMANMAC TGO AGTTGACTTGTTTGGAGC- ¥ BHO"

MIE!

Forsamd 5 TGRCTCAGAD AGGATGTAGT TG

Heveme SANTTACAGEAAGCCTGGANCY
Taghen prote TAMRBA SCTAACTTGAGC AGC ATCATTGRGOGAGOC T3 BHO

Al-microplobulin (BIM}

Foreand promer: S CGTEIGAACCATGTGACTTTGTC- 3

Reveme pamer SSOCATC TTCA AN CTCOATGATGE 3

Hyponams ne. pranine plao sphoribory!
wransferase (HPRET)

Formamd S CTGOAAMGAATGTC TTGAT TG T -3
Reveme STTTGGATTATACTGC CIGACCAAG Y

Taghan probe TAMBA SCANTTGAC ACTGGE AAAACAATGCAGACTTTG- 3 BHO

& TAME A fo mme sy i e,
b BHQL, black bole geencher 1.

af = T0 . Hamog e mton and RN A Bolasion from cells was performed witlh
Taizod reagent accondmg o fe mmefaceers Esncdms

28, Western blow

Imreniemoie e siom of Clta im focal ool balar hvwates was pedformed mang te
procccal descobed previcesly [10]. Blos sere poobed wit the pomary mbba
ansbody Crf E- 20K (me-100%) a2 a dikeion 120000 (Sanca Crez Bioechmol-
ogy, Smta Crw, O, USA) Chemilommescence dettion was pedformed
g on HR P comjizgated sacomdany amsibeddy and o ECL ko 0GE Healseare,
Limle Chaldme, UK}

2.7, Micromopy

Cells pleted m & or 1Zowell pletes woe imesfeced wid the GRGFP
fesiom expession plismd (320 5g DNAJem’) enccdimg a chimaera of e
green floores cemoe pooieim (GFF) and GR | 28], GFF fluores cence was visml-
wed fmm Se same Iving oells on o Niioon Eclipse migoscope wzh a FITC
filter 34 b after rassfec ton in te presenoe of dheence of 1 pd devame s some
i mediem.

24 Srarsvtical analyses

Al bam mdicate fe means = standard deviasions (S1F). Ome- or teooeay
ANOAA wmith Bonfaront or Demmetc's fesss wos weed for data asal veis, where

appapoiase.
1 Resulis

3.1, Characrerisation of expression and acgvity of (GRa
in placental JEG3 and BeWo cell lines n comparison
with keparoma HepG2 cell line

Employing RT—PCR, we detected the highest expression of
GRa mBMNA in Hep(G2 cells and in the pooled placental tissue
sample; expression of GRa mBMNA in additional samples de-
creased in the following order: liver = JEG3 > isolated cyto-
trophoblast = BeWo (Fig. 1A) HNFla mEMNA levels wene

helow the detection limit in placental samples or placental
cell lines, but was abundant in Hep(G2 cells (Fig. | AL

In Westem hlot experiments, we detected the highest level
of GRa protein in HepG2, peoled liver, and placental samples;
lewels of GRa protein in JEG3 and BeWo cells were lower
(Fig. 1B

In order i sssess GRa activity in BeWo and JEG3 human
choriocancinoma trophoblast cell lines, we examined the capa-
hility of endogenous GRa to transactivaie pOGRE-luc reporter
plasmid ransiently transfected into cells that were laer ex-
posed to dexamethasone (100nM) for 24 h. Dexamethasone
dramatically activated the reporter construct in JEG3 and
Hep(G2 cells (22- and 45-fold respectively), which indicates
high activity of endogenous GRe in these cell lines
{Fig. 1C). On the other hand, treatment of BeWo cell with
dexamethasone resulted in weak {about 2-fold, p < 0.05) acti-
vation of pGRE-luc (Fig. 1C) and forskolin {100 M) had no
statistically significant effect on the activation {Fig. 1C). Sur-
prisingly, we observed a dramatic increase | p < 0001) in the
activation of pGRE-luc in BeWo and JEG3 celk co-transfected
with a GRa expression vector in the absenoe of dexamethasone
in media (Fig. 1'C) In order to explain this phenomenon we
used RUE G, which is a potent antagonist of GRe. We observed
that RUMES significandy repressed the activation of pGRE-luc
in BeWo and JEG3 cells co-transfected with GRe | p o< 00001,
Fig. 1C), which may document the activation of GRa by
a putative intracellular ligand in BeWo and JEG3 cells.

In order o suppornt the hypothesis, we used GR-GFP expres-
sion plasmid encoding the fusion protein of GFF and mouse GR.
Inthe caseof JEG3 and Be'Wo cells culured without dexameth-
asone, fluworescen ce of the GR-GFP chimaera protein was local-
ised mosdy in the nucleus, which indicaies ligand-mediated
translocation of GR-GFP i the nucleus (Fig. 1D). In Hep(G2
cells, we observed comparable GR-GFP flucrescence in both
the cytoplasm and the nucleus and fast translocation of the chi-
maera to fwe nucleus after addition of | pM dexamethasone o
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Imes (&) Relive expresson of Gife and HYFde mBNAs analveed by RT—PCH Expressaon of R was relased o the pooled placensal sanple {1009 and ex-
pression of HNR e o Se ver sample. Cvio, ol aed cyioroptohl ss; BDL, below detecson Bme. | B) Wesem blof amalys s of G2 proem. (R was analvsed in
e total celbdlar lvsates wsm g pomany rabba anshody as described m e section Medods, () Tmmsacovat on of pURE- ke mepomer plasmod by dexamedas one in
placensal BeWo, TEGE, mnd Hepdrl cell lmes. The reporer plesmd oomtom g foor copies of the ocoserss GRE sequence was co-rmsfecad (900 ng) mo oells
alomgg with 80 mg of Gl expre mon vector pSGS- G Re or an empey expresson vedor and rera lla lecferse. expres on vector pRL-TE for trazsfecton noemal
waton. Cells were remad wih 100 oM dexamabasone (Dex) for 24 b Cell |vares wore aralvsed for firefly hocifers e aconviny mormalised to resdlla b dfemse.
Relasve actasion of e reporer consenact & presented a5 -fold acshvison relative o oom e {veicle- meated cells). Bam sbhow i e means = S0 of a repoesensatve
exeriment perfemed | spliae. *p < 005, =0 < 001, **p < (01 sassscally different from comsral, o ®p < 005, %% < 0001 fmen GRe-ramsdcied
cells. RU4%E6 signaficant by mpresed activat iom of pGREde @ cel ks oo tmesfected wish pRGS-RGRe, ** *p o 0001 ANOVA wih Bonfarroni); M nof anal veed.
(I Expressiom of chemenc GRAGFP proem. Cells were trassdecied wit de chrmem GR-GFF expresaon vedor as described m Mabods. Foomacence wm
vissalised m living cells 24 b after srasdecion emplovin g flocrescent mcroscopy. The same Hep (e cells ware phosographed bedore (— Dex) and afer 15 min

of moubation m e presence of | b dexam e bas one {4 Dex) (lower panels). Armoss mdicaie necled. Bas mpresant 10 um.

the medium (Fig. 1D). Thus, we suppose that the nuclear local-
isation of the chimaera and activation of pGRE-luc in the
ahsence of dexamethasone likely indicate the intracellular pres-
enoce of {a) GRaligand(s) in the trophoblast cell lines studied.

3.2, Effect of dexamerhasone on expression of MDRI,
CYPIAA, and CYP2OD mRNA 5 and activasion
of their promoters in JEGT celly

As shown in Fig. 2A, MDRE! mBMNA was modestly, but sig-
nificantly { p < 005) up-regulated by dexamethasone in JEG3
cells. Contrary to MDRI, we observed down-regulation of
CYP2C9 mRMNA related to the HPRT and B2M housekeeping
genes (Fig. 2A) Expression of CYP3A4 mRNA was not
changed significantly after treatment of JEG3 cells with indi-
cated concentrations of dexamethasone (Fig. 240

In other experiments, we observed statistically significant
{p < 0.05) activation of pMDR 1-luc reporter plasmid in pla-
cental JEG3 cells after 24- or 48-h exposure to dex amethasone
{Figs. 2B, 3, 4). We did not detect any significant activation of
either p2C%-luc or p3Ad-luc reporter constructs in JEG3 cells
after treatment with dexamethasone for 24 or48 h(Figs. 2B, 3,
48-h data not shown).

3.3, Imvolvement of GRe and HNFdx in ranseriptional
activarion of MDRI, CYPIAH, and CYP2O2
promoters iR (ransienl transfecion assays

In the next experiments, we tesed whether GRa is involved
in the transcriptional activation of the MDR! promoier. In par-
allel, we examined whether HNFda is essential for GRo-
mediated transactivation of the MDRE T, CYP2CR, and CYPIAS
genes, Therefore, luciferase meponer constructs were oo
transfected inte JEG3 cells together with GRa and HNFda
expression plasmids either individually or in combination.
As shown in Fig. 3, dexamethasone (100 nM) significantly
up-regulated pMDERI-luc luciferase activity in JEG3 cells
co-transfected with GRa in comparison with control cells
{3.5-fold activation, p < 0.05). Co-transfection with GRa ex-
pression plasmid in the absence of dexamethasone alsp
yielded statistically significant (p < 0U05) activation of the
MDR! promoter (Figs. 3 and 4). On the other hand, expres-
sion of HNFda in JEG3 cells had no effect on the activation
of the pMDR I-hc construct (Fig. 3).

Mext, we examined the transcriptional activation of the
CYP209 promoter using p2C9%-luc luciferase meponer con-
struct in JEG3 celk co-transfected with GRa andior HNFda,
Dexamethasone significantly uwp-regulaied p2C9%-luc reporter
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foor bowm after tramsdecton with hodemse mporer plismds, ells were
expomad 1o doamedasooe @ Se oconcenrmons indcaed for o futher 24 b
before deaminmion of frefly and modl lociferme acnviies. Dan of thee
mdependmt exparmenss ame plotied as fold acovasom relagve wo oomeml
{verache-treated cells) *p < 008 sgeficandy dfferent from contral { ANTRA
s Domme s 's nest). W10, mot detemm med.

luciferase activity in JEG3 cellsco-transfected with a combina-
tion of HNFde and GRa {16-fold increase, p < 0L05). In addi-
tion, p209%-luc was activated by dexamethasone in JEG3 cells
co-transfected individually with HNFda (1 8-fold, p < 0.05;
Fig. 3. We did not ohserve any statistically significant activation
of the p2C9-luc construct in JEG3 cells co-transfecied with the
GRe expression vector alone and treated with dexamehasone.

In the case of CYP3A4, we observed a 1.9-fold {p < 0.05)
activation of p3Ad-luc reporier in JEG3 cells co-transfecied si-
multaneously with both GRa and HNF4a expression plasmids
and treated with dexamethasone (Fig. 3). Individual expression
of either GR2 or HNFia and freatment with dexamethasone
had no significant effect on the activation of p3Ad-luc in
JEG3 cells (Fig. 3). Response to dexamethasone treatment
and co-transfection with expression plasmids differed signifi-
cantly among the reporier plasmids studied (two-way ANOWA,
p< 0001 In HepG2 cells, we observed a slight (2.0-fold;

Tald activation
»

Fig. 3 bwvolvemens of HWFde m GRemediaed acvaon of phd DR,
b0 e, amd plAd-boe reposter comsanaces | JEGS cells. Reporer comstnadts
were rarsendy rarsdecid mio JEGE cells along with expression vectors for
iRz and HNFda erfwer mdnidually or in combmation. Co-mansfectsons were
pedormed wih 50 ng of eich expresion plsmd per well and'or =i an
eMEEY eNpressionm vechr o mam fe DNASmesfemion reagent mao. Cells
we meaad wih 100 e dmamedasone for 2B before demenimation of
frefty and rendlla hcdemse acovities. Dam are shown as Se means = 50 of
tree i ndependens expamments and plozed as fold o viion reladve @ ooaiml
(D S0 mreaed cel ki) *p o L0 smisacally differess fom coneral {ANTAN
with Bonfarond). Acivaton of pMIDR -k = CR o trarsfecied cells i s ignid-
camdy asgmened by dexametimone, %p < 008 (ANOVA wih Boaderoni).

< 0U05) activation of p3Ad-luc reporter construct co-irans-
fected with a GRa expression vector into cells exposed to dexa-
methasone and a 2.2-fold activation in cells simulaneously
oco-transfected with both GRa and HNF42« and treaied with
dexamethasone (data not shown). Empty reponer vectors
pEL3-Basic and pRL-TK were not significantly affeced by
GRa andior HNFla and treatment with dexamethasone in
QU SN Fiments.

3.4. HNFdo-indep endens activation of pMDR I-lue via
(GRa n placental JEG T and HepG2 cell lines

To further demonstrate fe role of (GRa in the iransactiva-
tion of MDR! promoter in both placental and Hep(G2 cells,
we used RUMES, a potent antagonist of the GRa recepior As
expocted, RUMESG efficiently abrogated the dexamethasone-
induced activation of pMDR 1-luc (Fig. 4). In addition, trans-
fection of celk with a GRa expression vector also resulted
in significant {p < 0.05) activation of pMDRI-luc in both
JEG3 and Hep(G2 celk (Fig. 4).

Surprisingly, dexamethasone did not significantly activate
pMDE 1-lc in Hep(G2 cells, although te cell line expresses
ahundant endogenous GRe. This would indicate that the level
of endogenous GRz2 is not sufficient to ransactivate pMDR |-
luc in HepG2 cells in relation tothe balance of other ranscrip-
tional faciors that probably suppress GRe-mediated activation
of the construct in Hep(G2 celk. Ahematively, we can specu-
late that an efflux transporter such as P-gp resricts e entry
of dexamethasone inte Hep(G2 cells. Consistently, two-way
ANOVA analysis confirms that profiles of mesponse in JEG3
and Hep(a2 cell lines differ significantly {p < 0L01L

3.5, Activarion of CYP2C9 promaoter i
placensal and Hep(G2 celly

In order o implicate the absence of placental HNFda
expression as the cause of CYP2O9 non-responsiveness o
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dexamethasone (Fig. 3), we performed comparative experi-
ments with p2C9-lue in hepatoma Hep(G2 (HNF 2 expressing)
versus placental BeWeo and JEG3 (HNFila lacking) cells. We
observed that p2C9-luc was significandy activated by dexs-
methasone at concentrations of 100 nM and was higher in
Hep(i2 cells, but not in placental cell lines (Fig. AL

In additional experiments, the p2C9-lue reporter construct
was co-ransfecied int both JEG3 and Hep(G2 cells with
a GRea expression vector. Fig. 5B shows that the p20%-luc re-
porter construct was significantly activated {p < 0U05) by dexs-
methasone in the presence of overexpressed GRa in HepG2
czlls. By conrast, we did not considerably activate the reporter
consfruct by dexamethasone in any placental cells co-
transfiected with GRa (Fig. 5B).

In parallel experiments, we did not deiect any significant
effect of syncytialisation of BeWeo cells after trestment with
forskolin (100 pM) on the activation of either pGRE-luc
{Fig, 1C) or p2C%-luc (Fig. 5.A) plasmids in Be'Wo cells.

4. Dhiscussion

Understanding placental transfer and metabolism of xeno-
hiotics has significant clinical relevance for both matemnal
and fetal welfare. Dmg wansporers and  xenobiotic-
metabolising enzymes are important factors that determine
placental transfer of some dmgs, toxins, and endogenous
steroid hormones across the placenta [1—3). However, little
is= known ahout their transcriptional regulation via steroid
hormon es/xenobiotic-activated wranscriptional faciors in the
placenta.

In the present study, we demonstrate high activity of the GRa
pathway and uwp-regulation of fe major placental drug trans-
porter P-gp via GRa in trophoblast-derived placental cells. We

A 44 PICHAuE

fold activation

fold activation

coaral Dgx 100 nk GR&

GRa+ Dad 100 nM

Fig 5 GRomedimed acsvason of pbC 9w repomer plasmid m pl acenzal and
Hepir? cell lmes. {A) Dose-dependent aciaton of pb0% e reposer plasmm d
m placensal and Hep(il cell lmes by dexamebasome. Twent v-four bowrs after
wramsecson of pICPluc into cells, dexamedascae wim added o mednm @
the madicated ooncentr ioms for 24 b Forskolim (100 M) e msed o pomone
differens i of BeWa cells to symeyvinem, *p < 008 {ANOVA arh Donses's
test) () GReemeduaed rarsacnason of e b5 b reporesr comsmas in
placenzal cell lmes = comparson with Hep(l cell bnes Cells wem co-
wramsiecied wid fe pIC9 e mpomer (300 ng) and pRGE-BRe expmssion
vaztar (30 mg) Afer 34 b of adovasion, cells wem exposad to 100 mM dexa-
medasone (Dex) for 24 b bedore deteem masion of firefly and ravdlla boe demse
acivises. Dot of dree mdependent expermmenss (& = 1) are presented as the
means = Sl *p < 008 sasscally diffemns fmm commrol (DME0 0L1%)
fp o 005 susstically different fom GResmsfecsd cells (ANOVA wih
Ronfamam).

also show the distinet lack of GRa-medisted ranscriptional reg-
ulation for CYP2C9 and CYPIAAL in placental versus hepatic
cells, consisient with the crucial role of HNF4a in fhe he patic
GRa-mediated transcriptional regulation of the genes.

Our in vitre data also indicate that GRe is localised in nu-
clei of placental trophoblast cell lines and activates pGRE-luc
in the absence of dexamethasone in media. Accordingly, Lee
and coworkers described abundant nuclear localisation of ser-
ine-21 1 phosphory lated GRe, a ligand-activated form of GRe,
in the placental trophoblast [ 1 7). We hypothesise that this phe-
nomenon might be caused by endogenous steroid intermedi-
ates synthesised in the placental trophoblast. Nevertheless,
we cannot rule out a residual effect of steroid hormones
from cultivation media in placental cell lines in our experi-
ments. Inaddition, we show that fusion of BeWo cells into dif-
ferentiated syneytium should not have any significant effect on
GRe signalling in the cell line (Fig. 1C) [28].

Recendy, we have demonstraied the function of rat P-gp
onthologues  in hoth  maternal-fetal and  fetal- matemal
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pharmacokinetics of their subsirates across the rat placenta
and regulation of their expression within pregnancy
[11,12,31). However, transcriptional regulaton of P-gp
through GRe has not been systematically studied so far in
the placental rophoblast We show herein activation of the
MDRI reporier construct and induction of MDR! mRNA in
placental JEG3 cells reated with dexamethasone andfor trans-
fected with a GRa expression vector (Figs. 2—4). RUME6,
a prototypical GRa antagonist, abolished GRa-madiated act-
vation of the MDRI reporier construct both in JEG3 and
Hep(i2 cells (Fig. 4). Our data thus demonstrate for the first
time fhat MDRI is regulsted through GRa at the wranscrip-
tional level. Neventheless, the observed activation of the
MDRI promoter was modest (about 5-fold) even in GRa-over-
expresing cells, which would indicate that other factor(s)
waould likely be involved in the maximal sctivaton of MR
promoter. Since no functional GRE sequence has been de-
seribed in the human MDRI promoter o far, we can only
speculate about an indirect regulation of the MDRI gene by
glucocorticoids via a basal transcriptional factor [23].

Of note, there is negative correlation between the rising
level of cortisol in maternal blood [34] and increasing expres-
sion of placental GRe throughout pregnancy [35] in compari-
son with diminkhing expression of P-gp in the placental
trophoblast toward term [6—8], suggesting that GRe is un-
likely to play a major role in the basal ex pression of placental
P-gp during pregnancy. However, the current study indicates
that regulation of the MDRF gene may be relevant by exoge-
nows  gluoocomtionids anenatally administered o pregnant
women in the trestment of a range of disorders [36,37] resulk-
ing in elevated matemal blood ghicocomticoid activity.

In co-transfection experiment with GRzx and HNFda ex-
pression vectors, we show that the MDR T promoter is activated
via (FRa independently on HNFda (Figs. 3 and 4). Thus, we
can speculate that MDRT might also be inducible by glucocor-
ticoids in extrahepatic tisswes with a low expresion of
HMNFda.

In additional experiments, we focused on the GRo-medi-
ated regulation of CYP3A4 in placental cell lines. Several
mechanisms of CGRe-mediated transcriptional regulation
have been proposed for the principal OYF enzyme in hepatic
cells [19,22,38). We detected only minor activation of the
CYP3A4 promoter in JEG3 cell lines ex posed to dexametha-
sone and co-transfected with a combination of GRa and
HMFix {Fig. 3). Thus, our data are consisient with a role of
HNFia and other hepatocyie-specific transcriptional factor(s)
in the GRa-mediated regulation of CYP3A4 in the liver.

CYP2CD is dominantly ex pressed in the adult human liver;
expression in the fist term placenta was detected only at the
level of mEMA [5]. CYF2C9 is transcriptionally wp-re gulated
by the functional GRE in hepatocyies [21]. Recenily, Chen
and co-workers suggested that HNFda is not required for the
GRa-medisted activation of the CYF209 promoter [25]. In
our experiments, however, the CYP2C9 reponter construct was
substantially activated by dexamethasone only in placental tro-
phoblast cells co-transfected simultanecusly with GRa and
HNFizx {Fig. 3) or in HepG2 cells expressing endogenous

HMF42 (Fig. 5). These data suggest that the absence of
HNFd2 is one possible cause of CYF2C9 reporter plasmid
non-responsivensss to dexamethasone in placental celk. In ad-
ditionto this, we show that OV P20 mRENA was down-ne gulated
sfter treatment of JEG3 cells with dexamethasone (Fig. 24,
which is possibly due to adecrease in CYP2C9 mENA stability
inthe cell line, although this is yet to be established.

In conchsion, we demonstrate an ability of GR2 to up-reg-
ulate P-gp mENA in placental trophoblast cells. We show for
the first time that the human MDRI is ranscriptionally acti-
vated through GRa in placental and hepatic cells and that
the process is HNFla-independent. In addition, we have iden-
tified the absence of HNFda in placental cell lines as the cause
of CYP3A4 and CYP209 promoier non-responsivensss to glu-
cooorticoids. Taken together, these findings will give a better
understandin g of the regulation of placental drug ransporters
and CYFs.
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2.4 Podil na jednotlivych publikacich

Piedkladatelka dizertacni prace je prvnim autorem publikace 2.1, tedy sepsala
ptislusny rukopis. S laskavou pomoci Doc. PharmDr. Petra Pavka, Ph.D. provedla
gene reporter assay experimenty a real time PCR analyzu vSech vzorki. Kultivaci
primarnich hepatocyti a pfipravu vzorki pro izolaci RNA zajistili Ing. Radim Vrzal,
Ph.D. a Doc. RNDr. Zden¢k Dvotak, Ph.D. z Katedry buné¢né biologie a genetiky

Piirodovédecké fakulty Univerzity Palackého v Olomouci.

V piipadé publikace 2.2 je predkladatelka druhym a v pfipadé 2.3 tietim autorem.
Podilela se na castech experimentalnich praci souvisejicich s tématem disertacni
prace a upravach textu. Zavedla metodu EMSA spolu s ptipravou rekombinaénich
proteinti pro tuto metodu. Realizovala EMSA experimenty uvedené ve 2.2 kapitole a
zCasti spolupracovala na gene reporter assay studiich, které jsou zahrnuty do 2.3

kapitoly.

Témata feSenych projektl byla navrzena Doc. PharmDr. Petrem Pavkem, Ph.D.,
ktery dusledné zastaval roli Skolitele specialisty a dohlizel na spravnou realizaci
vSech experimentli jako i na zpracovani vysledkl. Projekty byly schvéleny a

financovany grantovymi agenturami IGA MZ a GACR.
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Regulace exprese biotransformaé¢niho enzymu CYP3A4 je pfedmétem zajmu mnoha
veédeckych pracovist’ na celém svété. Ocekava se, ze objasnéni mechanismu jaterné
specifické konstitutivni a indukovatelné transkripce jakozto i otestovani ucinkt
klinicky uzivanych latek na regulaci exprese CYP3A4 napomuze dikladnéjSimu
porozuméni funkce nejvyznamnéjSiho lidského detoxifika¢niho systému, osvétli

vznik nékterych LI a usnadni jejich predikei.

Tato prace je reflexi aktudlniho stavu problematiky genové regulace CYP3A4.
S vyuzitim v soucasné¢ dob¢ uptfednostiiovanych molekuladrné biologickych metod a
experimentalnich modeld se nam podafilo splnit vyty¢ené cile (2.6), vysledky
experimentll byly publikovany v impaktovanych Casopisech, prezentovany ustné ¢i
ve formé posterti na védeckych konferencich a prispivaji k rozsifeni znalosti v feSené

oblasti.
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4  Publikované védecké a odborné prace

Publikace v impaktovanych ¢asopisech

1.

Svecova L, Vrzal R, Burysek L, Anzenbacherova E, Cerveny L, Grim J, Trejtnar
F, Kunes J, Pour M, Staud F, Anzenbacher P, Dvorak Z, Pavek P. Azole
antimycotics differentially affect rifampicin-induced pregnane X receptor-
mediated CYP3A4 gene expression. DMD 36:339-348, 2008. IF dopsat Pocet
citaci: 1.

Cerveny |, Svecova L, Anzenbacherova E, Vrzal R, Staud F, Dvorak Z,
Ulrichova J, Anzenbacher P, Pavek P. Valproic acid induces CYP3A4 and MDR1
gene expression by activation of constitutive androstane receptor and pregnane
X receptor pathways. DMD 35:1032-1041, 2007. IF Pocet citaci: 11.

Pavek P, Cerveny L, Svecova L, Brysch M, Libra A, Vrzal R, Nachtigal P, Staud
F, Ulrichova J, Fendrich Z, Dvorak Z. Examination of glucocorticoid receptor o-
mediated transcriptional regulation of P-glycoprotein, CYP3A4, and CYP2C9
genes in placental trophoblast cell lines. Placenta 28:1004-1011, 2007.IF Pocet

citaci 3 nebo 4 nevim

Dvorak Z, Vrzal R, Henklova P, Jancova P, Anzenbacherova E, Maurel P,
Svecova L, Pavek P, Ehrmann J, Havlik R, Bednar P, Lemr K, Ulrichova J. INK
inhibitor SP600125 is a partial agonist of human aryl hydrocarbon receptor and
induces CYP1A1 and CYP1A2 genes in primary human hepatocytes. Biochem
Pharmacol. 2:580-8, 2008. (IF 4.006,007)Pocet citaci: 9.

Ustni prezentace

1.

2.

Novel insights in gene regulation of CYP3A4 enzyme via pregnane X nuclear
receptor. The 5™ international conference of postgraduate medical students, 27. —
29. 11. 2008, Hradec Kralové.

Activation of CYP3A4 promoter by selected azole antifungal drugs. International
medical students” congress in Novi Sad, 27. — 30. 7. 2006, Novy Sad, Srbsko.
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Posterové prezentace a abstrakty publikované ve sbornicich

1.

Svecova L, Pavek P. Transactivation of PXR-mediated CYP3A4 expression by
selected azole antimycotics: comparison with rifampicin. ELSO 2007, 1. — 4. 9.
2007, Drazd’any, Némecko.

Bitman M, Vrzal R, Pospechova K, Svecova L, Stejskalova L, Dvorak Z, Pavek
P. Effect of valproic acid on extracellular mitogen-activated protein kinases
(ERK) pathway and major transcriptional factors in hepatoma cell lines and
primary human hepatocytes. 11th European Regional ISSX Meeting, 17. — 20. 5.
2009, Lisabon, Portugalsko.

Bitman M, Stejskalova L, Pospechova K, Svecova L, Vrzal R, Cerveny L,
Dvorak Z, Pavek P. Role of extracellular-signal regulated kinase (ERK) pathway
in PXR-mediated valproic acid-induced activation of CYP3A4 expression. 58.
Farmakologické dny, 3. — 5. 9. 2008, Praha.

Pavek P, Pospechova K, Svecova L, Syrova Z, Bitman M, Stejskalova L, Blahos
J. Cooperation of three distinct promoter regulatory elements of PXR, CAR and
VDR nuclear receptors in transcriptional regulation of CYP3A4 gene. RNA Club
UMG AV CR, 28. 11. 2008, Praha.

Stejskalova L, Pospechova K, Svecova L, Bitman M, Dvorak Z, Pavek P.
Evidence of cross-talk between aryl hydrocarbon receptor and glucocorticoid
receptor in placental trophoblast JEG3 cells. 58. Farmakologické dny, 3. — 5. 9.
2008, Praha.

Pavek P, Cerveny L, Svecova L, Vrzal R, Bitman M, Dvorak Z. Valproic acid
induces CYP3A4 expression through constitutive androstane (CAR) nuclear
receptor pathway. Nuclear Receptors: Orphan Brothers (Z1). 30. 3. — 4. 4. 2008,
Whistler, Kanada.

Henklova P, Vrzal R, Ulrichova J, Pavek P, Svecova L, Maurel P, Dvorak Z.
Activation of human aryl hydrocarbon receptor in primary human hepatocytes
and HepG2 cells by c-Jun-N-Terminal kinase inhibitor SP600125. XII. Setkani
biochemiki a molekularnich biologt, 6. — 7. 2. 2008, Brno.
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8. Cerveny L, Svecova L, Vrzal R, Bitman M, Dvorak Z, Pavek P. Valproic acid
induces CYP3A4 expression through pregnane X (PXR) and constitutive
androstane (CAR) nuclear receptor pathways. XII. Setkani biochemikd a
molekularnich biologti, 6. — 7. 2. 2008, Brno.

5 Souhrn

CYP3A4 je vyznamnym enzymem podilejicim se na eliminaci vétSiny
biotransformovanych xenobiotik. Hraje zédsadni ulohu v detoxifikacnim systému
lidského téla, ¢imz je také zodpovédny za vznik tady lékovych interakci. Tyto
interakce piedstavuji vyraznou komplikaci souéasné farmakoterapie, nebot
Vv krajnich ptipadech mohou Tustit az k selhani 1é€by ¢i Zivot ohrozujicimu

vystupiiovani toxickych ucink.

LI jsou dusledkem zmén aktivity CYP3 A4, ktera je mezi jednotlivci velice variabilni.
Dulezitym mechanismem ovlivnéni aktivity CYP3A4 je regulace indukovatelné
transkripce prostfednictvim xenobiotiky aktivovanych nuklearnich receptort. Jedna
se zejména o receptory PXR, CAR a GR. Intenzivni studium struktury promotoru
CYP3A4 a mechanismu regulace jeho transkripce v poslednich letech jesté zdaleka
neni u konce, vztahy mezi jednotlivymi receptory a kofaktory, stejné jako schopnost

1é¢iv zasahovat do exprese CYP3A4 je doposud odkryta jen zCasti.

Tato prace prispiva K objasnéni nékterych otazek tykajicich se Gc¢inkl azolovych
antimykotik na aktivitu transkripce CYP3A4 zprostiedkovanou PXR, schopnosti
valproatu aktivovat PXR a CAR ¢i okolnosti placentarni exprese CYP3A4
prostiednictvim GR. K experimentim byly vyuzity moderni molekularné biologické

metody a probihaly in vitro v kulturach primarnich hepatocyti a bunéénych linii.
K jednotlivym ciliim dizertacni prace:

1. Vliv vybranych azolovych antimykotik na genovou expresi CYP3A4
prostiednictvim PXR. Objasnéni povahy sledovanych efektdl na molekularni

urovni (2.1).
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Otestovali jsme 1cinky vybranych azolovych antimykotik (klotrimazolu,
ketokonazolu, itrakonazolu, flukonazolu, oxikonazolu, ekonazolu a mikonazolu) na
genovou expresi CYP3A4 prostfednictvim PXR Vv primarni kultufe lidskych
hepatocytti a bunécnych linii HepG2, LS174T a CV-1. S vyuzitim metod real time
RT-PCR, gene reporter assay, one hybrid assay a two hybrid assay jsme sledovali
schopnost azoli transaktivovat promotor CYP3A4 nejen individudlné, ale také
Vv piitomnosti rifampicinu, standardniho induktoru CYP3A4 pies PXR. Zaznamenali
jsme vyznamné odliSnosti mezi jednotlivymi azoly, identifikovali jsme potentni
induktor oxikonazol a do jisté miry objasnili povahu sledovanych efektii na urovni
interakci azold s LBD PXR ¢i na trovni jejich schopnosti ovlivnit tvorbu komplexu
PXR/SRC-1. Na zaklad¢ dose-response analyz jsme zkonstatovali, ze rifampicin neni
schopen plné aktivace PXR a ve vztahu k oxikonazolu se chova jako parcialni
agonista. Naopak rifampicin v pfitomnosti ekonazolu nebo mikonazolu vykazuje
aditivni efekt na aktivaci PXR. Pozorované ucinky vedou k zavéru, ze schopnost
azolli ovlivnit expresi CYP3A4 je pro kazdou strukturu individualni a Ze zmény,

wrwe

enzym.

2. Utinek kyseliny valproové na genovou expresi CYP3A4 prostiednictvim CAR.
Zavedeni metody EMSA na naSe pracovist¢ za ucelem testovani interakci
adekvatnich responzivnich elementii v pfitomnosti ¢i nepfitomnosti kyseliny

valproové (2.2).

S vyuzitim real time RT-PCR a gene reporter assay jsme popsali indukéni Géinek
kyseliny valproové na genovou expresi CYP3A4 prostiednictvim CAR a PXR, a to
v lidskych hepatocytech a liniich HepG2 a LS174T. Po zavedeni metody EMSA
jsme pozorovali zesileni vazby komplexu CAR/RXRa na responzivni elementy DR3,
DR4 a ER6 v piitomnosti valprodtu. Déle jsme zaznamenali G¢inkem valproatu
zvySenou katalytickou aktivitu CYP3A4 v bunikach LS174T transfekovanych PXR.
Kyselina valproova ovlivitluje expresi fady geni mechanismy, které zatim nejsou
uspokojivé popsany. Tyto vysledky poprvé potvrzuji schopnost valproatu aktivovat
transkripci CYP3A4 prostiednictvim CAR a PXR (Naznacuji také na mozny vliv
epigenetické regulace CYP3A4 a na moZznost farmakologického zasahu do tohoto

typu regulace.
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3. Objasnéni role HNF4a pii aktivaci CYP3A4 promotoru prostfednictvim GRa.

Vysvétleni jaterni specificity této aktivace (2.3).

Metodou gene reporter assay jsme testovali schopnost bun¢k trofoblastu JEG3
kotransfekovanych GRo a HNF4o exprimovat CYP3A4, a to Vv pfitomnosti ¢i
nepfitomnosti dexametazonu. Vneseni HNF4a do bunék nemeélo na expresi zadny
vliv, pozorovali jsme pouze mirné zvyseni exprese po inkubaci s dexametazonem.
Tato pozorovani jsou v souladu se zplusobem regulace transkripce CYP3A4
prostiednictvim GRa, kterda se realizuje nepiimo zvySenim exprese PXR, CAR a
RXRo. Tyto receptory se vV trofoblastu nevyskytuji, tudiz nedoslo k aktivaci
transkripce CYP3A4. Zajimavy je ovSem signifikantné¢ indukéni ucCinek
dexametazonu v pritomnosti HNF4a, ktery naznacuje dalezitou ulohu tohoto jaterné

specifického receptoru pii indukovatelné transkripci nékterych gent.

Zavérem je mozno konstatovat, ze vytyCené cile byly naplnény. Experimentdlni
prace pfinesly zajimavé poznatky obohacujici dosavadni znalosti ohledné aspektt
genové regulace CYP3A4. Vysledky byly publikovany formou ¢lankt
v impaktovanych Casopisech a jako ustni i posterové prezentace na védeckych

konferencich.
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6 Summary

CYP3A4 is an important enzyme involved in elimination of majority of metabolized
xenobiotics. It plays a major role in the detoxification system of the human body,
therefore it is responsible for many drug-drug interactions (DDIs). DDI present a
complication of current pharmacotherapy, in the extreme they can lead in failure of

therapy or in life-threatening toxic effects.

DDIs are caused by changes in enzymatic activity of CYP3A4, which is highly
variable among individuals. An important mechanism of modulating CAP3A4
activity is the regulation of inducible transcription by nuclear receptors, especially
PXR, CAR and GR. The structure of CYP3A4 promoter and mechanisms of
transcriptional regulation has been studding intensively for many years, but the
research of relationship of nuclear receptors and transcriptional cofactors in CYP3A4

transactivation is still incomplete.

Present work contributes to elucidation of some questions concerning the effects of
azole antimycotics on CYP3A4 transcription via PXR, potency of valproic acid to
activate PXR and CAR or determinants of CYP3A4 expression via GR in placental
cells. The experiments were performed with up-to-date molecular biology methods

and using in vitromodels of the primary human hepatocytes and hepatoma cell lines.
To the aims of the doctoral thesis:

1. The effects of selected azole antimycotics on CYP3A4 gene expression via PXR.

Elucidation of nature of observed effects in the molecular level (2.1).

We tested effects of selected azole antimycotics (clotrimazole, ketoconazole,
itraconazole, fluconazole, oxiconazole, econazole and miconazole) on CYP3A4 gene
expression via PXR in primary culture of human hepatocytes and cell lines HepG2,
LS174T and CV-1. Using real time RT-PCR, gene reporter assay, one hybrid assay
and two hybrid assay we investigated potency of each azole to transactivate CYP3A4
promoter not only in monotherapy but also in co-treatment with rifampicin, the
known CYP3A4 inductor via PXR. We noted significant differences among azoles,

identified a potent inductor oxiconazole and illustrated nature of CHibi !!!
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