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1. Uvod

1.1. Farmakologie epilepsie

Epilepsie je chronické onemocnéni CNS rizné etiologie, které postihuje 1 — 2 % populace.
Pro toto onemocnéni jsou charakteristické opakujici se zachvaty nekontrolovaného drazdeni
neuronu mozku, které se od ostatnich 1i8i nestabilitou klidového potencidlu. Elektrické vyboje
ze zachvacené oblasti jsou na elektroencefalogramu vyjadieny vysokofrekvenénimi impulsy.
Lokalizace primarniho vyboje a jeho dali Sifeni urluji pfiznaky epileptického zachvatu.
Zachvaty se tak mohou projevit motorickymi, senzitivnimi a vegetativnimi (organovymi)

reakcemi. Z farmakoterapeutického hlediska lze epileptické zachvaty rozdélit takto:

e Parcialni zachvaty
= Simplexni parcialni
= Komplexni parcidlni zachvat s poruchou védomi (syn. psychomotoricka epilepsie;
epilepsie spankového laloku)

= Sekundarné generalizovany parcialni zachvat

¢ Generalizované zichvaty
= Absecnce (syn. petit mal)
= Myoklonicky zachvat
= Atonicky zachvat

= Tonicko-klonicky zachvat (syn. grand mal)

Antiepileptika jsou skupinou 1é&iv sniZujici vyskyt motorickych a psychickych projevu
cpilepsie tim, Ze redukuji kie€ovou pohotovost organismu. Zakladni mechanizmus t&inku
antiepileptik spo&iva ve stabilizaci klidového membranového potencialu a snizeni drazdivosti
nervovych bunék tvoficich paroxysmaélni vyboje. Protoze jednotlivé epileptické zachvaty
trvaji relativné kratce, jejich akutni terapie neni mozna. Terapie epilepsie antiepileptiky je
tedy dlouhodoby proces, ktery je mnohdy ukonéen aZ tmrtim pacienta. Dnes pouzivana
antiepileptika jsou rozd&lena do tii generaci. NiZe uvadim nékteré zastupce jednotlivych

generaci véetné indikaci (v zavorce).

I. generace: ethosuximid (absence u déti), fenytoin (generalizované tonicko-klonické

zachvaty, parcidlni zachvaty, nitroZilné podany pii status epilepticus), primidon
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Transport men3ich polarnich molekul jako jsou glukéza a esencidlni aminokyscliny je
zajistén pfitomnosti vice ¢i méné specifickych transportnich mechanismi. Makromolekuly
(peptidy a proteiny) jsou transportovany pfevdzné transcytézou, kterd miZe byt bud’
receptorové zprostfedkovand nebo na receptorech nezivisla (Begley and Brightman, 2003).
Na druhé strané, lipofilni latky maji potencial prochazet ptes HEB pasivni difazi. Rychlost
prestupu latek pies HEB pasivni difuzi je ddna pfedevsim mirou jejich rozpustnosti v tucich a
dale koncentratnim gradientem na obou stranach HEB. Existuje vsak velky podet vyjimek, u
nichz prechod pfes HEB lipofilit¢ neodpovida. U téchto latek bylo prokazino, Ze jejich
piechod pfes HEB je ¢asto vyznamné redukovin nékterymi cfluxnimi lékovymi ABC
transportéry (ATP-binding cassette) (Begley and Brightman, 2003). Veskeré dosud popsané
moznosti transportu latek ptes HEB jsou shrnuty na Obrazku 2.

Neékteré efluxni 1ékové ABC transportéry byly identifikovéany jako kli¢ové determinanty
pruchodu mnoha dnes pouZivanych lipofilnich 1é¢iv, poptipadé jejich konjugatu & metabolita

pies fyziologické bariéry organismu, véetné jiz zminéné HEB (Schinkel and Jonker, 2003).

A B. C. D. E. F. G,
Bundécna  Pasivni Nosiéem Nosiéem Receptorem Adsompci Modulace
migrace difuze Rizeny fizeny fizena fizena tigh
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Obr. 2. Znamé moZnosti transportu latek pfes hematoencefakickou bariéru (HEB). (A) Leukocyty mohou
prochazet pfes HEB skrze bun&na spojeni. (B) Lipofilni latky prochazeji pasivni difozi. (C) Né&které
liposolubilni latky jsou z HEB aktivné pumpovany zpét do krevniho ob&hu. (D) Nosicem fizeny transport, kiery
mize byt pasivni nebo sekundamé aktivni (glukdza, aminokyseliny, nukleosidy). (E) Receptorové tizena
transcytoza, kierd umoziluje transport makromolekul typu peptidd a proteini. (F) Adsorpei Fizena transcytoza,
Jjez muze byt nespecificky spust€na nabitymi makromolekulami. (G) Modulace funkce Hlight junctions* Fidi
Cdsteény nebo dplny pricchod polérnich latek pres HEB paracelulami cestou. Zpracovano dle publikace Begley
and Brightman, 2003,

Pokud jde o strategii 1é&by epilepsie antiepileptiky, z pocatku je cilem monoterapii

dosahnout stavu bez zachvatd. Déavka antiepileptika se zvySuje do té doby, dokud zachvaty
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neustanou nebo dokud se neZidouci G¢inky nestanou nepiijatelnymi. Pokud se prokaze
nedéinnost monoterapie piechazi se na antiepileptikum druhé volby, popiipadé na tzv. add-on
terapii. Uspagnost kontroly epileptickych zachvati antiepileptiky se pohybuje okolo 70 %.

Priblizné 30 % pacientu v3ak tvofi skupinu s farmakorezistentni (refrakterni) epilepsii,
ktera predstavuje vazny klinicky problém spojeny s vysilujicimi psychosocidlnimi potizemi a
se zvy$enym rizikem umrti pacienta. Farmakorezistence v epilepsii je definovina jako selhani
kontroly epileptickych zachvatu navzdory uzivani kombinace tii nebo vice antiepileptik
v maximalnich tolerovanych dévkach (Sisodiya, 2003). Vétdina pacientd trpicich
farmakorezistentni epilepsii je rezistentni k témé&f viem klinicky pouZivanym antiepileptikim
a to i plesto, Ze tato I€Civa maji rozdilné mechanismy u¢inku. Tento fakt popira teorii
patologickych zmén specifickych vazebnych mist pro antiepileptika a podporuje teorii, Ze se
jedna o nespecificky, pravdépodobné adaptabilni mechanismus jako je sniZeny up-take
antiepileptik do mozku (Sisodiya, 2003; Sisodiya and Thom, 2003). Za moZnou piic¢inu
tohoto fenoménu je povaZovana mezi jinymi i up-regulace a ektopicka exprese nékterych
ABC transportéra v HEB (Sisodiya, 2003; Sisodiya and Thom, 2003).

UZivani antiepileptik pacienty s sebou &asto nese riziko vice & méné se projevujicich
neZidoucich u¢inkl. Piikladem takovych nezidoucich G¢inkii mohou byt sedace, zmatenost,
ataxie, hepatotoxicita i teratogenni efekt. Dalsimi neZidoucimi uginky jsou
farmakokinetické interakce antiepileptik napf. sléCivy uZivanymi k terapii soubé&iné
probihajiciho onemocnéni. Koncénym dusledkem takové farmakokinetické interakce muize
byt zvy3eni nebo snizeni plazmatické koncentrace antiepileptika, stejné tak jako soub&zné
podavaného légiva. ZvySeni plazmatické koncentrace antiepileptik velmi &asto
pfedznamendva vystupiiované projevy nezadoucich G&inku lé¢iva, naopak sniZeni se muze
projevit epileptickymi zachvaty (Patsalos and Perucca, 2003).

Pticinou farmakokinetickych interakci dasto byva 1é€bou podminéna modulace aktivity a
exprese nekterych ABC transportéri a metabolickych enzymu z rodiny cytochromu P450
(Patsalos et al., 2002; Patsalos and Perucca, 2003; Perucca, 2006), které spoleéné uréuyji
biodostupnost a rychlost eliminace fady 16¢iv a tim i vystedny farmakologicky efekt a miru
projevu nezadoucich u&inka (Strolin Benedetti et al., 1990; Strolin Benedetti and Dostert,
1994; Chen and Raymond, 2006). Molekularni mechanismy modulace aktivity a exprese
cytochromu P450 a ABC transportéra nebyly doposud plné popsany, aviak predpoklads se. ze
dulezitou ilohu bude mit regulace exprese téchto gend na urovni transkripce. Pomoci riznych

experimentélnich pfistupl bylo zjisténo, Ze v transkripéni regulaci CYP344 a MDR/ (gen

kédujici P-glykoprotein) existuje ur&itd spojitost; napt. fenobarbital, rifampicin a klotrimazol
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maji schopnost indukovat v bunéénych liniich LS 180/WT a LS 180/ADSO0 jak CYP344, tak i
MDRI. Zyiena exprese MDR] a CYP3A44 byla podobn¢ prokazina i v kultuie primarnich
hepatocytii kultivovanych v pfitomnosti dexametazonu (Pichard et al., 1992; Zhao et al.,
1993).

Tato pozorovani vedla k hypotéze, Ze regulace CYP344 a MDRI je na genové urovni
koordinovana pomoci podobné¢ho mechanismu. Soucasné studie ukazaly, Ze transkripéni
aktivace téchto genll je kromé jiného fizena dv&ma dulezitymi nuklearnimi receptory,
konkrétng konstitutivnim androstanovym receptorem (CAR, NRI1I3) a pregnanovym X

receptorem (PXR; SXR, NR112) (Geick et al., 2001; Goodwin et al., 2002; Burk et al., 2005a;
Burk et al., 2005b).

Predklddana dizertaCni prace se zabyva:
e Interakci vybranych antiepileptik sefluxnimi lékovymi ABC transportéry a roli
studovanych ABC transportéru ve vzniku rezistence vagi antiepileptické 16&bg.

¢ Interakci kyseliny valproové s konstitutivnim androstanovym receptorem (CAR) a

pregnanovym X receptorem (PXR) a vlivem této interakce na expresi CYP344 a MDR].
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1.2. Interakce antiepileptik s efluxnimi lékovymi ABC transportéry; role

studovanych ABC transportéri ve vzniku rezistence vudi antiepileptické
l1éché

1.2.1. Charakterizace efluxnich lékovych ABC transportéru

Efluxni lékové ABC transportéry jsou transmebranové proteiny schopné aktivng, za spotichy
ATP, transportovat strukturdlné zna¢né odlisna légiva a daldi xenobiotika pies bun&tnou
membrinu i proti vyraznému koncentraénimu gradientu (Schinkel and Jonker, 2003). Rodina
efluxnich lékovych ABC transportérit zahrnuje P-glykoprotein (P-gp, MDR1; ABCB1), devét
transportnich proteinll nazyvanych ,multidrug resistance-associated proteins* (MRP 1-9;
ABCI-6, ABCI10-12) a neddvno objeveny ,breast cancer resistance protein“ (BCRP;
ABCG2). Vsechny efluxni lékové ABC transportéry vykazuji do urité miry obdobnou
strukturu sestavajici se zdaného poétu transmembrinovych domén, intracelulirniho
ATP-vazebného mista a cukerného zbytku na extracelularni klicce (Obr. 3), pficem? v
bunétné membran€ mohou byt tyto lékové transportéry lokalizovany apikilné nebo

bazolaterdlné (Obr. 4).

Extracelulami atrana
memriny

BCRP Intracelutarni strana

membrany

Obr.-3. Sekundarni struktura nejznaméjsich ABC (ATP binding cassette) lékovych efluxnich transporteri
|0vkallzovan3’/ch v plazmatické membrané. NBD ="nucleotide binding domain“ = vazebné misto pro ATP.
Pievzato z pichledového &lanku Schinkel and Jonker, 2003,
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Apikdlni strana

Bazolateralni strana

Obr. 4 Lokalizace nejznaméjSich ABC transportéri vbunééné membriné. Pfevzalo z prehledového &lanku
Schinkel and Jonker, 2003,

V ramci lidského organismu efluxni I€kové ABC transportéry do znaéné miry ovliviiuji
farmakokinetiku mnoha le€iv a to na drovni absorpce, distribuce i eliminace. Navic bylo
prokazano, Ze nékteré efluxni lékové ABC transportéry tvoii aktivni slozku fady télesnych
bariér a chrani tak citlivé tkané jako napf. mozek, varlc nebo plod pred toxickym vlivem
xenobiotik (Schinkel and Jonker, 2003). Tato fakta vedla k tomu, Ze efluxni lékové ABC
transportéry a jejich interakce slédivy se staly v poslednich dvou desetiletich intenzivng
sledovanym fenoménem, jehoZ studium nema jen teoreticky vyznam, ale stile Zastéji se
promitd i do klinické farmakologie a farmakoterapie. JiZ dnes je znamo velké mnoZstvi
Iékovych interakei, které Ize vysvétlit na zakladé afinity 1é¢iv k efluxnim transportéram
(Kakumoto et al., 2002; Takara et al., 2002). Vedle toho, polymorfismus transportéri byl
prokazan jako vyznamnd ptiCina variability farmakokinetiky 1é¢iv v populaci (Siddiqui et al.,
2003; Sparreboom et al., 2003).

Vyznamna uloha ve farmakokinetice 1é¢iv je pripisovana predevsim P-gp, ktery je
schopny transportovat  Sirokou 3kdlu struktumé odlisnych  lé&iv nejruznéjsich
farmakoterapeutickych skupin. P-gp byl lokalizovan ve tkanich dilezitych pro dispozici 1égiv
Jako jsou stfevo, jatra, ledviny, HEB, hematotestikularni bariéra &i placenta. P-gp ovliviiuje
osud fady lé¢iv v organismu tim, Ye omezuje jejich stievni absorpci, brani distribuci do
nekterych tkdni a urychluje exkreci téchto 1é&iv z organismu; viz. piehledové ¢Elanky (Lin,
2003; Lin and Yamazaki, 2003; Fromm, 2004).

MRP transportéry plni vedle pravdépodobné funkce farmakologické fadu roli
fyziologickych. Mezi substrity téchto transportéri patii latky povahy organickych aniontu,
predeviim ve form& konjugiti s glutathionem, glukuronovou kyselinou & sulfaty a dale
endogenni litky jako leukotrien C4 (LTC4) a nukleosidové analogy. Funkce jednotlivych
MRP transportéra tak spoliva piedeviim v jaterni exkreci organickych iontd (vetnd
bilirubinu). Nékteré MRP transportéry déle pravdépodobné hraji roli v bunééné signalizaci
pomoci cAMP a ¢GMP a v LTC4 regulovanych imunitnich reakcich, ABCC7/CFTR ma tlohu

ha protein-kindze A zavislého chloridového kanalu v tkanich zapojenych v exokrinni &innosti
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jako pankreas, stfevo a ledviny; pfehledné zpracovano v publikacich (Borst ct al., 1999; Borst
et al., 2000; Dean and Allikmets, 2001; Dean et al., 2001; Borst and Elferink, 2002: Lconar|
et al., 2003; Schinkel and Jonker, 2003).

BCRP byl popsan jako transportér schopny zpusobovat rezistenci nadorovych bunck vidi
mitoxantronu, doxorubicinu a daunorubicinu (Doyle et al., 1998). Kromé cytotoxickych
chemotcrapeutik  zahmuje spektrum substrath BCRP transportéru i lédiva  z daldich
farmakoterapeutickych skupin jako jsou napfiklad fluorochinolony (Schinke!l and Jonker.
2003; Merino et al., 2006; Ando et al.,, 2007). BCRP, podobné jako P-gp, je pritomen vo
tkanich duleZitych pro dispozici léiv, piedevdim v jatrech, ve stievé, v placentd a HER,
Navic je BCRP zodpovédny za specificky fenotyp subpopulace kmenovych bunk a ochrani
bunék pfed hypoxii (Allen and Schinkel, 2002; Sarkadi et al., 2004; Staud and Pavek, 2003).

P-gp, BCRP a néktefi zastupei skupiny MRP byli intenzivnd zkoumani predeviim pr
svou schopnost aktivné vypumpovavat cytotoxické litky ven znddorovych bunck
zpusobovat tak jejich rezistenci vaci cytostatikim (Roninson, 1987; Goldstcin et al., 1991
Bosch and Croop, 1996; Naito et al., 1995; Kruh et al., 2001; Litman et al., 2000; Ross,
2000).

Z pohledu funkce ABC transportéra lokalizovanych v HEB je v dncini dob¢ pozernost
zaméiena piedev§im na P-gp, MRP2 a BCRP, u nichZ se piedpoklada vyznam v ochranc
mozku pfed potencidlné toxickymi xenobiotiky (Cordon-Cardo ct al., 1989; Dombrowski ct
al,, 2001; Cooray et al., 2002; Aronica et al., 2005) a také na MRPI, ktery byl lokalizovin
v chorioidedlnim plexu (Rao et al., 1999; Wijnholds, 2002).

1.2.2. Role efluxnich lékovych ABC transportéri ve vzniku farmakorezistentni
epilepsie

Data ziskand imunohistochemickymi a molekulirng genetickymi metodami ukazuji, Ze
v-mozcich pacientll postiZenych farmakorezistentni epilepsii zpisobenou napi. fokal'i
kortikalni dysplazii, neuroepitelialnim nadorem nebo hippokampalni sklerdzou dochizi
v HEB ke zvySené expresi P-gp (Sisodiya and Thom, 2003) a MRP2 (Potschka et al., 2003 .
Tyto proteiny byly za podobnych okolnosti detekovany a lokalizoviny i v populaci
bungk mozkového parenchymu, kde se za fyziologickych podminek ncvyskytuji (Aronica ct
al., 2004).

Provedené studie naznaduji, Ze jmenované proteiny, analogicky k rezistenci niadora vici

l&be cytostatiky, jsou schopny sniZovat »up-take* antiepileptik do epileptogennich center

mozku (Sisodiya, 2003; Sisodiya and Thom, 2003).
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Aby bylo moZné potvrdit nebo vyvratit hypotézu, e se zvySend exprese efluxnich
l¢kovych ABC transportért podili na rozvoji farmakorezistentni epilepsie, je poticha
experimentalné oveiit, zda antiepileptika patfi mezi jejich substraty. JelikoZ neni moiné
provést studii pfechodu antiepileptik pies lidskou HEB, byla tato problematika doposud
studovdna pouze na zvifecich modelech (napf. ,.knockoutované“ mysi, popiipadé potkani
deficientni pro dany transportér). V posledni dobé jsou experimenty tohoto typu na zvifatech
nahrazovany transportnimi experimenty na monovrstvach bunék, které trvale exprimuji dany
ABC transportér.

Ze skupiny antiepileptik byl pozorovidn sniZeny prichod fenytoinu, fenobarbitalu a
karbamazepinu pfes potkani HEB zpusobeny efluxni aktivitou P-gp (Potschka et al., 2001;
Potschka and Loscher. 2001; Potschka et al., 2002). Dal3imi piedpokladanymi substraty
potkaniho P-gp jsou gabapentin, felbamat a lamotrigin (Luer et al., 1999; Potschka et al.,
2002). Pomoci experimentli na my$im modelu a in vitro studii za pouZiti transfckovanych
bunéénych linii bylo zjidténo, Ze topiramat, fenytoin a levetiracetam jsou substraty mysiho
P-gp (Sills et al., 2002; Baltes et al., 2007). Autofi Baltes a kolektiv navic na zdkladg
vysledku in vitro studie provedené na transfekovanych bungénych liniich navrhli, ze fenytoin,
levetiracetam a karbamazepin by mohly byt i slabymi substraty lidského P-gp (Baltes et al.,
2007). Fenytoin a karbamazepin jsou prokdzanymi substraty potkanihe Mrp2 (Potschka et
al., 2003) a pravdépodobné i lidského MRP2 (Baltes et al., 2007).

BCRP je dosud poslednim objevenym efluxnim lékovym ABC transportérem (Doyle et
al., 1998). Na zikladé publikovanych dat existuje hypotéza, Ze zvysend exprese BCRP
pocorovana v HEB nékterych epileptogennich nadori je potencialni p¥i¢inou snizeni
prichodu antiepileptik do cilovych epileptogennich struktur mozku (Cooray et al., 2002;
Aronica et al., 2004; Aronica et al., 2005). Avsak antiepileptikum, které by bylo substritem
BCRP, neni doposud znamo (Cerveny et al., 2006).

Oblast interakce antiepileptik s ABC transportéry na Grovni exprese a jejich funkéni
inhibice, stimulace, poptipadé indukce je dalsi relativng neprozkoumanym tématem. Secgers a
kol. publikovali studii ukazujici, Ze fenobarbital a fenytoin nema vliv na expresi P-gp v HEB
zdravych potkani kmene Wistar (Seegers et al., 2002). V jin¢ publikovan¢ studii byl zjisténo,
Ze lamotrigin, karbamazepin, fenytoin a kyselina valproové v koncentracich vyrazné vyssich
eZ jsou jejich koncentrace terapeutické maji schopnost slabé inhibovat P-gp (Weiss et al.,
2003). Studie zabyvajici se modulaci (inhibice/stimulace) aktivity efluxnich lékovych

transportéru antiepileptiky identifikovaly kyselinu valproovou jako mozny mirné¢ pusobici

inhibitor BCRP transportérem zprostfedkovaného transportu (Cerveny et al., 2006).
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transportérii by znamenala moZnost zvy3eného pruniku jinych xenobiotik (substritu cfluxnich
transportéra) pies HEB a naopak indukce by zptisobovala niz3i prinik soucasn¢ podivinyceh

Jé¢iv pres tuto barieru.

1.2.3. In vitro metody pouZité pro studium interakce antiepileptik s efluxnimi 1ékovy i
ABC transportéry.

Vramei této dizertatni prace byly pro studium interakce antiepileptik s efluxnimi
lékovymi ABC transportéry pouZity dvé in vitro metody: i) transportni studie a ii) akumulacri

studie

1) Transportni studie jsou velice vhodnym nastrojem poskytujicim kvalitativri
informaci, zda je testovand latka substratem daného transportéru ¢i nikoliv. Tyt
studie jsou provadény na nosiéich s mikropordzni polykarbonatovou mcbhrinou,
ktera rozd€luje prostor jamky v kultiva¢nich desti¢kiach na dva kompartmenty,
horni (apikalni) a dolni (bazolateralni) (Obr. 5A-B). Mikropordzni membrint
slouzi jako podklad pro wvytvofeni monovrstvy polarizovanych bundi
exprimujicich studovany transportér. Tyto buitky musi byt vhodn¢ zvolend,
zakladnim kriteriem jejich vybéru je adherentni rust s pfirozenou tendenci vytviict
monovrstvu na podkladu. Mezi takové patii i nami pouzité Madin-Darby canin>
kidney II buitky (MDCKII), které jsou zaroven dostupné i ve formé bunck trvals
exprimujici v apikdlni membrané BCRP (Obr. 5B-C), popiipadé MRP2 nebo P-g»

transportéry.
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Obr. 5. (A) Nazorné zobrazeni pouZitych nositli se semipermeabilni polykarbonatovou membranou. (B) Typické
transportni zkousky jsou zaloZeny na aplikaci testované latky na apikalni nebo bazolateralni stranu souvislé
monovrstvy polarizovanych epitelidlnich buntk a analyze koncentrace aplikované latky v druhém
kompartmentu. Takto Ize kvatifikovat vysledny transport latky pfes monovrstvu, v tomto pFipadé tvofenou
MDCKII-BCRP buiikami. Pokud je latka substratem studovaného transportéru, je jeji transport pies monovrsivu
bungk vlivem transportéru v jednom sméru urychlen a ve smér opatném téméef blokovan, Naopak pokud litka
neni substritem studovaného transportéru, nemiize byt pozorovana 2adna asymetrie v transportu pies
monovrstvu a nejsou tedy zddné rozdily mezi transportem latek v parentni a transportérem transfekované
bunétné linii. (C) Ptiklad ¢asové zavislosti transportu testované latky, kterd je substratem: transport ve sméru
apikdlné-bazolateralnim (AP) a bazolaterilng-apikalnim je porovnatelny (graf vlevo) a kterd je substritem
Studovaného transportéru: ve sméru bazolateralng-apikalnim (BA) je transport testované latky urychlen a ve
sméru opaéném (AB) je blokovan (graf vpravo).

.y

1) Akumulaéni studie umoZiiuji studium interakce transportéri s testovanymi
latkami ve smyslu jejich funkéni modulace, konkrétng inhibice nebo stimulace.
Tyto studie jsou zaloZzeny na akumulaci znamého fluorescenéniho nebo
radioaktivng znaceného substritu v buiikach. Za normaélni situace je takovyto
substrat efluxnim transportérem pumpovéan ven zbungk zp&t do kultivaéniho

média. Pokud je testovana litka modulitorem aktivity transportu
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zprostiedkovaného studovanym efluxnim transportérem, je timto mechanizmem
ovlivnéna akumulace substratu v bufikich. Vyslednd akumulace muze byt
detekovana v bunétném lyzdtu, médiu, & intaktnich buiikdch (Obr. 6). Latky
stimulujici transport akumulaci sniZuji, inhibitory akumulaci substratu zvysuji.
Ptikladem inhibitoru BCRP transportéru jsou specificky Kol43 a nespecificky
GF121809 (inhibuje taktéz P-gp) (de Bruin et al., 1999; Allen et al., 2002),
inhibitorem MRP1 a MRP2 transportéri je MK-571,

- Substrat’ v T HUE e
: .
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Obr. 6. Schéma akumulagni studie. Na obrazku vlevo je znazornéna situace, kdy fluorescengni nebo radioaktivne
znateny substrat, ktery je pritomen v médiu, pasivni difiizi pfechazi pfes bung&nou membranu. ABC transporiér
piitomny v apikalni membrané pumpuje substrat zp&t do média. Na obrazku vpravo je kromé substratu v médiu
pitomen také inhibitor, ktery znemoziuje eflux substratu zpét do média. Timto dochazi v porovnani s ptikladem
na levém obrazku ke zvyseni akumulace substratu v buiikich. Fluorescence nebo radioaktivita akumulovaného
substratu je posléze méfena v lyzitu nebo intaktnich buiikach,

12




|

1. Uvod

1.3. Interakce Kkyseliny valproové s konstitutivnim androstanovym
receptorem (CAR) a pregnanovym X receptorem (PXR); vliv této interakce
na expresi CYP344 a MDR1

1.3.1. Charakteristika CAR a PXR

CAR a PXR nalezi do prvni rodiny ,ligandem aktivovatelnych“ nukleamich receptori
(Germain et al., 2006). Krom& CAR a PXR patii do této rodiny také receptor pro vitamin D,
peroxizomové proliferaci-aktivujici receptory B,y a fada dalich (Germain et al., 2006).
Rozvoj molekularné-biologickych metod umozZnil identifikaci exogennich ligandi téchto
nukledrnich receptora (viz. déle), které v naprosté vétdiné zpusobuji aktivaci transkripce
cilenych gent. V mnoha piipadech se jednd o geny kodujici biotransformaéni enzymy a
efluxni lékoveé ABC transportéry. ZvySeni transkripéni aktivity biotransformaénich enzymi a
efluxnich lékovych ABC transportéri muze vést aZ k jejich indukei na proteinové Grovni, coZ
umoziuje urychleni eliminace potencialné skodlivych xenobiotik a omezeni jejich kumulace
v organismu. To je divodem, pro¢ jsou PXR a CAR nékdy oznatoviny jako ,.xenosenzory“
zodpovédné za primami defenzivni mechanismus organismu. Je zajimavé, Ze tyto nukledrni
receptory reguluji geny podilejici se spiSe dispozici xenobiotik, neZ na biotransformaci a
syntéze endogennich litek, napi. steroidni a thyroidni hormony, bilirubin (Goodwin and
Moore, 2004). Dikazem pro toto tvrzeni je, Ze geneticky manipulované mysi postradajici

geny pro Pxr a Car jsou Zivotaschopné bez vazngjsich abnormalit (Zhang et al., 2004).

1.3.2. Mechanismus CAR a PXR zprostiedkované transkripéni aktivace genu
Transkripéni aktivace genii zprostfedkovand PXR je podminéna piimou interakci
aktivatoru s PXR. Naproti tomu interakce aktivitoru s CAR mize prob&hnout nepiimou ncbo
pfimou cestou (Goodwin and Moore, 2004). Nepiima aktivace je zaloZena na zvysené
translokaci CAR ptitomného v cytoplazmé do bun&ného jidra. Tento zplsob aktivace
nukledrniho receptoru je umoznén tim, e CAR jevi uritou miru konstitutivni aktivity, coz
Znamend, Ze pro vlastni transkripéni aktivaci nutné nepotiebuje ligand (Forman et al., 1998;
Honkakoski et al., 1998; Kawamoto et al., 1999). Mezi nepiimée aktivatory CAR patii napf.
antiepileptikum fenobarbital a bilirubin (Honkakoski et al., 1998; Kawamoto et al., 1999;
Huang et al., 2003). Piima aktivace CAR je zprostiedkovana vazbou ligandu k vazebnému
mistu CAR. Doposud bylo popsano jen omezené mnozstvi ptimych aktivatora CAR, napf,
CITCO a antimalarika odvozena od artemisininu (Maglich et al., 2003; Burk et al., 2005b).
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Aktivovand forma nuklearniho receptoru CAR nebo PXR vytvati ve vétsing piipadi
heterodimer s receptorem pro 9-cis retinovou kyselinu (RXRa), ktery se nasledné vaze
k responzivnimu elementu v promotorové oblasti cilen¢ho genu a spousti jeho transkripci
(Honkakoski et al., 1998). V pfipadé CYP344 jsou nejvice prozkoumany responzivni
elementy CAR a PXR oznacované Direct Repeat 3 (DR3) lokalizovany v oblasti CYP3.14
promotoru zvané distalni responsivni element (-7863/-7208) nebo také XREM (xenobiotic
responsive element) a dale Everted Repeat6 (ER6) lokalizovany v promotorové oblasti
CYP3A4 genu (-362/+53) zvané proximalni responzivni element (PXRE) (Goodwin et al.,
1999; Bombail et al., 2004). V promotoru MDRI se heterodimery CAR/RXRa a PXR/RXRa
vazi na responzivni element zvany Direct Repeat 4 (DR4), ktery byl autory Geick a kol.
identifikovan pfiblizn€ 8 tisic bdzi pied transkripdnim startem MDRI (Geick et al., 2001).
Mechanismus CAR a PXR fizen¢ transkripéni aktivace je blize popsdn na Obrazku 7. CAR i
PXR reguluji krom& CYP344 a MDRI transkripéni aktivitu mnoha dalsich lidskych i
zvitecich genl. CAR je zapojen v regulaci Cyp2bi, Cyp2b2, CYP2B6, CYP2C9, CYP2CI9,
CYP3AS, UGTIAL, Mrp3 a Mrp4 (Goodwin et al., 2001; Kim et al., 2001; Sugatani et al.,
2001; Ferguson et al., 2002; Xiong et al., 2002; Chen et al., 2003; Savkur et al., 2003). PXR
je zahrut v transkripéni regulaci znatné podobného spektra geni. Mezi cilové geny PXR
patii CYPlA2, CYP2B6, CYP2C9, CYP2Cl9, CYP3A44, CYP3AS, CYP3A47, UGTIAI,
UGTIA2, UGTIA3 a UGTIA4 (Gerbal-Chaloin et al., 2001; Goodwin et al., 2001; Maglich et
al., 2002; Gardner-Stephen et al., 2004; Chen et al., 2004).

1.3.3. Ligandy CAR a PXR

Vpfipadé CAR je jedinym dosud zndmym vyrazné specifickym aktivatorem
experimentalni sloucenina CITCO, coZ je vyjadieno chemicky 6-(4-chlorofenyl)imidazo[2,1-
b][l,3]-thiazol-S-karbaldehyd-O-(3,4-dichlor0benzyl)0xim. Tato latka preferen¢né aktivuje
CAR (ECsp= 5 nM) a ve vyrazné niZ$i mife také PXR (ECsy = 3 pM) (Maglich et al., 2003).
Dalsimi jsou napt. antimalarika odvozena od artemisininu, avak tyto sloudeniny jevi
srovnatelnou afinitu i k PXR (Burk et al., 2005b). Barbiturat fenobarbital a bilirubin, jak jiz
bylo zmingno, aktivuji CAR nepfimo tim, Ze zplsobuji zvysenou translokaci tohoto
nukledrniho receptoru z cytoplazmy do jadra (Honkakoski et al., 1998; Kawamoto et al.,
1999; Goodwin and Moore, 2004). Bylo také rozpoznano nékolik kompetitivnich inverznich
agonistii CAR. Mezi takové latky pafi androstanol, androstenol a kiotrimazol (Forman et al.,
1998; Moore et al,, 2000b). Pro PXR jiZ bylo objeveno mnoho strukturné a chemicky

odlignych ligandia. Mezi ligandy PXR patii rifampicin, povazovany za modelovy aktivitor
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PXR (Bertilsson et al., 1998; Pascussi et al., 2000), endogenni kyseliny Zlu¢ové (Staudinger ct
al., 2001; Xie et al., 2001), metabolit progesteronu 5-pregnan-3,20-dion (Jones et al., 2000),
rostlinné  atidepresivum hyperforin (Moore et al., 2000a), karbamazepin, topotekan,

glukokortikoidy a mnoho daldich (Schuetz et al., 2002).

A,

Aktivace PXR
Rifampicin

Ktotrimazol

Hyperforin

B.

Pfima aktivace CAR
CITCO

Nepfima aktivace CAR

Fanytoin
Fanobarbital

Obr, 7. Modelové znazomnéni aktivace PXR a CAR. (A) Pregnanovy X receptor (PXR) miize byt aktivovan
pouze ptimou vazbou ligandu. Ligandem PXR jsou napt. rifampicin, klotrimazol & rostlinné antidepresiviim
hyperforin (Bertilsson et al., 1998; Pascussi et al., 2000), (Moore et al, 2000a). (B) CAR je piitomen
v cytoplazmé v komplexu s tzv. cytoplazmatickym CAR vazajicim proteinem (CCRP) a molekularnim
chaperonem zvanym ,heat shock protein 90 (HSP90). CAR je pfimo aktivovan napf. experimentalni latkou
Cl'l_"CO.' Nf'wic CAR jevi konstitutivni aktivitu i v nepfitomnosti ligandu. Diky této vlastnosti maze byt CAR
aktivovan i nepfimo. Mezi nepfimé aktivatory patfi napf. antiepileptikum fenobarbital. Signalni cesta neplimé
aktiv ace nebyla doposud obstojné popsana. Oproti pFimé aktivaci se zde piedpokladéa také podil proteinové
Fosfz?tazy 2A.(PP-2A), ktera je vazana na komplex CAR-CCRP-HSP90. Aktivovana forma PXR a CAR posiéze
ivori helerodlme_zr s RXRa, ktery se véze k responzivni oblasti cileného genu a zpusobuje aktivaci transkripee. V
procesu_transknpéni aktivace se predpoklada také za&len®ni koaktivatoru (Coacts). Obrazek byl zpracovin
dle publikace Goodwin and Moore, 2004,

1.3.4. Charakteristika CYP3A4

Cytochrom P450 je rodinou hemoproteint, které maji vyznamnou tlohu v oxidativiim
metabolismu mnoha endogennich i exogennich slouenin (Nelson et al., 1996). Podrodina
lidského cytochromu P450 3A ma tii vyznamné zastupce: CYP3A4, CYP3AS a CYP3A7.
CYP3A4 je prevladajici izoformou, ktera je lokalizovana u dospélého &lovéka pievazné

Vg : ‘e , . .
Jatrech. CYP3A4 je kli€ovym enzymem v biotransformaci testosteronu (Waxman et al.,

1991), coz je divodem jeho vyznamné dlohy v udrzovani fyziologickych hladin steroidnich
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hormont (Goodwin et al., 1999). Naproti tomu se ale CYP3A4 taktéZ podili na bioaktivaci
prokarcinogcnfl pochazejicich z vnéjSiho prostiedi, napr. benzo(a)pyreni a jinych derivata
polycyklickjmh aromatickych uhlovodikii a karcinogennich mykotoxinu (Li et al., 1995). Je
dokumentovéno, Ze CYP3A4 by se mohl podilet na biotransformaci az 60 % terapeutik (Li et
al,, 1995). ZvySena exprese n€kterych zastupci rodiny cytochromu P450 véetné CYP3A4
byla detekovéna v nadorovych butikach (Murray et al., 1993a; Murray et al., 1993b), piicem?
je pravdépodobné, Ze se tento fenomen muZe podilet na prohloubeni rezistence vigi 1éabé
cytostatiky (Yao et al., 2000). Je zajimavé, Ze vét§ina rozpoznanych substrati CYP3A4 je
zaroveii transportovana i P-gp, napf. vinka alkaloidy, kolchicin, cyklosporin A a verapamil

(Schinkel and Jonker, 2003).

1.3.5. Kyselina valproova

Kyselina valproova je vysoce uéinnym a dobfe snaSenym 1é¢ivem s antikonvulzivnimi
vlastnostmi, které je fazeno mezi antiepileptika druhé generace. Je pouzivano hlavnd k 1écbe
primarnich generalizovanych tonicko-klonickych zachvatli, absenci a zachvati parcialnich
(Tanaka, 1999). Navic byla neddvno kyselina valproova identifikovina jako lé¢ivo s
potencialni antitumordzni aktivitou schopné inhibovat histonové deacetylizy (HDAC)
(Gottlicher et al., 2001; Blaheta et al., 2002; Kramer et al., 2003; Blaheta et al., 2005; Raffoux
et al., 2005).

Bylo prokazéno, Ze kyselina valproova ovliviiuje expresi irokého spektra genii (Bosctti et
al., 2004). Nékteré z téchto zmén genové exprese Ize vysvétlit napt. inhibici aktivity HDAC
(Chen et al., 1999; Phiel et al., 2001; Werling et al., 2001; Bosetti ct al., 2004; Eyal et al.,

2006) a nékteré interakei s nuklearnimi receptory (Cerveny et al., 2007).

1.3.6. Molekularné genetické metody vyuZité pro studium transkripéni aktivity a
interakce ligandu s recipientni strukturou

Pfi studiu CAR a PXR zprostredkované transkrip&ni aktivace genl CYP3A44 a MDR1 byly
VyuZity modemni metody molekularni farmakologie. Jednalo se predeviim o genoveé
fCporterové studie, elektroforetickou detekci vazby proteinu k responzivnimu elementu
testovanych geni (EMSA welectrophoretic mobility shift assay*) a reverzni trankriptizovou
polymerazovou fetézovou reakei v realném &ase (real time RT-PCR). Na Obrazku 8 je popsian
model genového reporterového experimentu pro testovani PXR zprostfedkované transkripcni
aktivace studovanych geni. EMSA je metodou vhodnou pro studium veskerych interakei

proteinii s DNA. Timto zplsobem je moZné vizualizovat interakci proteind se specifickymi
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sekvencemi DNA a detekovat tak UCast daného proteinu napf. v transkripéni regulaci
restovaného genu. Metoda EMSA je zaloZena na principu, Ze komplex protein/DNA migruje
v nedenaturujicim polyakrylamidovém nebo agarézovém gelu pomaleji nez samotnd DNA.
Ve vysledku mizeme danou interakci hodnotit jak kvalitativng (k interakci proteinu a DNA

doslo nebo nedoslo) tak kvantitativné (pomoci riznych vyhodnocovacich programi je mozné

analyzovat intenzity a velikosti signaln).
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Obr. 8. Schéma reporterového genového experimentu, ktery byl pouzit pro studium interakce kyseliny valproové
s CAR a PXR. V obrazku je uveden rifampicin jakozto modelovy aktivialor PXR. Cely systém byl zalozen na
soutasné inkorporaci dvou plazmidii do buiiky. Jednalo se vzdy o reporterovy plazmid nesouci v promotorove
oblasti dillezité responzivni elementy specifické pro dany cileny gen a dile strukiurni gen pro luciferazu.
Druhym plazmidem byl expresni vektor, ktery nesl virovy promotor (napf. SV-40) a strukturni gen studovaného
nukledrniho receptoru (CAR nebo PXR). Takto pfipravené buiiky byly posléze vystaveny pusobeni testované
litky (zde je znazor&n rifampicin — modelovy aktivator PXR). Po 24 hodinich byly buiiky lyzovany a k lyzatu
byl pridan luciferin - subsirat luciferazy. Luciferin je luciferdzou biotransformovan a vysledny produkt jevi
luminescenci, které je piistrojové kvantifikovatelna (napt. multifunk&ni pristroj Genios Plus)
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1.4. Cile piredkladané dizertaéni prace

Zvysend exprese efluxnich lékovych ABC transportéri v HEB je povaZovana za jednu
7 picin selhani antiepileptické lé¢by. Existuje nékolik antiepileptik, u nichZ se predpoklada,
#e jejich pruchod pfes HEB je limitovan dvéma nejznaméjsimi zastupci této skupiny aktivnich
transportéru, P-gp a MRP2. Antiepileptikum, jehoZ ptechod pies HEB je redukovan relativné
méné prozkoumanym BCRP transportérem, neni viak doposud znimo.

Terapie epilepsie je dlouhodoby proces, ktery je asto spojen s vyskytem mnoha lékovych
interakci, které mohou byt podminéné zmeénou exprese a aktivity cytochromu P450 a ABC
transportéri. Kyselina valproova je relativné dobie sndsené¢ Sirokospektré antiepiletikuim,
které ovliviiuje expresi fady geni inhibici histonovych deacetylaz (HDACI). Na zaklads
publikovanych dat je ovSem zjevné, Ze v nékterych pfipadech se navic musi uplatiovat
selektivngjdi molekulami mechanismus nez HDACI, napi. interakce kyseliny valproové
s nukiedrnimi receptory.

Studium interakci antiepileptik s efluxnimi lékovymi ABC transportéry je jednou z cest,
ktera by mohla vysvétlit vznik rezistence k antiepileptické 1écbé a popis inteakci antiepileptik
s nuklearnimi receptory a vliv této interakce na expresi genti by v budoucnu mohl oteviit

cestu k novym terapeutickym postupum. Konkrétnimi cily predklddané dizertaéni prace bylo:

I. Studovat, zda vybrana antiepileptika jsou substraty sledovanych efluxnich Iékovych
ABC transportérii, konkrétné BCRP a objasnit jeho potencialni dlohu ve vzniku

rezistence vuci vybranym antiepileptikim v prub&hu antiepileptické 1é&by.

2. Testovat potencial vybranych antiepileptik inhibovat, popiipadé stimulovat transport

zprostfedkovany BCRP transportérem.

3. Studovat interakci kyseliny valproové s nuklearnim i receptory CAR a PXR na
molekuldrni trovni a na tomto zakladé vysvétlit nekteré diskrepance v efektu kyseliny

valproové na expresi genti, konkrétng& CYP344 a MDR].

Tato dizertadni prace je ptedloZena ve formé souboru publikaci, které jiz byly otitény

v odbornych &asopisech.
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1.5. Podil na jednotlivych publikacich

U kapitol 2 a 3 je piedkladatel této dizerta¢ni prace prvnim autorem, v piipadé 4. a 3.
kapitoly pak druhym autorem. Autor disertace sepsal viechny rukopisy, u nichZ je prvnim
qutorem. V ostatnich pfipadech se podilel jen na Gpravach textu.

Autor pfedkladané dizertatni price provadeél veskeré transportni a akumuladni
experimenty uvedené v Cisti 2 a dale genové reporterové experimenty, rcal time RT-PCR
analyzu vzorku a testy enzymatické aktivity uvedené v kapitole 3. Ve studii uvedend v &isti -4
piedkladané dizertani prace autor provadél nékteré procedury spojené s real time RT-PCR
(izolace RNA, reverzni transkripce).

Chemickée analyzy z 2. ¢asti dizertatni prace byly provedeny PharmDr. Janou Mal:ikovo 1
z Ustavu klinické biochemie a diagnostiky Fakultni nemocnice Hradec Krilové, Anal ylick
vyhodnoceni koncentrace 6B-hydroxytestosteronu z&asti 3 byly udéliny Doc. Evon
Anzenbacherovou, CSc. z Ustavu lékaiské chemie a biochemie Lékaiské fakulty Univerzity
Palackého v Olomouci. Mgr. Radim Vrzal a Doc. RNDr. Zden¢k Dvoiik, Ph.D. pripravili
kulturu primarnich hepatocyti (&ast 3). ,,Electrophoretic mobility shift asssays® (EMSAs)
byly provedeny Mgr. Lucii Svecovou z Katedry farmakologic a toxikologie Farmaceutick :
fakulty v Hradci Kralové, Univerzity Karlovy v Praze.

Témata projektl uvedenych v predkladané dizertadni prici byla vymyslena PharmDr.
Petrem Pavkem, Ph.D., ktery mi byl zdroveil ve vsech smérech nipomocny i pii vlastni

realizaci studii uvedenych v kapitole 2 a 3.
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Lack of Interactions between Breast Cancer Resistance Protein
(BCRP/ABCG?2) and Selected Antiepileptic Agents
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Swnmmary: Purpose: Recent studies have indicated constilutive
cxpression of ellTux ransporter, breast cancer resistance protein
(BCRP. ABCG2). in endothelial cells of the blood-brain barrier
(BBB). In epileptogenic brain tumeors such as ganglioma, astro
cytoma, anaplastic astrocylomas, or glioma multiforme. strong
cxpression of BCRP in the microvasculaiure of the BBB was
abscrved. Therelore it was hypothesized that this phenomenon
could criticaily influence the bioavailability of drugs in these
wmors and potentially contribute 1o the failure of antiepileptic
weatment. The aim of this study was to test whether some com-
monly used anticpiieptic drugs (AEDs) are substrates transported
by human BCRP, In particular, we focused on phencbarbital,
phenytoin. elhosuximide. primidone. valproate, carbamazepine,
clonazepam. and lamotrigine. Furthermore, the inhibitory po-
tency ol these AEDs 10 BCRP was examined.

Methods: To study substrate affinity of tested AEDs 1o BCRP,
ansport experiments were performed in epithelial BCRP-

expressing MDCKII-BCRP and MDCKII-parent cell lines cul-
tured on microporous membrane. For detection of inhibitory po-
tency of AEDs 1o BCRP, accumulation assays were carricd oul
in MEF3.8-BCRP cclis with known BCRP subsirates, BODIPY
FL prazosin and miloxantrone.

Results: No obvious interactions of tested AEDs with BCRP
transporter were observed., Therefore these drugs in relevant ther
apeutic concenlralions are neither substrates nor inhibitors ol
BCRP.

Conclusions: Based on our in vitro data we can conclude tha
resistance to treatment with the tested AEDs probably is not
caused by the overexpression of BCRP in the BBB ol cpilep
togenic brain tumwrs.  Key Words: Breast cancer resistinice
prolein—BCRP—ABCG2— Andepileptic drugs—Transport
Refractory cpilepsy— Transporter.

Epilepsy is a common neurologic disorder affecting
~1-2% of the population, Refractory epilepsy occurs
in about one third of cases overall (1.2). Resistance in
epilepsy is a multifactorial and drug-nonspecific clinical
problem (3). Most patients with refractory epilepsy are re-
sistant to several antiepileptic drugs (AEDs), even though
these drugs act by different mechanisms (2). This argues
against epilepsy-induced alterations in specific drug tar-
ECLS as a major cause of refractory epilepsy and supports
the hypothesis that a nonspecific mechanism such as de-
treased drug uptake into the brain is involved.

In recent years. attention has been focused on sev-
eral transmembrane transporters localized in the blood—
brain barrier (BBB). especially those belonging to the
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ABC transporter protein superfamily [e.g. P-glycoprotein
{P-gp, ABCB 1), multidrug resistance—associated protein
| (MRP1, ABCC1}. multidrug resistance—associated pro-
tein 2 (MRP2. ABCC2). and breast cancer resistance pro-
tein (BCRP, ABCG2)]. These proteins reduce cytoplasmic
accumulation of drugs and xenobiotics by their extrusion
out of cells. Some of transporters are suggested to play a
role in the limiting of drug penetration across the BBB and
thus they could modulate efficacy and central nervous sys-
tem toxicity of numerous compounds (4-9). Basal expres-
sion of P-gp, MRP2. and BCRP was found in endothelial
cells of normal human brain (10-14), whereas MRP| was
found only in the choroid plexus epithelium (15,16}, Brain
expression of these transporters is markedly increased
in many cases of refractory epilepsy (3,12,13.17). sug-
gesting that at least in some resistant patients, this phe-
nomenon might contribute o resistance 0 AEDs. This
hypothesis also is supported by the fact that AEDs such as
phenytoin (PHT), carbamazepine (CBZ), phenobarbital

_
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(PB), and k motrigine (LTG) are recognized P-gp sub-
sieates (5,7.9.18), and PHT, CBZ, and valproate (VPA) are
suggested substrates of MRP2 (4.6.19,20). Furthermore,
recent evidence also indicates a possible role of the
3435T polymorphismof P-gp in refractory epilepsy (21).

Several studies have focused on interactions of AEDs
with ABC transporters, considering modulation {induc-
tionfinhibition) of transporter activity by these compounds
(22,23). With in vitro methods, it was found that LTG,
CBZ, PHT, and VPA have inhibitory potency to P-gp, al-
beit in concentrations that are higher than the therapeutic
[evels (22). Potential inhibition of other ABC transporters
by AEDs has not been studied, although this is a very im-
portant clinical aspect in the case of coudministration of
two drugs interacting with the same transporter.

Strong expression of BCRP was recently observed by
Aronicaand colleagues (13) in several epileptogenic brain
mors such as ganglioma, astrocytoma, anaplastic astro-
cylomas, or glioma multiforme. Consequently, the authors
suggested that overexpression of BCRP in these tumors
could critically influence the bioavailability of drugs and
contribute to failure in epilepsy treatment (13).

The aim of the present study was to test potential inter-
actions of several AEDs with the BCRP transport system.
In particuiar. substrate affinity and inhibitory potency to
BCRP were examined for the following AEDs; PB, PHT.
ethosuximide (ESM), primidone (PRM), VPA, CBZ, clon-
azepam {CZP), and LTG. Two cell-based methods were
used: (a} in vitro transepithelial transport studies to exam-
ine potential affinity of AEDs to BCRP, and (b) accumula-
tionexperiments with BCRF substrates 1o detect inhibitory
potency of tested AEDs to BCRP. Transport assays were
carried out by using BCRP-expressing MDCKII-BCRP
and MDCKII-parent cell lines. The study of inhibitory
potencies of selected AEDs was based on accumulation
of recognized BCRP substrates, BODIPY FL prazosin
(24) and mitoxantrone (MIT} (25), in BCRP-expressing
MEF3.8-BCRP cells,

MATERIALS AND METHODS

Chemicals and materials

LTG was purchased from GlaxoSmithKline (Research
Triangle Park, NC, U.S.A)), PB. PRM, CBZ, VPA,
and ESM were purchased from Sigmd, and PHT was
from Parke-Davis GmbH (Berlin. Freiburg, Germany),
originally manufactured as Epanutin parenteral. CZP
was from F. Hoffmann-La Roche Ltd Roche (Basel.
Switzerland), manufactured as Rivotril inj. A known
BCRP substrate, dietary carcinogen PhIP (2-amino-1-
methyl-6-phenylimidazo[4,5-b|pyridine) and ["*C]PhIP
{10 Ci/mmol), were from Toronto Research Chemicals,
Inc. (Toronto. Ontario, Canada). GF120918, a nonselec-
tive inhibitor of BCRP, was provided by GlaxoSmithKline
(Greenford. England), and Ko143. u selective inhibitor of
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BCRP, was kindly donated by Dr. A. H. Schinke! {The
Netherlands Cancer Institute, Amsterdam, The Nether
lands). Fluorescent substrates of the BCRP wransporter.
BODIPY FL prazosin and mitoxantrone (MIT), were
from Molecular Probes (Karlsruhe, Germany) and Pliva-
Lachema a.s. (Brno, CR) manufactured as Refador inj,,
2 mg/ml. respectively. Complete high-glucose DMEM
medium, fetal calf seram (FCS), ['H)inulin 40 kDa (0.5-3
Ci/mmol), DMSO, and Triton X-100 were from Sigma.
Serum-free Opti-MEM medium was manufactured by
Gibco (U.K.). The 24-well plates and flasks for cultiva-
tions were from TPP (Trasadingen, Switzerland). Micro-
porous polycarbonate filters {3.0-gem pore size, 24-mm
diameter; Transwell 3414) were from Corning (Coming,
NY, U.S.A.L.

Stock solutions of VPA and ESM were prepared in
saline, and stock solutions of PB, LTG. PRM, and CBZ
were prepared in DMSO. The amount of DMSQ in culti-
vation media was =0, 1%,

Cells

MDCKII (Madine-Darby Canine Kidney) parent cell
line, MDCKII cells transfected with ¢cDNA of human
BCRP (MDCKII-BCRP) and MEF3.8 cell line, sponta-
neously immortalized embryo fibroblasts derived {rom
triple knockout mdila/b™ =, mrpt='= mice. wranslected
with cDNA of human B8CRP (MEF3.8-BCRP) (26). Cell
lines were cultured in DMEM complete high-clucose
medium with L-glutamine, supplemented with 10% FCS,
100 U/ml penicillin, and 100 zeg/mi streplomycin,

Transport experiments

Transport assays were performed on microporous poly-
carbonate membrane filters by using MDCKII-parent and
MDCKII-BCRP cell lines. Cells were seeded at a den-
sity of 1.0 x 10° and cultured to confluence. Transport
assays were carried out as reported, with slight modifica-
tions (26). Attime zero, Opti-MEM medium was added to
both compartiments (2 ml) and enriched with AGD in the
approprizte chamber. Transepithelial transport was inves-
tigated at three different concentrations for each ALD. In
particular, PRM. PHT. CBZ, and PB were studied at con-
centrations of 10, 25 and 100 uM, LTG was investizated
at concentrations of 5, 25, and 100 uM, CZP was stud-
ied at concentrations of 50 nM, 500 nM, and 25 pM. and
VPA and ESM were tested at concentrations of 23, 250,
and 500 M. After 6 h of incubation at 37°C, 400 ;i of
the solution was taken from the opposite compartment.
Concentrations of AEDs were analyzed by high-
performance liquid chromatography (HPLC) or fluores-
cence polarization immunoassay (FPIA). PhIP, a known
substrate of BCRP, traced with ['*C]PhIP (0.02 ;Cifml),
was used in the starting compartment at the concentra-
tions of 2 and 235 M as a method validator. For detection
of PhIP. 50-/41 aliquots were taken after 3 and G h. The
integrity of cell monolayers was tested with radiolabeled
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[Jl.l]inu]in. Inulin leakage was accepted up o 1% per hour

.r well. Translocations were observed in both apical-
pasolateral (AB) and basolateral-apical directions (BA).
Results are plotted as the percentage of starting concentra-
iions of AEDs measured in opposite compartments. Data
were calculated as the means of transported fractions (%)
48D from at least three experiments. Ratios of BA to AB
wranslocation after 6-h incubation {r) were calculated for
all tested AEDs.

Accumulation assays

Accumwilation assays with BODIPY FL prazosin

MEF3.8-BCRP celis were sceded in 24-well plates
(1 x 10° cells per well). Afier they reached subconfluence,
medium was aspirated, cells were washed with PBS and
preincubated for 60 min at 37°C in Opti-MEM medium
with or without inhibitors GF120918 (2 M) and Ko 143
(500 nM) or tested AEDs in different concentrations (see
later). Accumulation of BODIPY FL prazosin (500 nM)
lasted 2 h at 37°C and was stopped by removing the
medium and washing the cells subsequently with ice-cold
PBS (1 ml. 1 min), ice-cold PBS with FCS {10%) for 30
min and ice-cold PBS (] ml, 1 min). Lysis butfer (100 ul;
NaCl, 150 mM: Tris-HCI, 50 mM; SDS, 0.1%: Triton, 1%;
and sodium deoxycholate, 1% wt/vol) was added and cells
were lysed for =1 h. PRM, PHT, PB, LTG, and CBZ were
studied at concentrations of 235 and 100 uM. CZP was
tested at concentrations of 500 nM and 25 M. VPA was
investigated at concentrations 25, 250 and 500 M, and
ESM was tested at concentrations of 25 and 500 uM.
Relative cellular accumulation of BODIPY FL prazosin
was determined in lysate with the multiplate fluorime-
ter Genios Plus (Tecan, Gradig, Austria). Excitation and
emission wavelengths for BODIPY FL prazosin were 485
and 535 nm. respectively. Background fluorescence of all
lested AEDs was checked in appropriate wavelengths and
subtracted. Accumulation of BODIPY FL prazosinin con-
trol experiments (without AEDs) was sel to 100%.

Accumulation assays with MIT

MEF3.8-BCRP cells were seeded in 24-well plates
(I x 10° cells per well). After they reached subcon-
fluence. medium was aspirated, cells were washed with
PBS, and then preincubated in Opti-MEM medium with
or without inhibitor GF120918 (2 uM) or tested AEDs
N appropriate concentrations for 60 min at 37°C. PRM,
PHT. PB. LTG, and CBZ were siudied at concentrations
of 25 and 100 uM: CZP was investigated af concentra-
lions of SO0 nM and 25 uM. VPA and ESM were tested at
Concentrations of 25 and 500 M. Accumulation of MIT
(20 ;.M lasted 1 h at 37°C and was stopped by removing
the medium and quick washing twice with ice-cold PBS
{I ml). Subsequently cells were trypsinized in ice-cold
Phenol red dye-free trypsin. Collected cells were resus-
Pended in ice-cold PBS with 2.5% of FFCS. Relative cel-

lular accumulation of MIT was determined by flow cy-
tometry by using the FACSCalibur cytometer (Becton
Dickinson, San Jose, CA, U.S.A.). Samples were gated
on forward versus side scatter to exclude cell debris and
clumps. Excitation and emission wavelengths for MIT
were 633 nm and 661 nm, respectively. Fluorescence of ac-
cumulated substrate in tested populations of >8.,000 cells
was quantified from histogram plots by using the median
of fluorescence. Possible background fluorescence of all
tested AEDs and GF120918 was checked in appropriate
channels. but the fluorescence was negligible in all cascs.
Accumuiation of MIT in control experiments (withow
AEDs) was sct to be 100%. Flow-cytometry data were
processed and analyzed by using WinMDI ver.2.8.

Analytic methods

A reversed-phase lquid-chromatographic method was
used for simultancous determination of PRM. PB.
PHT. CBZ, and their internal standard 5-ethyl-5-p-
tolylbarbituric acid (27). The compounds were eluted af-
ter precipitation ol proteins on column Symmetry C14
(250 x 4.6 wmm; 5-pm particle size). Separation was
performed with a mobile phase of acetonitrile-methanol
50 mM phosphate buffer, pH 6 (13-30-57) at a flow rate
ot 0.9 ml/min and at 40°C. Detection was at a wavelength
of 200 nm.

CZPand internal standard flunitrazepam were extracted
after alkalization with borate buffer (pH, 9) ino dicthyl
ether (28). Afterevaporation of the extract, the residue was
reconstituted, and the analyles were separated on sym-
metry Ci8 250 x 4.6 mm, 5-pm particle-size column
{Waters). HPLC analysis was performed by isocratic flow
rate of 1.2 ml/min at 43°C. The peaks were monitored at
a wavelength of 220 nm. The mobile phase was prepared
by mixing 37% acctonitrile and 63% sodium phosphate
buffer, 6 mM, pH 5.8.

For the quantilication of LTG. high-performance liquid
chromatography was used. Samples were alkalized with
2 M NaOH, and LTG and internal standard BW 725C78
were extracted with ethylacetate (29). Separation was per-
formed on column symmetry CI18 150 x 4.6 mm. 5-j¢em
particle size (Waters) with a flow rate of | ml/minat 40°C.
The isocratic mobile system consisted of acetonitrile and
phosphate buffer, 6 mM. pH 6.8 (28:72). The elution of
peaks was monitored at a wavelength of 306 nm.

Measurement of ESM and VPA was performed on a
TDxFlx instrument {(Abbott Laboratories, Abbott Park., 1L.
U.5.A.) by using fluorescence polarization immunoassay
(27).

Detection limits and precisions of analytic methods arc
surimarized in Table 1.

Statistical analysis

Student’s unpaired. two-tailed 1 test was used when ap-
propriate to perform statistical analysis of differences be-
tween two sels of duta. A value of p < 0.05 was considered
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TABLE 1. Specific characteristics af analytic methods used for analvsis of tested antiepileptic drugs

Precision coelliciem of variation (%) in

Compounds Meihod Detection limits (uM) three ditferem concenirations (pAf

PRM HPLC 1.37 13.1 (6.35%) 35.1 (6.03%) 53(4.25%%)
PB HPLC 4.74 36.5 (3.92%) 129 (3.49%) 220 (4%
PHT HPIL.C 1.98 17.9 (3.41%) 64.3 (3.08%) 86.8 (3.26%}
CBZ HPL.C 2,12 13.9 (4.01%) 38.9 (3.62%) 71 (3.29%)
LTG HPLC 1.23 18.35 (8.37%) 30.77 (7.59%)

czZp HPL.C 0.0099 0.198 (6.5%) 0.792 (2.4%)

FSM FPIA 3.89 247.8 (5.26%) 4956 (4.69%) 849.6 (4.43%)
VPA FPlAa 4.85 259.88 (5.00%) 5198 (4.35%) 80:6.25 (4.8%)

Cocfficient of variation is calculated as a relative standard deviation from three mdependent analyses ol one sample

and represents reproducibility and precision of the method.

PRM, primidone: PB, phenobarbital; PHT, phenyloin; CBZ, carbamazeping; LTG, bamotriging; CZP, clonazepam:
ESM. ethosuximide: VPA, valproic acid; HPLC, high-performance liquid chromatography: FPIA, fluorescence

polarization immunoassay.

statistically significant. Errors are represented as standard
deviations (SDs) of at least three experiments.

RESULTS

Transport experiments

To test whether selected AEDs are substrates of BCRP.
we used an established in vitro method with epithelial
cells, parent and transfected with ¢cDNA of the studied
ransporter, cultured on microporous membranes. This
method is based on the fact that it a compound is a sub-
strate of the examined transporter, translocation of the
compound across the transporter-expressing monolayer is
accelerated in one direction and decreased in the oppo-
site direction. Conversely, when the examined transporter
is not involved, no asymmetry can be observed in trans-
port across the transporter-expressing monolayer, and
transport does not differ between parent and transporter-
expressing cell lines,

In our experiments, we used cndothelial MDCKII-
BCRP cells, which express human BCRP transporter on
the apical membrane. Therefore we expected an increase
of transport in the basolateral-apical direction (BA)and a
decrease in the apical-basolateral direction (AB); the ratio
ot BA to AB was > . PhiP, a recognized BCRP substrate
(26), was used as the validation of the methed at concen-
trations of 2 and 25 M. As expected. we detected a sig-
nificant asymmetry in its transport across MDCKII-BCRP
cells in both concentrations (r = 25 and 10, respectively:
Fig. 1A). but no asymmetry across MDCKII-parent line
{data not shown). This pattern of transport clearly demon-
strates PhiP as a BCRP substrate and the validity of the
method used.

In our study, we did not observe any significant asym-
metry in transport of selected AEDs across MDCKII-
BCRP cells in any concentration tested. Transport ratios
were within the interval of r = 0.85-1.2 (see Fig. 1B-I).
Moreover, transport of AEDs across MDCKII-BCRP cells
was equivalent to passage across MDCKII-parent cells.
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with r values being within the interval of 0.9 10 1.2
(data for MDCKII-parent are not shown). These lindinas
clearly show that the selected AEDs are not substrates
of the BCRP transporter. Slight asymmetiies observed in
transepitheliul transport of some tested AEDs across both
MDCKII-BCRP (see Fig. 1) and MDCKII-parent cells
{data not shown) are probably caused by nonspecified en-
dogenous canine transporters.,

Accumulation assays with AEDs

Accumulation ussays were carried out (o investigane in-
hibitory potencies of tested AEDs to BCRP, This method
is based on accumulation of known BCRP substriies by
BCRP-expressing cells. BCRP limits the entry of its sub-
strates into the cell line. Inhibitors are able to abrogate its
function and increase intracellular accumulation of sub-
strates (see data for GF120918 und Ko 143 in Figs. 2 and 3).
Two approaches were used to analyze fluorescent BCRP
substrates. BODIPY FL prazosin and MIT. Fluorescence
of BODIPY FL prazosin was measured in cellular Iysate
by using a multiplate fluorimeter, and the fluorescence
of MIT was measured in intact cells by using a flow cy-
tometer. Experiments were carried out in MEF3.8-BCRP
cells {derived from triple knockoutmdria/b="", nupd =~
mice transduced with cDNA of human BCRP) (26). This
cell line is suitable for this type of experiment because of
no interference with additional transporters, murine mdr
and mrpl. GF120918 and Ko143 were used as known in-
hibitors of BCRP.

Accunnifation assays with BODIPY FL prazosin

With the exception of VAP at a concentration of 500
uM, tested AEDs did not affect cell accumulation of
BODIPY FL prazosin at ¢ither of tested concentrations
(Fig. 2). VAP (500 M) caused slight but signiticant (p <
0.05) increase in BODIPY FL prazosin cell accumulation
(Fig. 2).
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Accumulation assays with MTX

With this method., no significant effect of selected AEDs
atall tested concentrations on accumulation of MIT was
detected (Fig. 3).

DISCUSSION

Resistance to AEDs is a common problem in epilepsy
Ireatment (2). However, this phenomenon is not well un-
derstood and cannot be attributed only to low serum
oncentrations of AEDs. One of the current hypothe-
55 assumes overexpression of some ABC transporters in
the BBB of drug-resistant patients. Transporters such as
P-gp and MRP2 have the ability (0 pump their substrates;
cluding several AEDs, from the BBB back into blood

circulation (4-9). Overexpression of these transporters can
therefore affect penetration of AEDs across the BRB and
results in ineffective concentrations of AEDs in the hu-
man brain. Other mechanisms of pharmacoresistance in
epilepsy are less well defined and include alterations in
drug targets (including genetic factors) as well as inher-
ent risk factors associated with certain seizure etiologies
(2,30).

Recently, Aronica et al. (13) detected strong expres-
sion of BCRP in endotheliat cells of epileptogenic brain
tumors such as gliomas (astrocytoma, anaplastic astro-
cytoma. glioblastoma multiforme, anaplastic oligoden-
droglioma) and glioneuronal wmors (gangliogliomas),
Consequently, the authors suggested that BCRP might

Epilepsia, Vil 47, No. 3, 2tk
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represent an important barrier against drug access to the
brain and could critically influence the bioavailibility of
AEDs into these epileptogenic brain tumors. However, in-
teractions of AEDs with BCRP transporter have not been
studied. Therefore the aim of our study was to test several
AEDs for their interactions with BCRP transporter.

To test substrate affinity of selected AEDs to BCRP,
we used a sensitive in vitro lransport assay performed in
epithelial monolayers cultured on microporous membrane
filters. For this purpose, MDCKII-parent cell line and its
subline expressing human BCRP were used (26).

Transport assays with tested AEDs were performed
in both cell lines to distinguish specific involvement of
BCRP in transepithelial passage of tested compounds. In
this model, unless a compound is a substrate of the tested
transporter, ils passage across the transtected cell iine is
very similar in both directions (AB and BA), and ratio r
is close to 1. Moreover, the transport pattern of the tested
compound is identical in both the MDCKII-parent and
the BCRP-expressing subline. Conversely, when a com-
pound is a substrate of the BCRP transporter, r >> 1 for
the MDCKII-BCRP cell line but close to 1 in the case of
the MDCKII-parent line (see Fig. 1A for PhiP, a known
substrate of BCRP). In our study. we tested all selected
ALDs in three concentrations that cover their potential

L. CERVENY ET AL.

FIG. 2. Effect of antiepileptic drugs
(AEDs) on breast cancer resisiance
protein  (BCRP)-mediated transport of
BODIPY FL prazosin (500nM) in the
MEF3.8-BCRP cell line. Tesled concentra-
tions of AEDs or inhibitors are indicated
{eeM). Results are presented as relative
cellular accumulation of BODIPY FL pra-
zosin related to control (100%). GF120918
{2 uM) and Ko143 {500 nM) were used
as known inhibitors of BCRP. Data are
presented as the mean £ SD;n> 3. 'p <
0.05, *'*p < 0.001.

>

therapeulic range of blood concentrations in paticnts with
refractory epilepsy. In our experiments, we did not ob-
serve any signilicant asymmetry in the transport of AEDs
across either MDCKII-BCRP or MDCKII-parent cells. re-
gardless of the concentration used. Transport ratios were
within the interval of r = 0.85-1.2 for both MDCKII-
BCRP and MDCKII-parent cell lines (Fig. 1; duta for
MDCKII-parent line are not presented). These findings
provide evidence that tested AEDs are not substrates of the
BCRP transporter. We can therefore hypothesize that pas-
sive diffusion or some nonspecified transport mechanisms
or both might be mechanisms involved in transepithetial
transport across MDCKII cell lines.

AEDs also are frequently associated with clinically
important drug—drug interactions that often affect safety
and effectiveness of drug treatment in epilepsy patients
(31.32). However, only limited data exist on the mixlu-
tation of ABC transporter activity by AEDs. Weiss ct al,
(22) observed inhibition of P-gp in L-MDR | cells treated
with high supramicromolar concentrations of LTG, CBZ,
PHT, and VPA (22). Therefore these authors suggested
that the mentioned AEDs might possess the ability 10 en-
hance transmission of P-gp substrates to the brain (22).
No data exist on possible modulation of BCRP-mediated
transport with AEDs.

400 -
3 FIG. 3. Effect of antiepileptic drugs
50 o (AEDs) on breast cancer resistance pro-
= 300 - o tein (BCRP)-mediated transport of MIT
£ os (20 uM) in the MEF3.8-BCRP cell line.
£ 250 o a9 Tested concentrations of AEDs or in-
g hibitors are indicated {;:M). Resulls are
200 - presented as a relalive cellular accumu-
g 28 22 28 88 2B 92 =8 9w  lation of MIT related to control (100%).
3 150 - Fluorescence of the accumulated sub-
,‘i‘ 1 sirate was quantified by using a llow ¢y-
00 +§ fometer in populations of =8,000 cells
50 - : from histogram plots by using the median
Lﬂ I of fluorescence. GF120918 {2 ;M) was
) = . : used as a kngwn ighibitor of BgRP. Dala
are presented as the mean £ SD;nz 3.

o‘{é& OQ Qﬁ Q¢ Q$\ QQ}“ @'@ oé‘ VQ\O G\g **p < 0.001.
<
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The goal of our accumulation experiments was to detect
a po[emial inhibitory effect of AEDs on BCRP-mediated
wansport. This study was performed by using two techni-
cally independent methods. The first one detects a com-
mon fluorescent substrate of BCRP and P-gp, BODIPY
FL prazosin (24}, in cellular lysate. The second method,
gsing flow cytometry, enables analysis of the fluorescent
substrate MIT (25) in intact cells.

We aimed to test the inhibitory potency of AEDs at
concentrations that cover their free drug fraction in blood.
In the case of CZP, the chosen concentration was higher
than its normal therapeutic blood concentrations. Regard-
less of concentration used, we did not detect any effect
of AEDs on transport of BCRP substrates in MEF3.8-
BCRP cells. except VPA at a concentration of 500 pM.
At this concentration. VPA slightly but significantly in-
creased the cell accumulation of BODIPY FL prazosin
(p < 0.05), but this finding was not confirmed by the
second, principally identical method, with another BCRP
substrate, MIT (Figs. 2 and 3.). Therefore we can only
speculate whether VPA at a concentration of 500 uM
can inhibit BCRP-mediated transport of BODIPY FL pra-
zosin. GF120918 and Ko143 were used in our experiments
asknowi inhibitors of BCRP (33.34). The MEF3.8-BCRP
cell line expresses no P-gp, and this fact enables us (o use
GF120918. the nonselective inhibitor of P-gp and BCRP,
asa “‘specific” BCRP inhibitor. The specific and most po-
tent inhibitor of BCRP, Ko143 (34), was also applied. After
treatment of the MEF3.8-BCRP cells with GF120918, we
cbserved a higher cell accumulation of BODIPY FL pra-
zosin compared with that in cells treated with Ko 143. This
wus probably caused by using different concentrations of
inhibitors Ko143 (500 nM) and GF120918 (2 uM).

Insummary, we suggest that overexpression of BCRP in
the BBR is not involved in development of drug resistance
o tested AEDs. On the basis of results from accumula-
lion assays. we suppose that tested AEDs in normal ther-
apeutic plasma concentrations do not influence, by means
of BCRP inhibition, the pharmacokinetics of BCRP sub-
sirates in the BBB or in other tissues expressing BCRP,
such as the intestine and placenta.
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ABSTRACT:
ABSTRACT:

In our study, we tested the hypothesis whether valproic acid (VPA)
in therapeutic concentrations has potential to affect expression of
CYP3A4 and MDR1 via constitutive androstane receptor (CAR) and
pregnane X receptor {PXR) pathways. Interaction of VPA with CAR
and PXR nuclear receptors was studied using luciferase reporter
assays, real-time reverse transcriptase polymerase chain reaction
[RT-PCR), electrophoretic mobility shift assay (EMSA), and analy-
sis of CYP3A4 catalytic activity. Using transient transfection re-
porter assays in HepG2 cells, VPA was recognized to activate
CYP3A4 promoter via CAR and PXR pathways. By contrast, a
significant effect of VPA on MDR1 promoter activation was ob-
served only in CAR-cotransfected HepG2 cells. These data well
correlated with up-regulation of CYP3A4 and MDR1 mRNAs ana-
zed by real-time RT-PCR in cells transfected with expression
vectors encoding CAR or PXR and treated with VPA. In addition,

Valproic acid (VPA) is an effeclive broad-spectrum anticonvulsant
used in the treatment of primary gencralized tonic-clonic, absence,
and partial seizures (Tanaka, 1999). VPA has recently been identified
B an inhibitor ol histone deacetylase (HDAC) with potential antitu-
morous activity that has been sludied in several clinical wials {(Git-
llicher et al.. 2001: Blaheta et al., 2002, 2005; Kramer et al., 2003;
Raffoux et al., 2005).

VPA is well known Lo affect mechanisms that control drug dispo-
sition such as activily of hepatic biotransformation enzymes or drug
binding 10 plasma proteins (Rogiers ct al., 1995; Wen et al., 2001;

This work was supported in part by grants from The Grant Agency of the
Charles University in Prague {34/2005/C), the Czech Science Foundation (1707
53175301). and the Ministry of Education of the Czech Republic {MSM
6193959216).

Article, publication date, and citation information can be found at
bip://dmd. aspetjournals.org.

40i:10.1124/dmd.106.014456.

VPA significantly up-regulated CYP3A4 mRNA in primary hepato-
cytes and augmented the effect of rifampicin. EMSA experiments
showed VPA-mediated augmentation of CAR/retinoid X receptor «
heterodimer binding to direct repeat 3 {DR3) and DR4 responsive
elements of CYP3A4 and MDR1 genes, respectively. Finally, anal-
ysis of specific CYP3A4 catalytic activity revealed its significant
increase in VPA-treated LS174T cells transfected with PXR. In
conclusion, we provide novel insight into the mechanism by which
VPA affects gene expression of CYP3A4 and MDR1? genes. Our
results demonstrate that VPA has potential to up-regulate CYP3A4
and MDR1 through direct activation of CAR and/or PXR pathways.
Furthermore, we suggest that VPA synergistically augments the
effect of rifampicin in transactivation of CYP3A4 in primary human
hepatocytes.

Perucca. 2006). Generally, VPA is thought to be an inhibitor rather
than an inducer of drug-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 ct al. (2001) have
demonstrated, using in vitre methods, that VPA in therapeutically
relevant concentrations competitively inhibits only human CYP2CY
catalytic activity. On the other hand, there is clear evidence thit VPA
has polential to up-regulate expression and activity of several rodent
and human genes encoding proteins invelved in drug disposition. It
was lound that prolonged exposure of rats to VPA results in the
self-inducing mctabolism of the agent (Fisher ct al.. 1991). Morcover,
Rogiers et al. (1992, 1995) have found VPA 10 be a potent inducer of
genes of the rat Cyp2b sublamily. in particular, Cyp2h7 and Cyp2b2.
Recently, Eyel et al. (2006) have Tound out that VPA does not allect
expression of rat Cyp3a2. an ortholog of human CYP3A4. whereas
valpromide, the primary amide of VPA that reveals no HDAC-

ABBREVIATIONS:; VPA, valproic acid; HDAC, histone deacetylase; CITCO, (B-(4-chlorophenyl) imidazo [2,1-b][1,3] thiazole-5-carbaldehyde
o‘(3.4-dichlorcobenzyl) oxime); NR, nuclear receptor; RT-PCR, reverse transcriptase polymerase chain reaction; PXR, pregnane X receplor; CAR,
@nstitutive andrestane receptor; RXRe, retinoid X receptor « (9-cis retinoic acid receptor-a); FCS, fetal calf serum; DMSQ, dimethyl| sulfoxide; DR,
tect repeat; ER, everted repeat; HPRT, hypoxanthine-guanine phosphoribosyl transferase; B2M, B,-microglobulin; PBREM, phenobarbital
"®ponsive enhancer module; EMSA, electrophoretic mobility shift assay; ANOVA, analysis of variance.
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pibitory activity, was shown (o induce this gene by a nonspecilic
rm;,(:hanism. In addition, these authors have suggesled that VPA
induces expression and activity of human P-glycoprotein (MDR1), a
member ol the ATP-binding cassetle lamily of drug transporters, in
(umor cell lines by the mechanism of HDAC inhibition (Eyal et al.,
2006). These summarized data indicate that VPA is capable ol altering
expression and activity of various cytochromes P450 differently.
\foreover. VPA has potential to induce the MOR! genc.

we assumed that alleration of expression of these genes could be
aused by interaction of VPA with consliutive androstane receplor
(CAR: N113) and human pregnane X receptor (PXR; SXR; NRI1I2).
pxR and CAR are ligand-activated nuclear receptors that act as
peterodimers with retinoid X receptor « (RXRa} and up-regulate the
yanscription of their target genes, such as CYP3A4 and MDR/, by
ineraction with specilic promoter-binding motifs (Goodwin et al.,
1999). PXR has been shown 10 be activated by many structurally and
cemically diverse ligands. Examples of human PXR activators in-
cude xenobiotics such as rifampicin (Bentilsson et al., 1998; Pascussi
et al.. 2000, the endobiotic lithocholic acid (Staudinger et al., 2001;
Xie ct al., 2001), the progesterone metabolile 5-pregnane-3,20-dione
{Jones et al., 2000, and the herbal compound hyperforin (Moore et
al.. 2000a). In the case of CAR, the cxperimental substance CITCO
{{6-(d-chlorophenyl) imidazo [2,1-bl[1,3] thiazole-5-carbaldehyde
0-(3.4-dichlorobenzyl} oxime), the antimalarial artemisinin drugs,
and 5-pregnane-3,20-dione have been recognized as its ligands (Jones
et al.. 20000 Maglich et al., 2003; Burk et al., 2005b). The barbiturate
dug phenobarbital activates CAR indirectly through the incrcase of
CAR translocation from the cytoplasm to the nucleus (Honkakoski et
il 1998; Kawamoto ct al., 1999; Goodwin and Moore, 2004). On the
oher hand. several competitive inversc agonists ol CAR have also
been discovered such as androstanol, androstenol, and clotrimazole
{Forman ¢t al., 1998; Moore et al., 2000b).

In this study, we examined whether VPA controls expression of
CrP3a4 and MDRI (ABCBI1) genes at Lhe transcriptional level via
xlivation of PXR and CAR pathways. This hypothesis was invesli-
gated in the human Caucasian hepatocyle carcinoma (HepG2) and
human colon carcinoma (LS174T) cells using several reporter lucif-
tmse constructs  wilth major promoter-regulatory  sequences of
CYP3A4 and MDRI. In addition, using real-time RT-PCR, we inves-
ligasled CYP3A4 mRNA expression in primary human hepatocyles
Irezled with VPA. Morcover, we studied whether VPA augments
binding of CAR/RXRe 10 several response clements of CYP3A4
{DR3, ERG) and MDR | {DR4) using the elecirophoretic mobility shift
issay (EMSA).

Our data indicate that VPA is capable of transactivating both
CYP3A4 and MDRI1 via interaction with the CAR pathway; however,
VPA-mediated activation of PXR pathway controls only CYP3A4
&ene expression. Moreover, we demonstrate that VPA synergizes with
filampicin in tansactivation of CYP3A4 in primary human hepalo-
(Yies.

Materials and Methods

Cell Lines and Chemicals. The human Caucasian hepatocyte carcinoma
BepG2 wnd human colon adenocarcinoma LS174T cell lines were purchased
ffom the European Collection of Cell Cultures (Sulisbury, UK} and were used
Wihin 25 passages alter delivery and maintained in antibiotic-iree Dulbecco’s
Modiiied Eagle's medium supplemented with 109 fetal calf serum (FCS). 19
Sodiuny pyruvate. and 1% nonessential amino acids (Sigma-Aldrich, St. Louis,
MO). The Jatier cell line has been previously shown to have highly inducible
Spression of CYP344 and MDRI (Geick ct al.. 2001).

.Andmslc 10l (See-androst- 16-en-3ee-o), rifampicin, VPA (2-propylpentanoic
L}, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich.
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CITCO was purchased from BIOMOL Research Laborateries (Plymouth
Meeting, PA). DMSO or water was used as a solvent of VIPA when indicated.

Plasmids. A chimeric p3A4-fee reporter construet containing the basal
promoter (=362/4+53) with proximal PXR response element and the distal
xenobiotic responsive enhancer modale (—7836/—7208) of the CYPIAY gene
5'-flanking region inserted o pGL3-Basic reporter vector was described by
Goodwin et al. (1999). Plasmid p-7975(A7012-1804} harboring the enhancer
of MDR! gene 5'-1Tanking region (MDRIE) and the basal promoter were
constructed with p(GE3-Basic reporter veclor as deseribed by Geick et al.
(2001). herein refevred w as pMDR ! -fuc. pMDRIE-SV40-luc reporer plasmid
was constructed by inseriion of the enhancer region of MDR! gene from
=7881 w0 —7809 into pGL3-Promoter plasmid (Promega. Madison, WI) in
Nhel/BglH cloning sites upsteean of a heterologous promoter SV41L CYP2B6
phenobarbital responsive enhancer module (PBREM) reporter gene construct
(PPBREM-SV40-Incy containing two DRA-type motifs (NRIT qidd NR2} was
prepared from pGL3-Promarer plasmid by insertion of the region from = 1733
o — 1683 of CYPIBG promoter imo Nhel/Bglll cloning sites upstream of a
heterologous promoter SV40. Constructed plasmids were sequenced using a
Big Dyc Terminator Cycle Sequencing Method (Applicd Biosystems, Foster
City, CA). The expression plasmid for human PXR receplor. pSG3-PXR, was
kindly provided by Dr. 8. Kliewer (University of Texas, Dallas. TX). The
human CAR expression plasmid pCRI-CAR was kindly provided by Dr. M.
Negishi {National Institute of Environmental Healik Sciences, Rescarch Tri-
angle Park, NC). The expression plasmid pSG5-hRXRa encoding hRXRa
cDNA was a gencrous gift from Dr. C. Carlberg (University of Kuopio,
Kuopio. Finland}.

Transient Transfection and Luciferase Gene Reporter Assays. All rans
fection assays were carried out using Lipofectamine2000 wansfection reagent
(Invitrogen, Carlsbal, CA} in cells cultivated in the phenol red-lree medium
containing 10% charcoal-stripped FCS, 1% sodium pyruvate. and 156 nones-
sential amino acids according 1o the manufacturer’s instruction.

HepG2 cells €2 % 105 per well) were seeded inte 48-well plates and
cotransfected with a luciferase reporter construct (0.4 pgfwell) and expression
plasmid encoding cither CAR or PXR (50 ng/well) 24 h kuer. Subsequently.
cells were maintained in medium supplemented with 10% charceal/dexiran
stripped fetal bovine serum containing VPA at appropriate concentrations for
24 . Luminescence activity was determined with a Genios Plus luminometer
(Feean, Gridig. Austria) in cell lysate using a commercially available lucif-
erase detection system (Promega). In addition, all experiments were perfurmed
in parallel using emply pGL3-Busic and pGL3-Promoter luciferase reporter
constructs containing no responsive elemenis to distinguish nonspecilic CAR-
and PXR- independent effect of VPA on reporter plasmids used. Lwminescence
of these samples wus taken as background that was subtracted in the (ing)
calculation from luminescence of cell sumples transiently wransfected with
reporter plasmids comaining response elements of lested genes, Resalting data
are presented as ratio of luminescence of wreated cell samples (o control.
Luminescence of each sample has been normalized to its proiein concentration
determined with the BCA system (Pierce, Rockford, 1L).

Real-Time RT-PCR Analysis of CYP3A4 mRNA. LSI174T cells (1.2 X
10° per well) were seeded into 24-well plates and cultivated lor 24 h. Then
cells were transfected with CAR or PXR expression plasinids (400 ng/well)
and appropriate cell samples were exposed 10 VPA al a concentration of 5(4}
pM for 48 h. Total RNA wus isolated using TRIzol reagent (Invitrogen)
according to the masuiucturer’s instructions. The following primers were used
for CYP3A4: forward primer 5'-TTCAGCAAGAAGAACAAGGACAA-Y,
reverse primer 5'-GGTTGAAGAAGTCCTCCTAAGC-3'Y, lor AIDRI. lor-
ward primer 5'-TGCTCAGACAGGATGTGAGTTG-3". reverse primer §'-
AATTACAGCAAGCCTGGAACC-3', and for housckeeping genes HPRT
(hypoxanthine-guanine phosphoribesyl wansferase), forward primer 3-CTG-
GAAAGAATGTCTIGATTGTGG-3', reverse primer 5-TTTGGATTATAC-
TGCCTGACCAAG-3" and B2M (B,-microglobulin). forward primer 5°-CG-
TGTGAACCATGTGACTTTGTC-3'. reverse primer 5 -CATCTTCAAACC-
TCCATGATGC-3"). eDNA was prepared (o | g of wial RNA with
MMLV wranseriptase (Finnzymes. Espoo. Finland) using oligo{dT), VN
primer (Generi-Biotech. Hradee Krilové, Czech Republic) and porcine RNase
inhibitor {TaKaRa BIO. Shiga, Japan). Real-Time PCR analysis was
performed on an iCycler (Bio Rad. Hercules, CA), ¢cDNA (40 ng of reverse-
ranscribed RNA)Y was amplified with HotSwar Tag polymerase (QIAGEN,

_
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yalencia. CA) under the tollowing conditions: 3 mM MgCla, 0.2 mM deoxy-
nudgosidc-S'-lriphosphalc. 0.3 uM each primer, 0.025 Uinl polymerase.
$YBR Green Lin 1:100.000 dilution, and fluarescein (10 aM). The temperature

file was 95°C for 14 min: 50 times 95°C for 15 s, 60°C for 20 s, 72°C for
i s, 72°C for 15 s: mehting curve program 70-95°C. All samples were run in
;,iplicnlcs simultancousiy with negative controls. The processing of real-time
ampliﬁcmiun curves was performed on iCycler software version 4.6 (Bio-R
o), PlatT’s methed was apphed for relative quantification of gene expression
pormalized to endogenous control (housckeeping) gene (Pralfl, 2001). Results
are presented as dhe means of at least three experiments.

fsolation and CYP3A4 mRNA Analysis in Primary Cell Culture of
Human Hepatocytes. Human tissue samples were obtained according to

wocols approved by the Tocal ethics committee of the Palacky University in
olomouc (Czech Republic) complying with the current Czech legislation,
Hepatocytes were prepared from lobectomy segments resected from adult
paticnts for medical reasons unrelated to our research program. The tissue
compassing the tumor was dissected by a surgeon and sent for anato-
mopathologival studies, whereas the remaining tissue was used for hepatocyte
pngparalion. No information on the patients was avail.ble o us, apart [rom age,
sex. and the reason for surgery. Human liver samples used in this sludy were
ghtained from two donors: donor 1. a woman, 69 years old, tumor metastasis;
and donor 2, a woman, 36 years old, Caroli syndrome. Hepatocyles were
isolated a5 described previously (Pichard-Garcia et al., 2002). After isolation,
e cells were plated on collagen-coated culture dishes at density 1.4 % 107
allyem?. Culture medium was enriched for plating with 2% FCS (v/v) as
described previously (Isom et al., 1985). The medium was replaced with
seum-free medium the day afier, and the cells were allowed to be stabilized
for an additional 48 to 72 h before the weatment with VPA (500 uM) or
afampicin (10 M} or their combination. Cells were maintained at 37°C and
5% CO, in a humidified incubator. The effect of VPA on CYP3A4 mRNA
expression was tested in periods of 24 and 48 h. The effect of rifampicin and
e combination of VPA and rifampicin were studied in a period of 24 h. In the
Jaer experiments, DMSO (0.1%) was used as solvent of both VPA and
fampicin. The level of CYP3A4 mRNA cxpression was analyzed using
wal-ime RT-PCR according 1o the protocol mentioned above.

Functional Analysis of CYP3A4 Activity. LS174T cells (6 X 10° per well)
were seeded into 12-well plates and cultivated for 24 h. Subsequently, cells
were wransfected with CAR or PXR expression plastids (1.2 pg/welly and then
exposed 10 VPA at a concentration of 600 uM for 48 h. After treaiment, cells
were washed wilh phosphate-buffered saline and cultivated in serum-free
Opti-MIEM medium {Invilrogen-Gibeo) containing testosterone at a final con-
centration of 150 uM for 2 h at 37°C. Then. cells were washed with phosphate-
buffered saline and lysed with 200 ul of SDS (1% ). CYP3A4 activily was
deleciedd in total cellular lysate (150 wl) using an established method based on
the measuring of a protolypic CYP3A4-mediated testosterone 68-hydroxyla-
tion activity (Guengerich et al., 1986) and modified for the analysis of the
metabolite in cell Jysate. For the determination of CYP3A4 aclivity, the
metabolite was extracted to dichloromethine, Subsequently, the solvent was
evaporated and the sample dissolved in the mobile phase. The concentration of
The testosterune metabolite was determined using a Shimadzu Class VP HPLC
sgstem (Shiadzu, Tokyo. Japan). Final acuvity was normalized to sampie
protein conceniration in cell lysate thal was measured using the BCA assay
Xeording 1o the manufacturer’s instructions (Pierce).

EMSA. Human CAR and RXRe were translated in vitro using TNT Quick
Coupleq Transcription/Translation Systems {Promega, Southampion, UK).
The nucleas fraction was isolated from HepG2 cells ranstected with hRXRa
Mpression vector using CelLylic NuCLEAR Extraction Kit (Sigma). The
foIlowing double-stritnded  5'-biotinylated oligonucleotides of specific re-
Sponse elements of both CYP3A4 and MDR | promoters were used as probes:
CYP3A4 DR3 sense, 5'-GAATGAACTTGCTGACCCTCT-3'; CYP3A4 DR3
Misense, 5 AGAGGGTCAGCAAGTTCATTC-3": CYP3A4 ERG sense, 5'-
ATATGAACTCAAAGGAGGTCAGTG-3"; CYP3A4 ERG antisense, 5'-CA-
CIGACCTCCTTTGAGTTCATAT-3 MDRI DR4 sense, 5'-CATTGAAC-
TAACTTGACCTTGC-3": and MDR] DR4 antisense. 5'-GCAAGGTCAA-
gWAGTTCAATG-3'. The oligonucleotides were synihesized a Generi-

lotech,
_Tl\c EMSA was performed according to the protocol published previously
%t slight modifications (Frank et al,, 2003), The binding reactions were
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Fig. 1. Effect of VPA on CAR- and PXR-medimed transactiviation «f CYP3A4
promoter. HepG2 e¢lls were trnsiently tmnsfected with p3Ad-tie reporter construct
containing the basal promater {—362/+53) with proximal PAR responise element
and the distal xenobrotic responsive enhancer module (= 7836/ = 72081 of CYP3A4
(0.4 pghwell) and erther pCRI CAR or pSG3-PXR expression vecior {30 ng) using

Lipefectamine2t®) transfection reagent according 10 the manulaclurer’s mstruc-
tions. Transfeeted HepG2 cells were maintained in medium comaining VPA at the
indicated concentrations for 24 h. Lucilerase activities are normalized to protein
concentration and expressed as -fold activation of nontreated cells transfected with
pIAd=tuec, All means = $.D. were caleulated (rom quadruplicates of i representative
experiment and analyzed using ANOVA followed by Dunnetts test. . p < (L03:
###. p < 0.00): siatstically different from nontreated cells ransfected with p3Ad-
e =, p < 005 == p < 001 stistically different from VPA-nomremed cells
cotransfected with either pCRI-CAR or pSG5-PXR.

performed in a total volume of 20 ub and contained equal amounts (=3 peg) of
CAR and RXRe, 103X binding buficr (100 mM Tris, 500 mM KCI, 10 mM
dithiothreitol) {Pierce). poly(dl - dC) Double Swand (GE Healtheare, Linle
Chalfont, Buckinghamshire, UK), and 1% Nonidet P-40. VPA was 1esied
final concentrations of 100, 500, and 1000 wM. CITCO. an agonist of human
CAR, was used at the concentration of 6.25 pM and androstenol a1 the
concentration of 1t pM. DMSO was used as a solvent of the compounds at
maximal final concentration of 0.1% . For supershift experiments, | g of the
anti-RXRe ranbit polvelonal 1gG antibody was added to the reaction mixiure
(Santa Cruz Biutechnology. Inc.. Sama Cruz. CA}. Reactions were preingu-
bated on ice for 10 min belore the addition of oligonucleotide probe (20 fmol).
Samples were maintained at room temperature for an additional 20 min, mwd
then protein/DNA complexes were resolved on a 5% (w/v) nondenaturing
polyacrylamide gel (acrvlamide/bisacrylamide 29:1 wiv) in 0.5X Tris borate-
EDTA buifer (450 mM Tris, 450 mM boric acid, 10 mM EDTA). The gels
were electrephoresed at 100 'V for an hour at room temperature. Next. the gels
were blotted ar 380 mA for 3¢ min at 4°C and then analyzed by the Chemi-
Iuminescent Nucleic Acid Detection Module (Pierce).

EMSA Quantification. EMSA reactions were exposed o X-ray ilm (Foma
Bohemia as., Hradee Krilové, Czech Republic) and bands were quantificd
using compuierized densitometry using Lablimage densitomelry analysis soft-
warc (Kapelan Bio-lmaging Solwtions, Halle, Gemany).

Statistics. One-way ANOVA followed by Dunnet’s muliiple comparison
post hoc test or unpaired Student’s ¢ lest was used for statistical analysis of data
using GraphPad Prism sofiware (GraphPad Sofuware Inc., San Dicgo, CA).
Two-way ANOVA with ineraction was used to analyze the synergistic effect
of VPA and ritumpicin.

Results

Effect of VPA on CAR- and PXR-Mediated Activation of
CYP3A4 Promoter in HepG2 Cells Transiently Transfected with
p3Ad-luc Luciferase Reporter Construct, First, we examined
whether VPA alfects activation of p3A4-fuc reporter construct
through CAR and PXR. We observed siatistically significant concen-
tration-dependent increase in CAR- and PXR-mediated transcriptional
activation of p3A4-fuc in HepG2 cells afler 24 h exposure to VPA
(Fig. 1). VPA at the concentration of 500 uM doubled the activation
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pe. 2. Transactivation of CYP3IA4 promoter by VPA in combination with CITCO
o rifampicin. HepG2 cells were transiently transfected with p3A4-luc reporter
roostruct (0.4 pgiwell) and pCR3I-CAR or pSG5-PXR cxapression plasmid (50 ng)
wing Lipofectumine2000 transfection reagent according 1o the manulucturer’s
instructions and subsequemly exposed to VPA in combination with CITCO (500
avyor rifmopicin (Rif; 10 M), prototype lipands of CAR and PXR, respectively,
for 24 h. All means = 8.D. were calculated from quadruplicates of a representative
pperitient and analyzed using ANOVA followed by Dunnett’s test. Dua are
presented s -fold activation of nontreated cells transfected only with p3A4-luc. *,

< (L05; #*, p < Q001 statistically different from cells cotransfected with either
pCRI-CAR or pSG5-PXR und wreated with either CITCO or rifampicin,

of pJA4-lic in cells cotransfected with CAR expression vector (Fig.
). In HepG2 cells cotransfected with PXR, we observed even a 4-fold
increase in activation of p3A4-luc after treatment with VPA (500 M)
{Fig. 1). In comtrast, VPA did not significantly affect transcriptional
wlivation of p3A4-fuc in HepG2 cells, which were not cotransfected
with cither CAR or PXR (Fig. 1). We observed that expression of both
CAR and PXR in HepG2 cells in the absence of an exogenous ligand
rsulted in statistically significant activation ol p3A4-fuc reporter,
which is in agreement with published data and indicates involvement
of endogenous activators of (the nuclear receptors in HepG2 cells (Fig.
1) (Goodwin et al., 1999, 2002).

Transactivation of CYP3A4 Promoler by VPA in Combination
with CITCO or Rifampicin. In these experiments, we examined
whether VPA has the ability to affect CAR- and PXR-mediated
aclivation of p3A4-fuc construct caused by prototypic ligands CITCO
{300 nM} in CAR-expressing cells and rifampicin (10 uM) in PXR-
expressing cells, VPA at tested concentrations in combination with
CITCO (500 nM) significantly augmented CAR-mediated activation
of p3A4-luc compared with CAR-expressing cells ireated with CITCO
(p < 0.01) (Fig. 2). Similarly, we observed a more pronounced efTect
of VPA in combination with rifampicin (10 M) on transcriptional
tivation of p3A4-lue via PXR compared with the effect of rifampi-
¢in alone (p < 0.05) (Fig. 2).

Effect of VPA on CAR- and PXR-Mediated Activation of
MDR1 Promoter in HepG2 Cells Transiently Transfected with
PMDR{-iuc or Heterologous pMDRIE-SV40-luc Luciferase Re-
borter Constructs. Regarding MDR1, two dillerent lucilerase re-
Porter constructs were used in our study, Firs,, we used pMDR /[ -luc
fonstruct containing the distal enhancer region with a DR4 responsive
Mol common to both PXR- and CAR-mediated transactivation of
MDR] genc, and the native basal promoter from — 1803 o +281.

Using this reporter construct, we observed a similar effect of VPA on
Livation of MDR1 promoter in cells cotransfected with PXR or CAR
M comparison with mock-transfected HepG2 cells (Fig. 3A). On the
bther hand. rifampicin (10 uM) and CITCO (1 uM) significantly
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activated (—2-fold, p = 0.05) the pMDRI-luc construct in HepG2
cells cotranslected wilth PXR or CAR expression plasmids under the
experimental conditions used. This indicates that VPA probably has
potential to transactivale this luciferase construct independently on
PXR and CAR pathways through a nonspecific mechanism. which is
likely related lo activation of MDR1 basal promoter (Morrow and
Nukagawa, 1994).

In light of vur previous observations demonstrating that heterolo-
gous pMDR [ FE-SV40-ine is more responsive 1o both PXR- and CAR-
mediated activation than pMDR I-luc reporter, we performed a trans-
fection assay with pMDRIE-SY40-lic reporter construct containing
the MDR1 cnhancer upstream of viral SV-40 promoter. Using the
plasmid, we observed that VPA al a concentration ol 300 uM acli-
vates significantly only CAR-mediuted transcription of pAIDRIE-
SV40-luc reporter construct (p = 0.001) (Fig. 3B). The effect of VPA
on activation of pMDRIE-SV40-luc plasmid was comparable w the
effect of CITCO (1 uM, 2-lold activation) and rilampicin (25 M,
2.3-fold activation, p < 0.05) in nuclear receptor-translected cells.

Finally, we used androstenol, an inverse agonist of CAR, to
confirm that VPA activates pMDRIE-SV40-luc through CAR. An-
drostenol (10 pM) significantly repressed CAR-mediated (ran-
scriptional activation of pMDRIE-SV40-luc in cells exposed 1o
VPA at a concentration of 500 uM (p << 0.05) (Fig. 3C). In
contrast, we observed no effect of androstenol on pGL3-Basic or
pGL3-Promoter consiruct aclivities in cells cotransfecied with
CAR expression vector (data not shown).

Effect of VPA on CAR- and PXR-Mediated Activation of
CYP2B6 PBREM in HepG2 Cells Transiently Translected with
PPBREM-SV40-luc Luciferase Reporter Construct. To ¢lucidate
the discrepancy between CAR- and PXR-medialed activation of
MDRI promoter by VPA, we analyzed lucilerase activity ol ppP-
BREM-SV40-Iuc construct in cells transiently transfecied with CAR or
PXR expression veclors and exposed (o VPA (500 uM). pPBREM-
SV40-Iuc construet contains two DR4-type responsive elements of the
PBREM of the C¥P286 gene. which has high ability to interact with
both CAR and PXR (Goodwin et al., 2001; Faucette et al., 2007). We
detected significant up-regulation of pPBREM-SV40-luc activity in
HepG2 cells cotransieeted with both CAR and PXR expression plas-
mids (p < 0.001; Fig. 4). Moreover, the activation of the construct
was further significantly augmented in cells coexpressing CAR and
exposed o VPA (5.8-fold increase, p < 0.001: Fig. 4). Similarly,
VPA increased significantly activation of pPBREM-SV40-Iuc in PXR-
expressing cells (2-fold, p < 0.05). Under the same experimental
conditions, CITCO (1 pM) increased activation of the plasmid 2.1-
fold in the cells expressing CAR and rifampicin (10 M) 2.4-fold in
PXR-transfecled cells. Nevertheless. we also detected comparable
activation ol the luciferase construct by VPA in cells wilth no exog-
enous PXR (p = 0.05) (Fig. 4), which documents that exogenous
PXR has minor or no effcct on activation of pPBREM-SV40-iuc by
VPA. Thus, we observed a similar patiern in activation of pPEREM-
SV40-tuc and pMDRIE-SV40-luc by VPA (Figs. 3B and 4). In both
cases. we demenstrated that VPA increases CAR-mediated, but not
PXR-mediated transactivation of the constructs.

Analysis of VPA-Mediated Up-Regulation of CYP3A4 and
MDRI mRNAs in LS174T Cells. To evaluate the ability ol VPA to
induce CYP3A4 and MDR1 mRNA levels by means ol CAR and
PXR activation, rcal-time RT-PCR was used. CYP3A4 and MDR|
mRNAs were quantified in samples of LS174T cells transfected with
expression plasmids encoding studied nuclear receplors and exposed
to VPA for 48 h. Significant effect of VPA on CYP3A4 mRNA level
was observed in cells transfected with both CAR and PXR nuclear
receptors yielding a 4.2-fold and 3.8-fold (p < (L001 and p < 0.01)
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P 3. Lfect of VPA on CAR- and PXR-mediated activation of reporter constructs of MR/ pene. HepG2 cells were trnsiently transfected with pCR3-CAR or pSG3-PXR
expression plasmid (50 ng) and appropriate reporter construgt (0.4 pafwell) using Lipofectamine2000 translection reagent according to the manulacturer's instructions.
Trnsfected HepG2 cells were maintained in medium containing the tested compounds at the indicated concentrations for 24 h. A, effect of VA on CAR- and
PXR-mediated trinsactivation of pMDRI-Inc construct containing the enhancer region of MDRT gene (—7975/=7013) and the basal promoter from = 1803 10 +231. B,
VPA-mudimed transeriptional activation of pMDRIE-SV40-lue consiruet containing the enhancer region of MORS gene and viral promoter SVI0 in cells coexpressing
trogenous CAR or PXR. C. influence of androstenol (Andol). an inverse agonist of CAR, on CAR-medinted transcriptional activation of pMDRE-SV40-Tuc in HepG2
cells ireated with VPA. HepG2 cells were transiently trunsfected with pCR3-CAR (40 ng) and pMDR 1 E-SV40-Inc consiruct (0.4 ppiwell) using Lipofectamine 2066, Control
ad VPA-treated cells were exposed lo DMSO (0.1%) to climinate the influence of the androstenol solvent. Dula are presented as -fold activation ol nomrented cells

trnsfecied only with the appro|

feporter plasmid and exposed 0 VPA.

induction, respectively (Fig. SA). VPA also significantly up-regulated
CYP3A4 mRNA in LS174T cells, which were not cotransfected with
any nuclear receptor (p < (L01) (Fig. 5A). This might be in agreement
With high expression of endogenous PXR in LS174T cells, which
ould ar least partly participate in up-regulation of CYP3A4 mRNA
by VPA (da in Fig. 1) (Burk et al., 2005b}. In the case of MDR1, we
tbserved a similar profile of VPA-mediated MDR1 mRNA up-regu-
lation, Contrary 1o transfection assay results, we detected a statisti-
tlly significant effect of VPA on MDRI mRNA expression in
PXR-transiceted LS174T cells (2.0-fold increase, p < 0.05). How-
tver, the MDR1 mRNA level was not statistically significantly dif-
ferent (rom the level in VPA-treated cells (Fig. 5B). Thus, we suppose
hat the increase in MDR1 mRNA level after treatment with VPA is
faused mostly by the mechanism of HDAC inhibition described
Previpusly rather than through activation of the PXR pathway by VPA
Morrow and Nakagawa, 1994; Jin and Scotlo, 1998; Xiao and Huang,

iale reporier construct. pAMDRIE-Tuc or pMDRITE-SV40-Tuc. All means + 5.1, were calculuted from quadmplicaies of o representative
experiment. 444, p < 0,001 statistically different from nontreated cells transfected only with reporter construct, *. P <005, =%, p < 0.01; #%%, p < 00 3
different trom VPA-nontreated cells cotransfected with either pCR3-CAR or pSGS5-PXR expression veclors. ¥ #. p < 0.01: statisticaly different from cells trnsfuered with

tisticully

2005). Itis noteworily that we observed statistically signifieant (p <
0.05) up-regulation of MDR1 mRNA after cotransfection of LS174T
cells with CAR cxpression vector and treatment with VPA (Fig, 5B).
On the other hand. cotransfection of LS174T cells wilh cxpression
plasmid for cither PXR or CAR withoul exposure to VPA did not
result in statistically significant up-regulation of CYP3A4 and MDR|
mRNAs (Fig. 5, A and B). Under the same experimental conditions,
treatment ol LSI174T cells with rifumpicin (10 gM) vesulied in a
12-lold increase in CYP3A4 mRNA and a 7-fold increase in MDR1
mRNA,

Determination of CYP3A4 Catalytic Activity in LS174T Cells
Exposed to YPA (600 uM). CYP3A4 induction was subscquently
investigated employing functional assay based on determination of
specific CYP3A4-mediated testosterone 63-hydroxylation activity
measured in LS174T cell lysate. As shown in Fig. 6, only cells
transfected wilh plasmid cncoding PXR yiclded statistically signili-

—
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Fig. 4. Llfcet of VPA on CAR- and PXR-mediated uactivation of the PBREM
region ol the CYP2B6 promoter. HepG2 cells were transiently transfected with
PCR3-CAR or pSG3-PXR expression plasmid (50 ng) and pPBREM-SV40-luc re-
porter construet containing two DR4-type motifs of CYP2ZB6 PBREM (0.4 pgiwell}
using Lipofectamine2000 wansfection reagemt according 1o the manufacturer's
instructions, Transfected HepG2 cells were maintained in medium containing VPA
(500 phl) for 24 h. ###, p < 0.001: staustically different from nontreated cells
ansiecled only with reporter construct; *, p < 0.05; #+4, p == 0.001- statistically
different from VPA-nontreated cells cotransfected with cither pCR3-CAR or pSG3-
PXR cxpression vectors.

cant increase in CYP3A4 catalytic activity after 48 h exposure to VPA
at a concentration of 600 oM (p < 0.05).

YPA Induces CYP3IA4 mRNA in Primary Human Hepatocytes
and Synergizes with the Effect of Rifampicin. To determine
whether VPA induces CYP3A4 mRNA and whether it influences the
induction by rifampicin, primary cultures of human hepatocytes were
ireated individually or in combination with VPA (500 uM) and/or
fifampicin (10 uM). CYP3A4 mRNA was significantly up-regulated
in the hepatocyles exposed 1o VPA for 48 h taken {rom both donor |
{14.1-fold, p < 0.01} (Fig. 7A) and donor 2 (3.8-lold, p < 0.01) (Fig.
1B). As shown in Fig. 7C, by using the unpaired Student’s f test, we
reveuled a statistically significant increase ol CYP3A4 mRNA com-
pared with control treated with DMSO (0.1%) in cell samples treated
with rilampicin (10 uM) for 24 h (donor 1, 20.1-fold and donor 2,
13.6-lold, respectively; p =< 0.001). In cells cultivated in medium
containing VPA (500 pM) and vehicle (DMSQ, 0.1%) used for
elimination of rifampicin solvent effect, we also detected significant
induction of CYP3A4 mRNA relative to control {DMSO, 0.1%) (p <
001 and p = 0.05, respectively). Furthermore, when VPA (500 M)
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and rifampicin (10 uM) were added simultaneousty into medium and
hepatocyles were cultivated for 24 h, up-regulation of CYP3A4 was
synergistic rather than additive (62- and 34-fold). Using two-way
ANQVA, this synergy was found 10 be statistically signilicant wt the
level of p < 0.01 (Fig. 7C).

Examination of Interactions between CAR/RXR e Helerodimer
or CAR Monomer and Responsive Elements of CYP3A4 and
MDRI1 Promoters in the Presence of VPA using a Ligand-Depen-
dent EMSA. The interactions between CAR/RXRax heterodimers and
nuclear receptor-binding motils of CYP3A4 (DR3, ERG) and MDR
cnhancer (DR4) in the presence of VPA were examined via EMSA
using in vitro translated CAR and RXRa proteins. CAR forms a
complex with RXRa, which binds DR3, DR4. and ERG responsive
elements of CYP3A4 and MDRI even in the absence of a ligand
(Goodwin et al., 1999, 2002; Geick et al., 2001; Burk et al., 2003a).
This complex formation can be enhanced by ligand binding to CAR,
which can be revealed using EMSA (Frank et al., 2004). We detected
that VPA at the tested concentrations of 500 and 1000 wM increased
the formation of CAR/RXRe complex with the DR3 responsive
element of CYP3A4 promoter (Fig. 8, A, lane 8; and B, lanes 6 and
7). Figure 8A shows thal using recombinant CAR and RXRe proteins,
VPA moderately (by ~30%) augmented the CAR/RXRa/DR3 com-
plex in EMSA experiments (Fig. 8A, lane B). In the next experiments,
we used nuclear fraction from HepG2 cells transfected with cxpres-
sion vector ciicoding RXRa. VPA at the concentration of 300 M
augmenied the complex 1.8-fold and at the concentration ol 1000 M
increased 4.2-fold the binding of CAR/RXRe 1o DR3 (Fig. 8B, lanes
6 and 7). Similarly, as shown in Fig. 8D (lane 6), we detected
increased (—1.5-fold) binding of CAR/RXRa heterodimer 1o oligo-
nucleotide containing the DR4 motif of MDRI enhancer in the pres-
ence ol VPA (1000 uM). Consistently, CITCO, an agonist of human
CAR, augmented binding of CAR/RXRa complex to DR3 response
elements (Fig. 8, A. lane 5: and B, lane 3} (Maglich ¢t al., 2003). The
inverse agonist of CAR. androstcnol (10 wM), decreased formation of
CAR/RXRa complex wilh response element DR3 in samples treated
with CITCO (500 nM) or VPA (500 and 1000 M) (Fig. 8. A-D).
Interestingly, we obscrved that VPA at tested concentrations aug-
ments interaction ol recombinant CAR monomer with the DR3 motif
of CYP3A4 promoter (Fig. 8C, lane 2). On the other hand, we did not
detect any significant and reproducible effect of VPA on interaction of
CAR/RXRa heterodimer with the ER6 response element of the
CYP3A4 gene {data not shown). RXRe alone did not reveal any
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Fig. 5. Analysis of VPA-mediated up-regulation of CYP3A4 und MDR1 mRNAs. LS174T cells were transfected with pCR3-CAR or pSG5-PXR expression plusmids (400
Nehwell) wsing Lipofectamine2000 transfection reagent iccording 1o the manufaciurer’s instructions and exposed to VPA (500 uM) for 48 h, mRNA expression of ested
Bencs wus determined wsing real-time RT-PCR and normalized to HPRT housekeeping gene. The effect of VIPA (500 uhD) on CYP3A4 (A) and MDRI (13) mRNA
expression is presented as -fold increase to control nontreated cells, Data are the means = 5.D. of three individual cell samples. . p < 0.05; =+, p <001 *ix, p < .00
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jeraction with tested response elements (data not shown). Similarly,
we did not detect any complex after incubation ol nuclear fraction of
HepG2 cells and recombinant RXRa with DR3 oligonucleotide under
ihe conditions used (data not shown). These data suggest that VPA
could directly interact with CAR/RXR« heterodimer and CAR mono-
mer in binding with DR3 and DR4 response clements of CYP3A4 and
MDRI.

Unlonunalely, there is no report in the literature that introduces
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Fig. 0. Derermimation of CYPIA4 catalytic activity. LS174T cells were transfected
with expression plasmids encoding CAR or PXR. Subsequently. cells were treated
witle VP A (600 pM) and specific CYPIA4-mediated wesiosterone 658-hydroxylation
activilty was detected afler 48 h. The concentrution of the 6 -testosterons metabolite
was deternined wsing the HPLC system in cell lysate. Final activity was normalized
1o sumple protein concentrition. Bars indicate the means = S.D. calculited from
three samples. *. o< 005,
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reliable ligand-dependent EMSA assay with recombinant PXR a1
present. Therelore, we could not analyze the interaction of VIPA with
PXR/RXRa complex at present. using the EMSA method.

Discussion

VPA, an clfective broad-spectrum anticonvulsant. has been shown
to affect expression of a large number of genes (Bosciti et al., 2005).
Some ol these recognized allerations in gene expression luive been
atiributed 10 HDAC inhibitory activity of VPA (Chen et al, 1999,
Phiel et al., 2001; Werling et al., 2001; Eyal et al., 2006). In 1his study,
we show for the first time (1o our knowledge) that VPA is capable, in
a clinically relevant range of concentrations <1000 uM (Davis ct al.,
1994; Wen et al., 2001; Centorrine et al., 2003; Allen et al., 2006), of
up-regulating CYP3A4L and MDRI gene expression also, by w different
molecular mechanism, via direct activation of the CAR pathway.,
Moreover, we demonstrate that VPA can increase CYPIA4 gene
expression and activity through activation of PXR nuclear receptor as
well.

Ligand-activaled nuclear receptors CAR and PXR up-regulate ex-
pression of target genes at the wranscriptional level through imeraction
with specific promoter response elements. Therefore. 1o examine the
potential elfcet o VPA on CAR- and PXR-mediated transeriptional
regulation of CYPIA4 and MDRI! genes, we first uscd transicnt
transfection experiments with lucilerase reporier constructs contain-
ing a relevam regulatory promoler sequence of wested genes (Goodwin
et al., 1999, 2001. 2002; Burk et al., 20(05a). Using transicat trans-
fection, we established that the reporter constructs appeared in cells
separately rem the chromosomal DNA and nucleosome structure,
which guarantecd that the delected effect of VPA on activation of

Donor 2

Fig. 7. VPA synergizes with rifampicin
(Rif) in induction of CYP3IAd mRNA in
primary human hepatocytes. Primary hu-
man hepatocyte cultures were culiivaled to-
sether with VPA imdfor rifimnpicin cither
individually or in combination, and then
assuved using real-time RT-PCR. CYP3IA4
MRNA expression is nomudized 10 HPRY
housckeeping gene wnd presented as -lold
in¢rease 1o control nontreated cells. Values
represent the means £ 5.0, of thwee inde-
pendent wells. A and i3, 48-h exposure of
primary hepatocytes w VPA (300 phl) up-
regutates CYP3IA4 mRNA (p < 0.01). This
effect of VPA wus analyzed using unpaired
Student’s ¢ west. C, ritampicin. VPA or
combination of these 1wo drugs signifi
cantly up-regulites CYP3A4 mRNA 1o
control {0.1% DMSO-treated cellsy with p
values of = p < 005 #*, p < 0.01; and
wak, p o< 0,001 (uapaired Stadent’s ¢ test)
after 24 b of treaument. When given in
combination. the induction is in both cases
statistically synergistic rmbier than addivive.
at ##, po< 001 (analyzed by twosway
ANOVA with interaction).

VPA 500 pM
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Fig. 8 The ubility of CAR/RXRe heterodimer to bind CAR response elements of CYP3A4 (DR3, ER&) and MDR1 (DR4) in the presence of VPA was investigated using
EMSA as described under Materials and Meihods, A, the complex formation of CYP3A4 DR3 with CAR/RXRa was examined with in vitro wanskited will-ivpe CAR
and RXRa proteins in the presence of solvent (water or DMSO 0.1% where indicated). the CAR agonist CITCO (6.25 uM; lanes 5 and 7), the inverse agonist of CAR,
androstenol ¢Andol} (10 M lanes 6, 7, and 9). VPA (1000 pM: lanes 3, 8, and 9), or CITCO-androstenol and VPA-androstenol combinations (lanes 7 and 9). 13, combined
gel shift'supershift experiments were performed using in vitro translated wild-type CAR protein and the nuclear fraction of HepG2 cells transfected with R X Ra expression
vector. The concentrution-dependent effect of VPA (100, 500, or 1000 uM; lanes 5-7) on CAR/RXRa complex was studied. The band supershilt was performed with
anti-RXRex antibedy (1 pg: lane 8). C, effect of VPA on CAR monomer interaction with CYP3A4 DR3. The experiments were performed using in vitro ranshited CAR
without RXRe and with VPA (1000 pM) and androstenol {10 pM) as an inverse agonist of CAR. 1. the capability of VPA (1000 pM; lane 6) to affect CARRXR
heterodimer interaction with MDR 1 DR4 response element was tesied using in vitro transkied wild-type CAR and RXRe proteins. CITCO (6.25 pM) and andsosienol {10
M} were used as o known ligand and inverse agonist of CAR, respectively. Representative gels are shown, Band signal intensity was quantitated by densiiometry and
data are expressed as -fold increase (feld) relitive to their vehicle controls (DMSO or waler).

huciferase constructs is independent of chromatin remodeling caused  pMDR/-luc reporter construct, although an increase in transcriptional
by VPA-mediated HDAC inhibition. activation of this reporter construct was observed in cells exposed o

We demonstrate that VPA induces CAR- and PXR-mediated trans-  VPA (Fig. 3A). On the other hand, using pMDR | E-SV40-luc reporier
wlivation of pIA4-fuc construct containing both DR3 and ERG re-  construct containing the MDR1 enhancer upstream of the SV40 viral
sponsive clements of CYPIA4 required for CAR- and PXR-mediated  promoter, VPA was identified as an activator of the MDR1 enhancer
regulation of the gene (Goodwin ct al., 1999) (Fig. 1), Interestingly,  via the CAR pathway (Fig. 3B). Thus. by using pMDRIE-SV40-Inc
we found oul that the combinalion ol YPA with prototypic ligands  construct, we climinated the polential interlerence of additional tran-
Qauses fur more pronounced transactivation of the pJA4-luc construct  scriptional Taclors that bind relevant sites in the basal promoter of
Fig. 2). Thesc data indicate a synergistic effect of VPA and rifam-  MDR/ gene such as NF-Y, Spl, AP-1, NK-xB, C/EBPS. and so on
Picin o transactivation of CYP3A4 via PXR, which could play an  (Scotlo, 2003), and analyzed specific CAR-/PXR-mediated activation
imporam role during cotreatment with these drugs. of the MDR | enhancer by VPA. Moreover, the reporter plasmid lacks

In additional experiments, we examined activation of twe different  the inverted CCAAT motif (Y-box), which was shown 1o be essential

luciferyse reporter constructs containing MDR1 enhancer and either  for activation of MDR1 promoler in transient transfection reporier
fative or viral SV40 basal promoter (Burk et al., 2005a). We did not  assays by scveral other HDAC inhibilors (Jin and Scouo, 1998).
fetect any significam CAR- or PXR-dependent effect of YPA on  Despile this lact. significant activation of pMDRIE-SV40-1uc reponer
Tlivation of MDRI gene promoter in HepG2 cells transfected with — construct by VPA was observed also in the absence of cotranslected
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CAR or PXR, which indicates that VPA can also activale MDR|
enhancer of pMDRIE-SV40-luc reporter construct (Fig. 3B). We
suppose that endogenous CAR or PXR is not involved in the phe-
somenon because their functional expression in HepG2 cells is very
Jow. However, we cannot exclude potential up-regulation of various
ranscriptional factors by VPA trealment, which could lead to trans-
getivation of the reporter construct.

Subsequently, interaction of VPA with PXR transactivation path-
wiy has been studied in more detail using another gene reporter
construct, pPBREM-SV40-Iuc, containing lwo DR4-type motifs of the
CYP2B6 PBREM region upstream of SV40 viral promoter, which
were recently demonstrated to have a high atfinity 10 both PXR and
CAR (Faucetie et al., 2007). These experiments have revealed signif-
icant CAR-mediated, but no PXR-mediated. activation of pPBREM-
$V40-tiec reporter construct by VPA, which is in agreement with the
findings obtained using pMDRI-SV40-luc reporter construct. Thus,
we suguest a different effect of VPA on CAR- and PXR-mediated
ranscriptional — activation  of  heterologous reporter  constructs
pPBREM-S5V40-luc and pMDRI-SV40-luc in comparison wilth p3A4-
Juc construct (Figs. 1, 3B, and 4). We hypothesize that this discrep-
ancy can be explained considering the report of Masuyama et al,
{2005). who demonstrated a ligand- and promoter-specific fashion of
PXR-mediated transcription of CYP3A4 and MDRI genes.

CAR- and PXR-mediated regulation ol CYP3A4 and MDR/ gene
expression was subscquently analyzed by real-time RT-PCR in sam-
ples of LS174T cells (Fig. 5, A and B). mRNA expression of the
swdied gencs was normalized to both HPRT and B2M housekeeping
genes 1o climinate a false interpretation potentiaily caused by non-
specific VPA-mediated up-/down-regulation of these housckeeping
genes. We observed the effect of coexpressed CAR and PXR on
VPA-mediated up-regulation of CYP3A4 mRNA in LS174T cells
(Fig. 5A), which well correlates with the reporter experiments. In the
case of MDRI, the mRNA level was significantly up-regulated in
L81747 cells transfected with CAR expression vector, whereas Lhe
VPA-mediated increase of MDR1 mRNA in PXR-expressing cells
was not statistically different from that of nontransfected cells ex-
posed Lo VPA (Fig. 5B). Considering data from gene reporter assay
with pMDRIE-SV40-Iuc (Fig. 3A) and pPBREM-SV40-luc (Fig. 4),
we assume (hat the observed influence of VPA on MDR1 mRNA
expression in LS174T cells transfected with PXR should instead be
altributed 10 HDAC inhibitory activity of VPA. which was previously
demonstraned W cause MDR/ gene up-regulation (Eyal et al., 2006).
Thus, we hypothesize that the total induction of MDR] mRNA
expression in LS174T cells transfected with CAR and PXR might be
asum 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 VPA on CYP3A4 mRNA up-regulation
is mediated by a transcription factor(s}, since HDAC inhibition did not
result in induction of human CYP3A4 or its rat homolog Cyp3a2
MRNA (Rodriguez-Antona et al., 2003; Eyal et al., 2006), Neverthe-
less, we hypothesize that HDAC inhibitory activity of VPA synergis-
lically augments the effect of rifampicin in PXR-mediated up-regu-
ltion ol CYP3A4 mRNA in primary human hepawcyles (Fig. 7C).

The interaction of VPA with CAR was investigated in more delail
using EMSA, in which interaction of VPA with CAR/RXRa hel-
trodimer or CAR monomer (Frank ¢t al.. 2003) and responsive
elemenis of both CYP3A4 and MDR 1 promoters were examined. In
the presence of VPA, we detected augmenied binding of CAR/RXRa
heterodimer o the DR3 responsive element of CYP3A4 and 10 the
DR4 responsive element of MDRI1 (Fig. 7, A-D). Binding of CAR/
RXRar 0 the ERG element of CYP3A4 was not affected by VPA (data
Mot shown). which might correlate with low affinity of CAR/RXRa

CERVENY ET AL.

complex to bind the ERG motif and with minor role ol ERG in
CAR-mediated CYPIAS gene transactivation (Goodwin et al., 2002).
Interestingly, we also observed increased binding of the CAR mono-
mer to the DR3 molit of CYP3A4 promoter in the presence ol VPA
(Fig. 7C, lanc 2). Androstenol decreased the binding of CAR/RXRa
heterodimer and CAR monomer to DR3 and CAR/RXRex heterodimer
to DR4 in samples containing VPA (Fig. 7, A, C, and [3), which
provides us additional evidence that VPA transactivates CYP3A4 and
MDRI through CAR. Intercstingly, we observed a diflerence in the
VPA-activated CAR/RXRa heterodimer binding to the DR3 respon-
sive element in EMSA experiments performed using recombinam
CAR and RXRa protcins (Fig, 7A, lane 8) in comparison with the
experiments in which recombinant RXRea was replaced with nuclear
extract lrom HepG2 cells translected with expression vector encoding
RXRa (Fig. 7B, lane 7). Binding of CAR/RXRa complex with
recombinant in vitro translated RXRea 1o the DR3 motif was only
slightly augmented in the presence of VPA (—30%); however, using
a nuclear fruction of HepG2 celis translected with RXRex, we ob-
served a more than 4-fold effect of VPA on the CAR/RXRa/DR3
complex formation (Fig. 7B, lune 7). Based on this finding, we
hypothesize that the nuclear fraction of HepG2 cells could comain
another transcription colactor involved in regulation of CAR/RXRe
binding to DR3 w1 the presence of VPA.

Finally, we analyzed CYP3Ad enzymatic activity in LS174T cells
exposed Lo VPA (600 pM) for 48 h. As shown in Fig. 6. siznificant
increase of CYP3A4 activity was detected only in VPA-treated
LS174T cells transfceted with PXR expression vector (p =2 055, We
did not detect any alieration of CYP3A4 enzymatic activily in non-
transfected LS174T cells, although LS174T cells express PXR (our
unpublished data; Burk ct al., 2005b). With respect 1o this tact, we
suppose that CYP3A4 catlalytic activity can be increased only in cells
rich in PXR protwin,

In conclusion. we show that VPA mediales transactivation of
CYP3A4 and MDR1 genes via direet interaction with CAR nuclear
receptor. Furthermore, we present that VPA uvp-regulates CYP3A4
and its catalytic activity through PXR. With respect o the published
data on the effect of VPA in regulation of MDR/ gene expression, we
suggest that interaction of VPA with the CAR signaling pathway
together with VPA-mediated HDAC inhibition is the mechanism
involved in up-regulation MDRI gene. Becavse MDRI plays an
important role in the multidrug resistance {(MDR) phenomenon, we
assume that administration of VPA could lead to an increase in tumor
resistance against many anticancer drugs, which are transported by
P-glycoprotein. Finally, our data indicate that VPA in clinically rel-
evanl concentrations during treatment of schizoallective disorders,
acule mania, and relractory epilepsy, when VPA plasma concentra-
tions range within 500 to 1000 uM. could cause drug-drug interac-
tions with coadministered drugs that are metabolized by CYP3A4.
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Abstract

The placenial trophoblast at different stages of pregnancy contains some drug transporters and xencbiotic-metabolising enzymes, as well as
ligand-activated nuclear receptors, which control their inducible transcriptional regulation. Glucocorticoid reeeptor o (GRa) is expressed i both
placental syncytiotrophoblast and cytotrophoblast. GRe. was shown 1o control inducible expression of several enzymes ol the cytochrome P-450
fimily (CYP} and the drug transporter P-glycoprotein in the liver. However, GRe-mediated transcriptional regulation of drug transporters and
CYPs has not been studicd in the placental trophoblast. In this study, we examined the expression and activity of GRet in the transcriptional reg-
lation o P-glycoprotein, CYP3A4, and CYP2CY in placental trophoblast cell lines. Employing RT—PCR, Western blotting, and lucilerase gene
rporter assay, we detected the expression and activity of GRa« in JEG3 and BeWo cell lines. However, we observed that only MDRT mRNA was
sp-regulated after treatment of placental cells with dexamethasone. Accordingly, only the promoter of the MDRJ gene was activated by deximeth-
\sone in gene reporter assays in placental cells and the activation was abolished by RU486, an antagonist of GRa. CYP3A4 and CYI2C9
promoters were activated in placental cells only after co-translection with hepatoeyte nuclear factor dor (HNF4<), which indieates the hepato-
gte-specific character ol GRa-mediated regulation ol the genes. On the other hand, coexpression of HNFdg, had no eifect on the activation
ofthe MR gene promoter, suggesting HNFde-independent regulation via GRee. We conclude that GRa may be involved in the transeriptional
tgulation of P-glycoprotein in the placemal trophoblast. We also indicate that the CYP3A4 and CYP2C9 genes are not inducible through GRx in
\acental cell lines. due to the lack of HNF4e: expression and possibly some additional hepatocyte-specific transeriptional factors,

{02007 Elsevier Ltd. All rights reserved.

Keywards: Glucocorticoid receptor; Transcriptional regulation; P-glycoprotein; CYP3A4; Placenta, Cell lines; Placental barrier

L Introduction stages of pregnancy, alihough only few of them bave the finc-

tional catalyiic activity to metabolise xenobiotics [1—3].

Throughout pregnancy, the placental trophoblast contains
Some drug transporters and enzymes of both phase I and II of
Sbiotransformation [1—3). Several enzymes of the cytochrome
P450 family (CYP) such as CYPIAL. CYP2C, 2El, 3A4-7,
ind 4B 1 are expressed in the placental trophoblast at different
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P-glycoprotein (P-gp), a membrane efflux transporier encoded
by the ABCB/! gene (MDR1), is highly expressed in the placen-
tal syncytiotrophoblast at different stages of pregnancy |6-8].
P-gp contributes to both xenobiotic [9—14] and glucocorticoid
[14] barriers in the chorioallantoic placenta. CYP3IA4 and
CYP2C9 arc major CYP enzymes involved in the hepatic me-
tabolism of xenobiotics and the biotransformation ol steroid
hormones such as estrogens and testosterone [ 1],
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Significant progress has been made over the past few years
in unravelling hormone/xenobiotics-mediated induction mech-
anisms through nuclear receptors 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
processes in the placental trophoblast [2,3,13,16].

Glucocorticoid receptor o (GRa) is a ubiquitous nuclear re-
ceplor, which transcriptionally regulates numerous genes
through its binding to GRa response elements (GREs} in pro-
moter regions of target genes. Expression of GRa was detected
both in the syncytiotrophoblast and cytotrophoblast of human
[17] and rodent placentas [18]; however, GRe-mediated tran-
scriptional regulation of any drug transporter or GRo-regulated
cnzyme of the CYP family has not yet been systematically
studied in the placcntal trophoblast [16].

The objectives of the study were to examine the expression
and activity of GR« in two placental trophoblast cell lines in
the transcriptional regulation of the MDRI, CYP3A4, and
CYP2C9 genes. These major genes involved in xenobiotic and
steroid hormone disposition are well characterised as GRa-
regulated genes in hepatocytes [19—23]. Hercin, we hypothes-
ised that GRa could up-regulate these genes at the transcriptional
level in the placenta. In addition, we examined whether the
placental absence of hepatocyte nuclear factor 4o (HNFda,
NRZA1) is a limitation of the GRa-mediated transcriptional
regulation of the tested genes. The hepatocyte-specific trans-
criptional factor has been recently identified as the critical
cofactor in the pregnane X receptor (hPXR, SXR})- and constitu-
tive androstane receptor (CAR)-mediated transcriptional up-
regulation of CYP3A4 and CYP2C9 in hepatic cells [24,25].
However. the mechanisms of GRa-mediated regulation in the
placental trophoblast or other extrahepatic cells and the contribu-
tion of HNF4a to the GRa-mediated transactivation of these
CYPs and P-gp have not been investigated so far.

2, Methods
2.1. Chemicals

Dexanwthasone, mitepristone (RU486), lorskolin, charcoal, and cell cul-
ture media were purchased from Sigma—Aldrich (St Louis, MO, USA).

2.2. Plasniids

In order to evaluate the comprehensively transcriptional activation of pro-
moters for the tested genes in placental cell lines, we used luciferase reporter
constructs with full-range basal and enhancer promoter sequences of CYP3A4,
MDRI, and CYP2CY gencs [24—27]. A chimeric pJA4-fuc luciferase reporter
plasmid containing the basal promoter (—362/4-53) and the distal xenobiotic-
responsive enhancer module (XREM) (- 7836/ 7208) of the CYP3IA4 gene
§-tlanking region was described by Goodwin et al. [26]. The plasmid contains
an HNF4a binding site at —7783 to —7771 [24]. The reporter plasmid
p-79751AT012—1804) of the MDRI gene (pMDR/{-luc) has been described
belore [27). The reporter plasmid p2088 (-2088/+21)-lue (herein called
P2CY-fuc) was kindly provided by Dr. Gerbal-Chalvin (INSERM U672, Mont-
pellier, France) [21]. Constructed plasmids were sequenced using a Big Dye
Terminator Cycle Sequencing method {Applied Biosystems, Rockville, MD,
USA). pGRE-fne plasmid harbouring four copies of the consensus GRE up-
stream of TATA box was purchased from Siratagene (La Jolla, CA, USA).
The exprossion plasmid encoding human GRe (pSG5-NGRa) was a generous

gift from Dr. J. Palvimo (Umversity of Helsinki, Helsinki, Finland). pcDNA3-
HNF4a2 expression plssmid was kKindly donated by Dr. B Laine (INSERM
Unit 459, Litle, France), A chimaera mouse GRo-GIP expression plasinid
was a kind gift from Dr. W.B, Print [25].

2.3. Cell lines and transient transfection assays

The human chorivcarcinoma cytotrophoblast cell line JEG-3 was cultured
in MEM medicn supplemented with 1% non-essential amino acids (NEAA),
I mM sodium pyruvate, and §0% FBS (PAA, Pasching, Austrin). BeWo, u tro-
phoblast cell line derived from human choriocarcinoma, was maintained in
Ham'’s F12 medivin supplemented with 10% F3S. HepG2 human Caucasian
hepatocyte carcinoma cells were culiured in DMEM medionm supplenwentied
with 0% FBS and 1% NEAA. All cell lines were purchased from the Luro-
pean Collection of Cell Cultures (ECACC, Salisbury, UK} and were used
within 25 passages after delivery. Cell lines were cultivined withom antibiotics
and experiments were performed in phenol red-free media (Invicrogen/Gibeao,
Carlshad, CA. USA) with charcoalfdextran-stripped FBS. In order 10 promore
fusion of cytotrophoblast BeWo cells into the syneytiotrophoblast, BeWa eells
were treated in separate experiments with 100 pM forskolin for 48 h [29),

Calls were seeded (7 x 10° per well for BeWo and JEG3; 2 x 107 per well
for HepG2) in 48-well plutes and transfected 24 h Tauer with jedPEl tninsfection
reagent (Polyplus-Transfection, 1lkirch, France). Usually, (1.5 pug of o reporter
plasmid, 30 ng of pRL-TK cncoding renilla luciferase (Promega, Madison,
WI, USA), 50 ng of an expression plasmid andfor appropriate empty expres-
sion vector (to normalise DNA/nsfection reagent ratio) were vsed for the
transfection of cells in one well. After 24 h preincubation in media with
10% charcoul/dextran-stripped FBS, the medium was replaced and wxsted com-
pounds or DMSQ (vehicle, 0.1%) were added to the cells. The cells were
maintained for a further 24 or 48 h in the presence of tested compounds in me-
dium supplemented with 10% charcoal/dextran-stripped FBS. Dual luciferuse
assays were performed according o manufacturer’s instructions (Promegu}
using a Tecan luminometer (Tecan Group, Munnedorf, Switzerland).

2.4. Isolation of total RNA and quantitative
real-time RT=PCR analysis

Total RNA isolation, reverse transcription and Tagdlan RT—PCR were
performed as described previously (30]. RT=PCR with SYBRGreen ehemistry
was performed as deseribed [31} under conditions common for all genes
(anpealing temperature of 60 °C, 3 mM MgCls). Primers and probes designed
to bridge exon—exon junctions are specified in Table 1. Pfafil’s mcthod was
applied for the retutive quantitication of geve expression normalised 1w endog-
enous control {housckeeping) gencs [32]. The delta=delta method with vali-
dated PCR cfficiency for both genes was used for comparison of GR% and
HNF4e expression in different ¢ell lines and nssues [12],

2.5. Human cywirophoblast isolation
and preparation of tissue samples

Human tissue samples were obtained according to pratacols approved by
the Ethics Committees of the Charles University in Prague and the Pulacky
University in Olomouce, complying with current Czech legishation,

The method deseribed by Kliman et al, [33] was used for the preparation of
isolated eytotrophoblast from term human placenta.

For the preparmion of pooled human fiver samples of wial RNA and
whole-cell protein fraction, 300-mg picces of frozen {70 °C) liver tissue
from five Caucasian male donors were pooled, Similarly, the posled placemal
sample was prepared from live term placentas of Caucasian nor-smoking
women. Tissue sumples were either homogenised for total RNA isolation
with Trizol® reagent according to the manufacturer’s instructions (1 itrogen)
with a pestle homogeniser or homogenised with a pestle hemogeniser in jce-
cold RIPA buffer (1x PBS, 1% Nonidet P-40, 0.5% sodiwm deovycholae,
0.1% SDS, Ix Roche inhibitor cocktail, pH 7.4). Whaole-cell lysate was
spun down at 10,000 x g for 10 min at 4 “C and the supermatint vas stored
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Table 1

fequences of primers and probes used for RT-PCR

Gene Primers and probes

e Forward 5-AAACCTTACTGCTTCTCTCTTCA-3'

Reverse ¥'-CTTAAGGAGATTTTCAACCACTTC-3'

Forward 3-GGGTGTCCATACGCATCCTT-3'

Reverse 5'-GCGGTCGTTGATGTAGTCCT-¥

Forward -TTCAGCAAGAAGAACAAGGACAA-Y

Reverse 5'-GGTTGAAGAAGTCCTCCTAAGC-Y

Forward ¥-GGACATGAACAACCCTCAGG-Y

Reverse 3-TGCTTGTCGTCTCTGTCCCA-3

Probe TAMRA® 5-AAAACACTGCAGTTGACTTGTTTGGAGC-3 BHQ]"
Forward 5'-TGCTCAGACAGGATGTGAGTTG-3

Reverse 5-AATTACAGCAAGCCTGGAACC-Y

TagMan probe TAMRA 5'-TAACTTGAGCAGCATCATTGGCGAGCCT-3" BHQ
Forward primer: 5'-CGTGTGAACCATGTGACTTTGTC-3'

| Reverse primer: 5'-CATCTTCAAACCTCCATGATGC-3'

| Hhypoxanthine-guanine phosphoribosyt
1 trensferase (HPRT)

Forward 5-CTGGAAAGAATGTCTTGATTGTGG-3
Reverse 5'-TTTGGATTATACTGCCTGACCAAG-3
TagMan probe TAMRA 5-AATTGACACTGGCAAAACAATGCAGACTTTG-3" 3HQ!

| * TAMRA, wetramethylthodamine.
® BHQI. black hele yuencher 1.

| 31 =70 °C. Homogenisation and RNA isolation from cells was performed with
| Trizo reagent according to the manufacturer’s instructions,

jl 16. Western blots
Immunodetection of GRz in total cellular lysates was performed using the
potacol deseribed previously [30], Blots were probed with the primary rubbit
mtibody GR(LE-203X {sc-1003) at a dilution 1:1000 (Sanma Cruz Biotechnol-
ogy, Sant Cruz, CA, USA). Chemiluminescence detection was performed
ising an HRP-conjugated sccondary antibody and an ECL kil (GE Healthcare,

Linle Chaltom, UK).

2.7. Microscopy

Cells plated in 6- or 12-well plates were transfected with the GR-GFP

| fusion expression plasmid (320 ng DNAJem?) encoding o chimaera of the

meen Auorescence protein (GFP) and GR [28). GFP fluorescence was visual-

sed from the sime Tiving cells on a Nikon Eelipse mieroscope with a FITC

filer 24 h after transfection in the presence or absence of | pM dexamethasone
I medium.

18. Stenistical analyses

All bars indicate the means 4 standard deviations (SD). One- or two-way
ANOVA with Bonferroni or Dunnett’s tests was used for data analysis, where
Ppropriate,

3. Results

L1, Characterisation of expression and activity of GRa
i placentaf JEG3 and BeWo cell lines in compurison
with hepatoma HepG2 cell line

Employing RT—PCR, we detected the highest expression of
GRe. mRNA in HepG2 cells and in the pooled placental tissue
sample; expression of GRee mRNA in additional samples de-

| treased in the following order: liver > JEG3 > isolated cyto-
rophoblast > BeWo (Fig. 1A). HNF4a mRNA levels were

below the detection limit in placental samples or placental
cell lines, but was abundant in HepG2 cells (FFig. 1A).

In Western blot experiments, we detected the highest level
of GRa pratein in HepG2, pooled liver, and placental saniples;
levels of GRa protein in JEG3 and BeWo cells were lower
(Fig. 1B).

In order to assess GRe activity in BeWo and JEG3 human
choriocarcinoma trophoblast cell fines, we examined the capu-
bility of endogenous GRet to transactivate pGRE-luc reporter
plasmid transiently transfected into cells that were later cx-
posed to dexamethasone (100 nM) for 24 h. Dexamcthasone
dramatically activated the reporter construct in JEG3 and
HepG2 cells (22- and 45-fold respectively), which indicates
high activity of endogenous GRe in these c¢ell lines
(Fig. 1C). On the other hand, treatment of BeWo cells 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 cffect on the activation (Fig. 1C). Sur-
prisingly, we observed a dramatic increase (p < 0.001) in the
activation of pGRE-luc in BeWo and JEG3 cells co-transiecied
with a GRa expression vector in the absence of dexamcthasone
in media (Fig. 1C). In order to explain this phenomenon we
uscd RU486, which is a potent antagonist of GRe. We observed
that RU486 significuntly repressed the activation of pGRE-luc
in BeWo and JEG3 cells co-transfected with GRa (p < 0.001;
Fig. 1C), which may document the activation of GR%« by
a putative intracellular ligand in BeWo and JEG3 cells,

[n order to support the hypothesis, we used GR-GIP expres-
sion plasmid encoding the fusion protein of GFP and mousc GR.
In the case of JEG3 and BeWo cells cultured without dexameth-
asone, Huorescence of the GR-GFP chimaera protein was local-
ised mostly in the nucleus, which indicates ligand-mediated
translocation of GR-GFP to the nucleus (Fig. 1D). In HepG2
cells, we observed comparable GR-GFP fuorescence in both
the cytoplasm and the nucleus and fast translocation of the chi-
maera 1o the nucleus after addition of | pM dexamethasone to
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Fig. 1. Activity and expression of GRat in the placenta. isolated cytotrophoblasts and placental BeWo and JIZG3 cell Tines in comparison with the liver and HepG2 cell
lines, (A) Relative expression of GRe and HNF4o mRNAs analysed by RT=PCR. Expression of GR4 was related 1o the pooled placental sample (10040 and ex-
pression of [iNFae to the liver sample. Cyto, isolated eytoirophoblasis; BDL, below detection limit. (B) Western blok analysis of GRa protein. GRe was analysed in
the total cellular lysates using primary rabbit antibody as described in the section Methods. (C) Transactivation of pGRE-lue reporter plasmid by dexuniethasone in
placental BeWo, JEG3, and HepG2 cell lines. The reporter plasmid containing four copies of the consensus GRE sequence was co-transfected (300 ng) into cells
along with 50 ng of GRe expression vector pSGS-hGRa or an empty expression vector and renibli luciferase expression vector pRL-TK for iransfection normyal-
isation. Cells were treated with 100 nM dexamethasone (Dex) for 24 h. Cell lysates were analysed for firefly fucifernse activity normalised 1o renithe lnciferase.
Relative activation of the reporter construct is presented as -fold activation relative to control (vehicle-treated cells), Bars show the means 2 SD of a representative
experiment performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0,001: staistically different from control, or *p < 0,05, **p < 0.001 from GRa-1ansTeeted
cells, RU4SG significantly repressed activation of pGRE-luc in cells co-transfected with pSG5-hGRx«, 7 7 p < 0.001 (ANOVA with Bonferroni); NA, nol anzilysed,
(D) Expression of chimaeric GR-GFP prowcin. Cells were transfected with the chimaera GR-GFP expression vector as described in Muthods, Flunrescenve was
visualised in living cells 24 b after transfection employing fluorescent microscopy. The sume HepG2 cells were photographed before (—Dex) and after 15 min

of incubition in the presence of | pM dexamethasone (+Dex) (lower panels). Arrows indicate nuclei. Bars represent [0 um.

the medium (Fig. 1D). Thus, we suppose that the nuclear local-
isation of the chimaera and activation of pGRE-lu¢ in the
absence of dexamethasone likely indicate the intracellular pres-
ence of (a) GRat ligand(s) in the trophoblast cell lines studied.

3.2, Effect of dexamethasone on expression of MDRI,
CYP3A4, und CYP2C9 mRNAs and activation
of their promoters in JEG3 cells

As shown in Fig. 2A, MDR! mRNA was modestly, but sig-
nificantly (p < 0.03) up-regulated by dexamethasone in JEG3
cells. Contrary to MDRI, we observed down-regulation of
CYP2C9 mRNA related to the HPRT and B2M housckeeping
genes (Fig, 2A). Expression of CYP3A4 mRNA was not
changed significantly after treatment of JEG3 cells with indi-
caled concentrations of dexamethasone (Fig, 2A).

In other experiments, we obscrved statistically significant
(p < 0.05) activation of pMDRI-luc repotter plasmid in pla-
cental JEG3 cells after 24- or 48-h exposure to dexamethasone
(Figs. 2B, 3, 4). We did not detect any significant activation of
cither p2C9-luc or p3A4-luc reporter constructs in JEG3 cells
after treatmeni with dexamethasone for 24 or 48 h (Figs, 2B, 3,
48-h data not shown).

3.3. Involvement of GRa and HNFda in transcriptional
activation of MDRI, CYP3A4, and CYP2C9
promoters in lransient transfection assays

In the next experiments, we tested whether GRe is involved
in the transcriptional activation of the MDRT promoter. In par-
allel. we examined whether HNFda is essentinl for GRe-
mediated transactivation of the MDRI, CYP2CO9, and CYP3A4
genes. Therefore, luciferase reporter constructs were  co-
transfected into JEG3 cells together with GRe and HNFde
expression plasmids cither individually or in combination,
As shown in Fig. 3, dexamethasone (100 nM) significantly
up-regulated pMDRI-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 GRe ex-
pression plasmid in the absence of dexamethasone also
yielded statistically significant (p < 0.05) activation of the
MDRI promoter (Figs. 3 and 4). On the other hand, expres-
sion of HNFde in JEG3 cells had no cffect on the activation

of the pMDR 1-luc construct (Fig. 3).

Next, we examined the transcriptional activation of the
CYP2C9 promoter using p2C9-luc luciferase reporter con-
struct in JEG3 cells co-transfected with GRe. and/or HNFdz,
Dexamethasene significantly up-regulated p2C9-lue reporter
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Fig. 2. Lffect of dexamethasone on expression of MORI, CYP2CS, and
CYP3Ad mRNAs and transuctivation of their luciferase reporter vectors in
JEG3 cells. (A) RT—PCR analysis of mRNA expression of tested genes in
JEG3 cells. Twenty-four hours after seeding on plates, cells were exposed 1o
dexamethasone at the concentrations indicated for 48 h. The relative expres-
sion of MDR{, CYP2CY, and CYP3A4 mRNAs was normalised to the expres-
sion of cither HPRT or B2M housekeeping genes. Data are plotted as fold
induction relative 1o control. Values are derived from at feast three independent
experiments (n > 3) and are presented as the means & SD. (B) Activation of
lciferise geporter vectors with responsive promoter regions of MDRI,
CYP3IAL, and C¥P2CY genes by dexamethasone in JEG3 cell lines. Twenty-
four hours after transfection with Juciferase reporier plasmids, cells were
exposed 1o dexamethasone at the concentrations indicated for a further 24 h
before determination of firefly and renilla luciferase activities. Data of three
indepeadent cxperiments are plotied as fold activation relative to contrel
fvehicle-reated cells). *p < 0.05: significantly different from control (ANOVA
with Dunnctt’s test). ND, not determined.

luciferase activity in JEG3 cells co-transfected with a combina-
tion of HNF4e and GRe: (16-fold increase. p < 0.05). In addi-
tion, p2C9-luc was activated by dexamethasone in JEG3 cells
co-transfected individually with HNF4e (1.8-fold, p < 0.05;
Fig. 3). We did not observe any statistically significant activation
of the p2C9-luc construct in JEG3 cells co-transfected with the
GRe. expression vector alone and treated with dexamethasone.

In the case of CYP3A4, we observed a 1.9-fold (p < 0.05)
activation of p3A4-luc reporter in JEG3 cells co-transfected si-
multancously with both GRa and HNF4o expression plasmids
and treawed with dexamethasone (Fig. 3). Individual expression
of cither GRa or HNFde and treatment with dexamethasone
had no significant cffect 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 reporter plasmids studied (two-way ANOVA,
P < 0.001). In HepG2 cells, we obscrved a slight (2.0-fold;

performed with 50 ng of each expression plasmid per well andfor with an
empty expression vector to retain the DNAransfection reagent ratic. Cells
were treated with 100 nM dexamethasone for 24 b before dererminition of
firefly and renilla Juciferase activities, Data are shown as the nicans 4- SD of
three independent experiments and plotted as fold acivation relative 10 comral
(DMSO-treated cells). *p < 0.05: statistically different from control (ANOVA
with Bonferroni). Activation of pMDR1-luc in GRe-trunsfected colls is signif
icantly augmented by dexamethasone, *p < 0.05 (ANOVA with Bonteironi).

p < 0.05}) activation of p3Ad-luc reporter construct co-irms-
fected with a GRe expression vector into cells exposcd to dexa-
methasone and a 2.2-fold activation in cells simubtancously
co-transfected with both GRer and HNFde. and treated with
dexamethasone (data not shown). Empty reporier vectors
pGL3-Basic and pRL-TK were not significantly aflccied by
GRa andfor HNFda. and treatment with dexamethasone in
our experiments.

3.4. HNFda-independent activation of pMDR {-luc via
GRa in placental JEG3 and HepG2 cell lines

To further demonstrate the role of GRea in the tansactiva-
tion of MDRI promoter in both placental and HepG2 cells,
we used RU486, a potent antagonist of the GR« recepter. As
expected, RU486 efficiently abrogated the dexwmethasone-
induced activation of pMDR1-luc (Fig. 4}. In addition, trans-
fection of cells with a GRa expression vector also resulied
in significant (p < 0.05) activation of pMDRI-luc in both
JEG3 and HepG2 cells (Fig. 4).

Surprisingly, dexamethasone did not significantly aclivate
pMDRL-luc in HepG2 cells, although the cell line expicsses
abundant endogenous GRe. This would indicate that the level
of endugenous GRe is not sufficient to transactivate pMDRI-
luc in HepG2 cells in relation to the balance of other transcrip-
tional factors that probably suppress GRe-mediated activation
of the construct in HepG2 cells. Alternatively, we can specu-
late that an efflux transporter such as P-gp restricts the enlry
of dexamethasone into HepG2 cells. Consistently, two-way
ANOVA analysis confirms that profiles of response in IEG3
and HepG2 cell lines differ significantly (p < 0.01).

3.5. Activation of CYP2C9 promoter in
placental and HepG2 cells

In order to implicate the absence of placental HNFds
expression as the cause of CYP2C9 non-responsivencss Lo
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Fig. 4. GRx-mediated activation of MDR ) promoter in JEG3 and HepG2 cell
lines. Cells were co-transfected with pMDR I-lue reporter construct (500 ng)
and pSG3-hGR 2 (or empty pSGS) expression vector (50 ng). After 24 h of cul-
tivation. cells were exposed to 100 nM dexamethasone (Dex) or a combination
of dexamethasone (100 nM) and RU486 (1 1M) for 48 h before determination
of firely and renilla luciferase activities. Data are presenied as the
means £ SI of three independent experiments and plotied as fold activation
relative 1o control. *p < 0.05 and ***p < 0.001: statistically different from
control: *p < 0.05: staustically different from GRo-transfected cells; RU486
significantly decreased activation of pMDR |-luc by dexamethasone in GRe-
transfected cells at 'p = 0.05 and ''p < 0.01 {ANOVA with Bonferroni).

dexumethasone (Fig. 3), we performed comparative experi-
ments with p2C9-luc in hepatoma HepG2 {(HNF4e cxpressing)
versus placental BeWo and JEG3 (HNF4a lacking) cells. We
observed that p2C9-luc was significantly activated by dexa-
methasone at concentrations of 100 nM and was higher in
HepG2 cells, but not in placental cell lines (Fig. 5A).

In additional experiments, the p2C9-luc reporter construct
was co-transfected into both JEG3 and HepG2 cells with
a GRo. expression vector. Fig. 5B shows that the p2C9-luc re-
porter construct was significantly activated ( p < 0.05) by dexa-
methasone in the presence of overexpressed GRa in HepG2
cells. By contrast, we did not considerably activate the reporter
construct by dexamcthasone in any placental cells co-
transfected with GRa (Fig. 5B).

In parallel experiments, we did not detect any significant
effect ol syncytialisation of BeWo cells afler treatment with
forskolin (100 uM) on the activation of cither pGRE-luc
(Fig, 1C) or p2CY-luc (Fig. 5A) plasmids in BeWo cells.

4. Discussion

Understanding placental transfer and metabolism of xeno-
biotics has significant clinical relevance for both maternal
and fetal  welfare. Drug transporters and  xenobiotic-
metabolising enzymes are important factors that determine
placental transfer of some drugs, toxins, and endogenous
steroid hormones across the placenta {1—3]. However, little
is known about their transcriptional rcgulation via steroid
hormones/xenobiotic-activated transcriptional factors in the
placenta.

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

fold activation
»

L
control 10 nM 100 nM 1uM 10 pM
Dexamethasone
B 207 p2CY%-luc N
=3IBeWo *
15 4 JJEG3
g EHepG2
=
o
3 101
g ®
z 5]
o
£
25 1 *
Jdana anll anfl AN
controt Dex 100 nM GRa GRa+ Dex 100 nM

Fig. 5. GRa-mediaied activation of p2C9-luc reperter plasmid io placentl and
HepG2 cell lines, (A) Dose-dependent activation of p2C9-Iuc reporter plasmid
in placental and HepG2 cell lines by dexamethasone, Twenty-four hours atler
transfection of p2C9-lue into cells, dexamethasone was added to mediumn at
the indicated concentrations for 24 h. Forskolin (100 puM) was used o promote
differcrtiation of BeWo cells to syneytinm, *p < 0,05 (ANOVA with Daonen’s
test), (B) GRe-mediated transactivation of the p2CY-luc reporter construct in
placental cell lines in comparison with HepG2 cell lines. Cells were co-
transfected with the p2C9-luc reporter (500 ng) and pSGS-hGR= cxpression
veetor (50 ng). After 24 h of cultivation, cells were exposed 1o 100 n3 dexa-
methasone (Dex) for 24 h hefore determination of ficelly and renilla luciferase
activities. Datz of three independent experiments (1 = 3) are proesented as the
means £ SDy *p < 0,05: sttistically different from contral (13MSO 0.1%1
*p < 0.05: statistically different from GRa-transfected cells {ANOVA with
RBonferront).

also show the distinet lack of GRa-mediated transeriptional reg-
ulation for CYP2C9 and CYP3A4 in placental versus hepatic
cells, consistent with the crucial role of HNFde in the hepatic
GRo-mediated transcriptional regulation of the genes,

Qur in virre data also indicate that GRat is localiseil in nu
clei of placental trophoblast cell lines and activates pGRE-lue
in the absence of dexamethasone in media. Accordinzly, Lee
and coworkers described abundant nuclear localisation of ser-
ine-211 phosphorylated GRe, a ligand-activated form of GR#,
in the placental trophoblast [17]. We hypothesise that this phe-
nomenon might be caused by endogenous sterotd intermedi-
ates synthesised in the placental trophoblast. Nevertheless,
we cannot rule out a residuat effect of steroid hormones
from cultivation media in placental cell lines in our experi-
ments. In addition, we show that fusion of BeWo cells ino dif-
ferentiated syncytium should not have any significant elfect on
GRa signalling in the cell line (Fig. 1C) [2H].

Recently. we have demonstrated the function of rat P-gp
orthologues  in both  maternal-fetal  and  feal-maternal
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Pmmmuokinctics of their substrates across the rat placenta
and regulation  of their expression within  pregnancy
[11.12.31]. However, transcriptional regulation of P-gp
through GRe has not been systematically studied so far in
the placental trophoblast. We show herein activation of the
MDRI reporter construct and induction of MDRI mRNA in
placental JEG3 cells treated with dexamethasone and/for trans-
fected with a GRa expression vector (Figs. 2—4). RU486,
a prototypical GRa antagonist, abolished GRo-mediated acti-
vation of the MDR/! reporter construct both in JEG3 and
HepG2 cells (Fig. 4). Our data thus demonstrate for the first
ime that MDR/ is regulated through GRa at the transcrip-
ional level, Nevertheless, the observed activation of the
MDRI promoter was modest (about 5-fold) even in GRa-over-
expressing cells. which would indicate that other facior(s)
would likely be involved in the maximal activation of MDR/
promoter. Since no functional GRE sequence has been de-
scribed in the human MDRI promoter so far, we can only
speculate about an indirect regulation of the MDR/! gene by
glucocorticoids via a basal transcriptional facter [23].

Or note, there is negative corrclation between the rising
level of cortisol in maternal blood [34] and increasing expres-
sion of placental GRe throughout pregnancy [35] in compari-
son with diminishing expression of P-gp in the placental
rophoblast toward term [6--8], suggesting that GRe. is un-
likely to play a major role in the basal expression of placental
P-gp during pregnancy. However, the current study indicates
that regulation of the MDR{ gene may be relevant by exoge-
nous glucocorticoids anienatally administered to pregnant
women in the treatment of a range of disorders [36,37] result-
ing in ¢levated maternal blood glucocorticoid activity.

[n co-transfection experiments with GRa and HNF4a ex-
pression vectors, we show that the MDR/ promoter is activated
via GRe independently on HNF4w (Figs. 3 and 4). Thus, we
can speculate that MOR I might also be inducible by glucocor-
ticoids in cxtrahepatic tissues with a low cxpression of
HNF4e.

In additional experiments, we focused on the GRa-medi-
ated regulation of CYP3A4 in placental cell lines. Scveral
mechanisms  of GRa-mediated transcriptional  regulation
have been proposed for the principal CYP enzyme in hepatic
cells [19,22,38]. We detected only minor activation of the
CYP3A4 promoter in JEG3 cell lines cxposed to dexametha-
sone and co-transfected with a combination of GRa and
HNF4e¢ (Fig. 3). Thus, our data are consistent with a role of
HNF4e and other hepatocyte-specific transcriptional factor(s)
in the GRe-mediated regulation of CYP3A4 in the liver.

CYP2CY is dominantly expressed in the adult human liver,
expression in the first term placenta was detected only at the
level of mRNA [5). CYP2C9 is transcriptionally up-regulated
by the functional GRE in hepatocytes [21]. Recently, Chen
and co-workers suggested that HINF4« is not required for the
GRo-mediated activation of the CYP2C9 promoter [25]. In
our cxperiments, however, the CYP2C9 reporter construct was
substantially activated by dexamethasone only in placental tro-
phoblast cells co-transfected simulitaneously with GRa and
HNF4g (Fig. 3) or in HepG2 cells expressing endogenous

HNF4e (Fig. 5). These data suggest that the abscnce of
HNF4a is onc possible cause of CYP2CY reporter plismid
non-responsivencss (o dexamethasone in placental ¢ells, Inad-
dition to this, we show that CYD2C9 mRNA was down-regulited
after treatment of JEG3 cells with dexamethasone (Fig. 2A),
which is possibly due to a decrease in CYP2C9 mRNA swbility
in the cell line, although this is yet to be established.

I[n conclusion, we demonstrate an ability of GR« 10 up-reg-
ulate P-gp mRNA in placental trophoblast cells. We show for
the first time that the human MDRT is transcriptionally acti-
vated through GRe in placental and hepatic cells and that
the process is HNF4a-independent. In addition, we have iden-
tified the absence of HNF4« in placental cell lines as the ¢ause
of CYP3A4 and CYP2C9 prometer non-responsiveness 1o glu-
cocorticoids. Taken together, these findings will give a betier
understanding of the regulation of placental drug transporters
and CYPs.
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| Souhrn
| Pavek B, Cerveny L., Micuda S., Staud F, Novotn4-Ceékovd M., Fendrich Z. Nukledrni receptory. Remedia 2005; 15: 406-409.

Nukiedrni receptory PXR a CAR regulujf na zakladé interakce s xenobiotiky expresi enzymdi 1. a Hi. faze biotransformace a nékterych deto-
xifika&nich lékovych transportérd, Ve vatsiné pipady se jednd o indukci exprese (up-regulaci) cllovych gend, které se piimo podilgji na bic-
transfarmact nebo exkreci xenobiotik. Timto mechanismem mohou nuklearni receptory vyrazné modifikovat expozici organismu xenobioti-
ku, proto jsou Gasto oznadovény jako xenosenzory. Je-If xenobiotikem lédivo — miZe byt aktivace receptord PXR nebo CAR pficinou
farmakokinetickych lekowych interakel, pri kterych lé¢ivo zvyduje aktivitu biotransformadnich enzymil nebo transporténd podilejicich se na eli-
minaci jiného spolupodaného lédiva, a ménf tak feho farmakokinetické a pfipadné i farmakodynamické viastnosti. Je-Ii xenobiotikem toxic-
k4 l4tka, pak nukledmimi receptory zprostiedkovangé urychienf eliminace pledstavuje jeden ze zakladnich homeostatickych obrannych n echa-
msmi. Cilem tohoto plehledového &lanku fe pfiblizit nukledrni receptory PXR a CAR jako dileZité faktory farmakokinetickych 1k ovych
interakci.

Klitova slova: lskové interakce - nukledrmi receptory — pregnanovy X receptor (PXR) — konstitutivnl androstanovy receptor (CAR).

Summary
Pavek P, Cerveny L., Miduda 5., Staud F, Novotna-Ceckova M., Fendrich Z. Nuklearni receptory. Remedia 2005; 15: 406-403.

Based on interaction with xenobiotics, PXR and CAR nuclear receptors regulate expression of phase [ and Il biotransformation enzymes and
some detoxication drug transporters. In most cases, expression {up-regulation) of target genes directly involved in biotransformation or
excretion of xenobiotics is induced. By this mechanism, nuclear receptors markedly modify exposure of the organism to the xenobiolic,
and that is why they are often called xenosensors. If the xenobiotic is a drug, then activation of PXR and CAR receptors can cause pharma-
{ cokinetic drug interactions with the drug enhancing activity of biotransformation enzymes or transporters involved in elimination of another
| co-administered drug which may lead in turn to changes in pharmacokinetic and possibly also pharmacodynamic properties of the latter.

if the xenobiotic is a toxic substance, then the nuclear receptor mediated enhancement of elimination is one of the major hoemeo-
| static protective mechanisms. The objective of this review article is to present the PXR and CAR nuclear receptors as important factors

e

106

|
|

in pharmacokinetic drug interactions.

Key words: drug interactions — nuclear receptors — pregnane X recepltor (PXR) - constitutive androstane receptor (CAR).

Uvod

Inclukeni Udinky &&iv 1 hormonaini udi-
nek endogennich steroidl jsou zaloZeny
na aviivnéni exprese cilovych genl pro-
stfednictvim aktivace tzv. nuklearnich
receptorl. Tento proces umoZiuje tran-
skripéni regulaci konkrétnich gend podie
aktudlinich potfeb organismu. V tomto ohle-
du jsou vyznamné mimo jiné zmény
v expresi genll biotransformacnich enzy-
md a transportnich proteind, kieré pred-
stavuji zakladni eliminaéni mechanismus
branici kumulaci nékterych endogennich
latek nebo xenobiotik. Nejnov&jsi literarni
udaje ukazuji, Ze Kli¢ovou roli v transkripé-
ni regulaci téchto detoxikacnich proces(
maji dva nuklearni receptory — pregnana-
vy X receptor a konstitutivni androstanovy
receptor.

Pregnanovy X receptor {Pregnane X re-
ceptor, PXR, NR112, syn. steroid X recep-
tor, SXR) a konstitutivni androstanovy re-

Nuklearni receplory

ceptor (Constitutive androstane receptor,
CAR, NR113} ndleZl do ligandem aktivo-
vané" radiny transkripcnich faktor( a jsou
oznadovany jako tzv. nukleadrni receptory.
Spolecnd s PXR a CAR do télo rodiny nale-
#i také receptor pro vitamin D (VDR], gluko-
kortikeidni receptor (GRa), estrogenni
receptor (ER) a fada dalSich [1]. Recepto-
ry PXR a CAR se také nékdy oznacuiji jako
sirotéi {orphan) nuklearni receptory, proto-
Ze na rozdil od daldich zastupcd nuklear-
nich receptort nebyl dosud identifikovan
fyziologicky ligand, kiery by primérmé plso-
bil prostfednictvim PXR nebo CAR [1-4].
Rozvoj molekularnébiologickych metod
umoznil identifikaci exogennich ligandd (viz
déle), které v naprosté vét3ing vedou k akti-
vaci transkripce a indukci biotransformad-
nich enzymi a transportéri s naslednym
urychlenim eliminace xencbictik. Proto jsou
PXR a CAR nékdy oznacovany jako xeno-
senzory. Zajimavym faktem svéddicim

o lom, Ze PXR a CAR jsou primarné defen-
zivnim mechanismem organismu regulu-
jicim spise dispozici xenobiotik, a nikoli
uginek specifického endogenniho ligandu
nebo hormonu, je, 2& geneticky manipu-
lované mysi postradajici geny pro Pxr
a Car jsou normalné Zivotaschopne bez
abnormalit [5).

Struktura nuklearnich
receptoru

Protein nuklearniho receptoru jie sloZen
ze CtyF Casti: z moduldtorové domény inter-
aguijici s modulacnimi proteiny {(koakliva-
tory), domeény rozpoznavajici sp 2cificke
sekvence promotoroveé DNA (DBD - DNA
binding domain}, spojovaci s'ruktury
a domeény vazajici ligand (LBD - kgand bin-
ding domain). DBD svoji specifilou k pro-
motorové sekvenci konkrétnich gend uréu-
je $kalu gend, které jsou regulovany. LBD
tvoii jakousi kapsu, ve kieré ligandy neko-

|
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yalentn& interaguji s aminckyselinovymi  sekvence PXR-RE (PXR response element).  casné receptory PXR | CAR, coZ svedsi
skupinarmi LBD domény na zakladé jejich  V pfipadé nejdllezitéjdiho biotransfor- o uréitém pfekryvu specifity ligand(/akii-
chemické stericke struktury [1, 41 Mecha-  macéniho cytochromu P-450 CYP3Ad byla  vator( obou sirotdich receptort [4]. Ty >-
nismus akiivace nukledmich receptordl PXR  identifikovana dvé vazebnd mista ozna-  kymijevemje i tzv. autoindukee, tzn. 1é¢i-
a CAR viz obr. 1. Tento proces je velmi  ¢ovana jako proximalni a distalni, kterd  vo indukuje prostfednictvim PXR nebo CAR
komplikovany, spoluugastni se ho ddle  pro maximaini indukéni Ginek spolupra-  biotransformadéni enzymy nebo transpcr-
represorové proteiny, fada koaktivator  cuji [7]. PXR-RE rlznych genli jsou cha-  téry, pro které je samo substratem, a tin
j proteiny s enzymovou aktivitou oviiviiuji-  rakteristické velkou sekvenéni homologii,  urychli svou viastni eliminaci (napr. cart -
¢f chromatinovou strukturu DNA [1-4]. i kdyZ se v jednotlivych nukleotidech odli-  mazepin). Funkce bictransformacénich enz /- -
suji [2, 3). md, lékowvych transportérd a xenosenzo u o
Pregnanovy X receptor K ligandim PXR naleZi fanmaka z fady  nuklearnich receptor{l tak spoledné tvori a
{(PXR) terapeutickych skupin, nékteré toxiny  plasticky a ddmysiny detoxikacni systén 3
PiestoZe je PXR lokalizovan pfedevéim i endogenni steroidy {tab. 1). Ligandy PXR  lidského 1éla. o
yjadre, byla popséna také cytoplazmalic-  maji velice rdznorodou chemickou struk- PXR spoledné s CAR reguluji celou faclu 3
ka lokatizace a translokace receptoru PXR turu a fyzikélné-chemické vlastnosti  genl pro enzymy |. a Il. faze biotransfcr- g
z cytoptazmy do jadra béhem aktivace.  molekul {tab. 1}. Tim se PXR odiisuje od  mace a transportér( (tab. 2). K nejddileri- =
Y téle je PXR ve velké mite piitomen pfe-  ostatnich nukledrnich receptor(, napf. est-  t&j8im palfi hlavni izoforma cylochron u &
dev3im v jatrech, méné v tenkém a tlustém  rogenniho {ER), receptoru pro vitamin D P-450 zapojena do metabolismu lédiv,
stieve, v Zaludku a v ledvinach. Tato loka-  (VDR) nebo receptoru pro hormony 8titné  CYP3A4, klery se podill na biotransformaci
lizace vyznamné koreluje s expresi cyto-  Zldzy (TR). Diky této Siroké specifité ligan-  vice nez 50 % léCiv pouzivanych v human-
chromu CYP3A4 i P-glykoproteinového  dd i mnoZstvi regulovanych biotransfor-  ni medicing. Nicméné v lidskych jatrach
transportéru (viz dale) [2, 4, 5]. Aktivace  madénich enzyml a lékovych transportérll  byla sledovana az 90nésobné rozdilng
PXR probiha piimou vazbou ligandu v jdd-  je PXR receptor povaZovan za jeden znej-  exprese téta izoformy. Podobné byly zji3-
fe. PXR tvofi dimer s retinoidnim recepto-  dilezitéjsich faktord ovliviiujicich pro-  tény az 30ndsobné rozdity v clearance
rem BXRo a spolednd rozpoznavaji speci-  stfednictvim eliminadnich procest farma-  modelovych substratdl GYP3A4, coZ vyraz-
fické sekvence promotorove DNA regulo-  kokinetiku mnoha lédiv [3]. Rada 1égiv - nym zpdsobem modifikuje expozici a col-
vanych genu oznadované jako responzivni  (napi. phenobarbital) navic aktivuje scu-  kovou farmakokinetiku 1€Civ [7]. Intering!i-
-
rifampicin 1
clotrimazol . |
hyperfonn &j. |
A\
piima aktivace:
CITCO
6-{4-chiorophenyl) imidazof2,1-b][1,3]thiazol
-5-carbaldehyd-0-(3,4-dichlorobenzyljoxim
.
| ‘\\
\.
| A TN
e h
protein o
nepiimé aktivace:
phenobarbital
phenylain 1
A— 7)
1
] -~
1
] A / * protein
L%
Obr. 1 Schematicke zndzornéni mechanismu transkripCri reguiace exprese genu fizend nukledrnimi receptory PXR a CAR
Pregnanovy X receptor (PXR) je aktivovén pfimou vazbou ligandu na protein PXR lokalizovany v jddfe. Po navdzdni ligandu na PXR se vytvari
kompiex PXR s retinoidnim receptorem RXRo, kiery rozpozna responzivni misto pro PXR (response efement, PXR-RE) regulovanych gents.
Komplex se dale spojuje s daisimi koaktivatory a RNA-polymerazou Hi, ktera zahajuje transkripei z transkripéniho startu oznadovaného jako
+1. CAR receptor je lokalizovan v cytoplazmé v neaktivnim stavu v komplexu s CAR cytoplasmic retention proteinem (CCRP) a heat shock
Pproteinem 90 (HSP90). CAR miiZe byt aktivovan dvéma cestami. Pii piimé aktivaci se ligand vaZe na CAR v cytoplazmé a komplex
vstupufe do jadra. Nepiima aktivace zahrnuje ne pfili§ prostudovanou kaskadu, pfi niz se tvofi kemplex fosfatazy 2A (PP-2A), CCRE, CARu
a8 HSPS0, ktery prestupuje do fadra a iniciuje fransaldivaci gent bez vazby ligandu na recepfor CAR. V jédre se komplex CAR receptoru vile
ma responzivrf sekvenci (CAR-RE) v promotorové oblasti reguiovanych gend, ke komplexu se pfiddvd RNA polymeraza Il a spousti se transkripce.
= Nukledrni receptory 407
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viduglni variabilita metabolismu ECiv je vie-
obecné spojovana s fenomeénem genetic-
kého polymorfismu daného piitomnosti
bodovych mutaci DNA {tzv. SNP, Single
Nucleotide Polymorphism), které modifi-
kuyiji findlni aktivitu enzymua. U CYP3A4 je
viak tato asociace nejasna a ukazuje se, Ze
SNP v kédujici nebo regulaéni oblasti genu
CYP3A4 nejsou hlavni pficinou této varia-
bility [3]. Polymorfismus PXR, ktery piimo
reguluje expresi CYP3A4, se proto nabizi
jako nejpravdépodobnéjsi vysvétlend téch-
to fenomeénd. V promotorové i kddujici
oblasti genu PXR bylo identifikovano kolem
40 SNP, a to véetné sekvendi, které koduji
ligand vazajici doménu PXR [8]. Byly pub-
likovany studie, které prokézaly souvislost
mezi nékterymi SNP a expresi CYP3A4

PXR

PCN {pregnenolon 16a-carbonitril)
rifampicin

troglitazon

dexamethason - ve vysokych koncentracich
clotrimazol

milepriston (RU-486)

hyperforin

niledipin

paciitaxel

rilonavir

gemfibrozil

spircnolacton

tamonxifen

cyproteron

glutethimid

lovastatin

melyrapon

phencbarbital

| 5[5-pregnan-3,20-dion

v jatrech. Rovnéz byly publikovany studie,
ve kterych byla popsana silna korelace
mezi expresi PXR a CYP3A4 [9]. Piesto se
pfedpoklada, ze exprese a genotyp PXR
nejsou jedinymi vyhradnim: faktory interin-
dividudlni variability funkce CYP3A4
v populaci {3].

Konstitutivni androstanovy
receptor (CAR)

Konstitutivni androstaniovy receptor {Con-
stitutive Androstane Receptor, CAR, NR1I3}
je blizky pribuzny receptoru PXR. Na rozdil
od PXR je CAR intracelularné pfitomen
v cytoplazmé, odkud se dostava do jadra
tzv. translokaci [1, 6}. Kromé gen( pro enzy-
my . all. faze biotransformace a transpor-
1érll 16Civ (tab. 2) fidi CAR i transkripci dile-

| CAR

phenobarbital

phenytoin

chlorpromazin ?

cerivastatin |
simvastatin

fluvastatin |
atorvaslatin i

CITCO 6-(4-chiorophenylinudazo|2, 1-b][1,3]thi- |
azol—slcarbaldehyd-o-(a.ai-dicljlorc_)benzw)oxim

Inhibitory:
androstanol
androstenol
dotrimazol

3o, See-anclrostanol

ﬂ(}REM {CAR}

L L
izoenzymy cytochromu P-450 - CYP3A4,
CYP2C8, CYP2C8, CYP2C19, CYP2B6

glutathion S-transferdzy (GST) - GSTA2

sullctransferazy (SULf) - Surr?é 1 81-20/21.
St-40/41 a S5t-60

karboxylesterdzy - Ri2

tansportéry = P-glykoprotein, MRP2,
CATPZ, BSEP

cytoclhrom CYP7A tcholesterol Ta hydroxylaza}

| —

s e -~

Kurzivou a malymi pismeny jsou oznadeny mysi, piipadné potkani geny.

-
|BIOTR#~ISFORMACNICH ENZYMU I. A #, FA
KOVYCH TRANSPORTERL REGULOVANE PREG
X [PXR} A KONSTRUTIVNIM ANDROSTANO

CAR

izoenzymy cywchromu P-450 - CYP2B6,
CYP3A4, CYP2CY

glutathion S-transferazy (GST}-GSTA1/A2

sulfotransierdzy (SULT)-Sulttat, 1d1, 2a1,
Sullz2ag

UDP- glukuronosyltranslerazy {UGT) - UGT1A1
transportery MRP2 QATP2, P-glykoprotein

Nukledrni receplory.

Zitych gend podigjicich se na metabolisiu
endogennich latek, jako jsou bilirubin, Zluco-
vé kyseliny, hormony §titng zldzy, « leroidni
hormony a mastné kyseliny [6].

Aktivace CAR probihd dvéma zodsoby:
primou aktivaci nukledrniho receptcru ligan-
dem, tj. vazbou ligandu na nuklazr i recep-
tor lokalizovany v cytoplazmé@, a nasled-
nou translokaci komplexu nuk! 2&rniho
receptoru, ligandu a koaktivujicich protei-
nii (HSPAO aj.) do jadra. Timto zpusobermn
aktivuiji transkripci modelové latky CITCO
{6-(4-chlorophenyl) imidaze[2,1-b][1,3]
thiazole-5-carbaldehyd-0-(3,4-dichlo-
robenzyljoxim) nebo v pipadé mysiho Car
receptoru karcinogen TCPOBOP {1,4-bis
[2-{3,5-dichloropyridyloxy))benzen), Phe-
ncbarbital a phenytoin, nejznamajti induk-
tory kooperujici s receptorem CAR. aktivuji
transkripci regulovanych gend postied-
nictvim tohoto nukledarniho recepioru ne-
piimo bez vazby na nuklearni receptor
{obr. 1) [6]. Po translokaci komplexu CAR
a koaktivator( do jadra se komp'ex pro-
teind CAR a RXRo vaZe na CAR-RE re-
sponzivni sekvence v promotorove oblasti
regulovanych gend. Transkripéni aklivace
pak probihad podobné jako v pficadé re-
ceptoru PXR.

Kromé aktivace receptoru CAR xeno-
bictiky mchou tuto transaklivatni kaska-
du spustit i daldi mechanismy pfi nékle-
rych fyziologickych nebo patologickych
stavech. Napfiklad vysoké intrac elularni
koncentrace cAMP pii hladoveni indukuiji
prostrednictvim CAR expresi gend, které
se podileji na odpovedi pfi nutrién’im stre-
su. Podobné je CAR nepfimo ak tivovan
{obr. 1} bilirubinem pfi hyperbilin.binémii
a spousdti adaptaéni mechanisimy, které
aktivuji biotransformadni enzymy a trans-
portéry zapojeng do metabolismu bilrubi-
nu a jeho konjugatl (napi. GSTA1/A2,
UGT1A1, MRP2 g} [8]. CAR a PXR spo-
le¢né chrani jatra pred toxickym | Gsobe-
nim kyseliny lithocholové (LCA) prostied-
nictvim indukce enzymd ddastn cich se
metabolismu LCA. CAR napiiklad aktivu-
je SULT2A9 podilejici se na sulidtove
konjugaci LCA, my$i cytochrom C /p3A11
a Cyp7al a transportéry Mrp3 2 Qatp2
5. 8]

PXR a CAR jako prostfednik
zavaznych klinickych lékovych
interakci

Nuklearni receptory PXR a C£R spo-
ledn& predstavuii jeden z hlavnich regu-
lagnich mechanismd uréujicich findlni akti-
vitu zakladnich enzymu a transg ortnich
protein(l zapojenych do eliminaze 1&Civ
{tab. 2). V oblasti metabolismu {0 j:ou pie-
deviim izoformy (enzymy) cytochiomu P-
450, CYP3A4, CYP2C9 a CYP2C19, kte-
ré tvofi aZz 80 % obsahu P-450 v jatrech
a stievé a zprostfedkuji v&tsinu reakci

—l———— . ——
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| faze biotransformace 1é€iv [2-4). Dalsi izo-
iorma cytochromu P-450, CYP2BB, je cha- .
rakteristickd svoji indukovatelnosti pfede- PTOR
&im prostrednictvim receptoru GAR [3, 6]. 2 |
7 transportnich proteind se pozomost sou- chinidin * imatinib
stieduje na P-glykoprotein {P-gp, MDR1) ciclosporin A iostarmid
2 Multidrug resistance-associated protein -
2 (MRP2), kieré transportuji desitky far- dapson itraconazol ritonavir
makoterapeuticky ddleZitych 1édiv, jejich delavirdin carvediol saquinaur
melabolitd a konjugatd [11]. Oviivinéni PXR 5
aCAR pii souéajsnge?apl[ika]ci nékolika legiy | deometharen ketoconazol
je proto vyznamnym mechanismem far- disopyramid clarithromy.in
makokinetickych Iékovych interakei. To | golasetron " codein " erolimus
dokladad i skutecnost, Ze vétdina dosud kii- f - - 3
nicky popsanych Iékovych interakci, pii , athinylestradiol meflochin lamoxifen
kterych dochazi k inclukel CYP3A4, je zpro- | eloricoxity methadon tolbutamid
stredkovana PXR nukledrnim receptorem averolimus Midazolam toremiten
[2]- S ohledem na spektrum ligandi PXR | : : [
a CAR a jejich pouivani v klinické praxi jo | 'eProkuren morphin triazolam '
yhodné zdUraznit priklady nej&astéjsich | giclazid rateglinid veraparil |
pfipad(. Dobfe dokumentovang jsou pfe- | gimepirid nelfinavi " voriconazol
dev3im interakce antiepileptik pheno- — - — -
barbitalu, carbamazepinu a phenytoinu | 9PZd | nifedion ; wartorin
a antituberkulotika rifampicinu, kieré pro- halapesidol nilvachipin zopiclon
sifednictvim PXR a CAR indukuji izoformy indinavir norethisteran
cytochromu P-450 (napf. CYP3A4, 2C9, .
2C19, 2B6}, coZ nasledné vede k urych- podie [12,13] - Suchopdr, Niemi, et al., 2007, 200

leni eliminace jejich substratd, poklesu plaz-
matickych koncentraci a vaznym Klinickym
interakcim [12]). Obzvlasté zdvainé jsou
klinické interakce phencbarbitalu, carba-
mazepinu a antituberkulotika rifampicinu
s antikoagulanciem warfarinem. Indukce
biotransformace warfarinu v t&chto pripa-
dech miZe vést aZ k fatalnimu sniZeni anti-
koagulaéni aktivity warfarinu [13].

Rifampicin je jednim z nejsiingjsich
dosud znamych ligand( PXR a induktord
biotransformadnich enzym( CYP3A4,
CYP2B6, CYP2C9 a transportérd P-gly-
koproteinu v jatrech i ve stievd. Piny pro-
jev indukce biotransformacnich erzymd
a transportérd se b&hem terapie rifampi-
cinem projevi pfiblizné pe 7 dnech. Podob-
né k regresi zmén dochazi po ukondeni
poddavani piibliZné za stejnou dobu. Kli-
nicky vyznamné interakce rifampicinu
s léCivy prostrednictvim vazby na PXR
a nasledng indukce enzymi a transporté-
rii uvadi tab. 3 [13-15].

Zname jsou také klinicky vyznamné
interakce piirodniho sedativa hyperforinu
obsaZeného v exiraktu tfezalky teCkova-
né (Hypericum perforaturm) s nékterymi
kontraceplivy, warfarinem, imunosupre-
sivem ciclosporinem A, HIV protedzovym
inhibitorem indinavirem a digoxinem [2].
Hyperforin ma vysokou afinitu k recepto-
ru PXR a v nizkych koncentracich vyznam-
n& indukuje jaterni i stievni CYP3A4
a CYP2CQ, které primarné biotransior-
muji vySe zminéna farmaka.

Zaveér

Nuklearni receptory fidi expresi enzyma
I. a ll. fAze biotransformace a detoxikac-
nich |ékovych transportérd jako odpovéd
organisimu na pritomnost xenobiotika. Po
ukondéeni eliminace xenobiotika z organis-
mu ustéva aktivace nukledrnich receplord
a nasledné i up-regulace cilovych gend.

Tento jednoduchy model je véak nnohen
komplikovan&jai a vstupuji do ngj dalsi fa<-
tory. Exprese nuklearnich receptor PxR
a CAR je sama regulovana nékterymi nus<-
ledrnimi receptory a transkripénimi fakta-
ry. Piikladem jsou syntetické a endegenni
glukokortikoidy, které indukuji expresi PXR
i CAR prostiednictvim glukokortikoidnit o
receptoru GRa. ZvySeni exprese tran ;-
portéru QATP2 prostiednictvim PXR mi:e
navic urychlit vstup potenciainich indukl -
rd do jadra. Naopak indukce efluxnich
lékovych transporiérd P-glykoproteir u
a MRP2 prostfednictvim PXR mlzg zany:-
zit vstupu indukton do bunék a snizit ak i-
vaci nuklearnich receptornd. Cely systém
detoxikace a biotransformace xenobiot'k
tak nabyva na komplexnosti a porozum -
ni tomuto systému a nalezeni klinickych
implikaci je Okolem moderni experimen-
talni a klinické farmakologie.
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Epilepsie je chronické onemocnéni mozku ruzné etiologie, které postthuje 1 - 2 %
populace. Pro toto onemocnéni jsou charakteristické opakuyjici se zachvaty nekontrolovancho
drazdéni neuronu mozku. Antiepileptika sniZuji vyskyt motorickych a psychickych projevu
epilepsie tim, Ze redukuji kfeCovou pohotovost organismu. Zakladni mechanizmus cinku
antiepileptik tkvi ve snizeni drazdivosti nervovych bunék tvoficich paroxysmalni vyboje
stabilizaci jejich klidového membranového potencidlu. Cilem antiepileptickeé Iecby e
dosahnout stavu bez zachvatu a umoznit tim pacientovi plnohadnotny Zivot.

Ptiblizn¢ 30 % pacientt v8ak tvofi skupinu s farmakorczistentni (refrakterni) epilepsii.
Ta je definovana jako selhani kontroly epileptickych zachvatu navzdory uzivani kombinace tii
nebo vice antiepileptik v maximalnich tolerovanych davkach a predstavuje vazny klinicky
problém, ktery je spojeny s vysilujicimi psychosocidlnimi potizemi a se zvySenym rizikem
umrti pacienta.

Vétsina pacienti trpicich refrakterni epilepsii je rezistentni k téméf viem klinicky
pouzivanym léliva, piestoZe antiepileptikim plsobi rozdilnymi mechanismy. Tento fakt
popira teorii patologickych zmén specifickych vazebnych mist pro antiepileptika a podporuje
teorii, Ze se jedna o nespecificky, pravdépodobné adaptabilni mechanismus jako je sniZeny
up-take antiepileptik do mozku. MoZnou pfi¢inou tohoto fenoménu by tedy mohla byt mezi
jinymi i up-regulace a ektopicka exprese n&kterych cfluxnich I¢kovych ABC (ATP-binding
cassette) transportérii v hematoencefalické bariéte (HEB).

UZivani antiepileptik pacienty ssebou ¢asto nese riziko vice ¢i méné vyjadienych
nezadoucich u¢inka. Piikladem nezadoucich U¢inku antiepileptik jsou sedace, zmatenost,
ataxie, hepatotoxicita ¢&i teratogenni efekt. Dal$imi  nezddoucimi  UCinky jscu
farmakokinetické interakce antiepileptik s lé¢ivy podavanymi v prabéhu terapie soubéiné
probihajiciho onemocnéni. Tyto interakce se mohou projevit zvy$enim ncbo sniZenim ucinku
antiepileptika, stejné tak jako soub&Zné podavaného lé¢iva. ZvySeni u€inku antiepileptik
s sebou nese riziko vétsiho projevu neZadoucich G¢inku a naopak sniZeni se mize projevit
epileptickymi zachvaty. Pfi¢inou téchto problému Casto byva lécbou podminéna modulace
aktivity a exprese nékterych efluxnich lékovych ABC transportéru a metabolickych enzymu
z rodiny cytochromu P450.

V posledni dobé je usili molekularnich farmakologu sméfovano ke studiu mechanismu

transkripéni regulace genu koédujicich cytochromy P450 a efluxnich lékovych ABC
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transportéru. Soucasné studie ukazaly, Ze transkripéni aktivace téchto genii miiZze byt kromé
Jiného fizena 1 dvéma duleZitymi nukledmimi receptory, konkrétné konstitutivnim
androstanovym receptorrem (CAR, NR1I3) a pregnanovym X receptorem (PXR; SXR,
NR112).

Sirokospektré antiepiletikum kyselina valproova mé schopnost ovlivnit expresi Fady gent
na priklad inhibici histonovych deacetylaz (HDAC) . Na zdkladé dosud publikovanych dat o
ucincich kyseliny valproové jsme vytvofili hypotézu, Ze v nékterych piipadech transkripni
aktivace (napf. CYP344 a MDRI) existuje i selektivngjsi molekularni mechanismus nez je

inhibice HDAC.

Piedkladana dizertadni prace se zabyva :

o Interakci vybranych antiepileptik s efluxnimi lékovymi ABC transportéry a roli
studovanych fransportéri ve vzniku rezistence vuci antiepileptické 1é¢be,
o Interakci kyseliny valproové skonstitutivnim androstanovym receptorem (CAR) a

pregnanovym X receptorem (PXR) a vlivem této interakce na expresi CYP344 a MDR1.

1. Interakee vybranych antiepileptik s efluxnimi Iékovymi ABC transportéry; role
studovanych transportéru ve vzniku rezistence vudi antiepileptické 1é¢bé

Prvnim efluxnim lékovym ABC transportérem objevenym v endotelialnich burikich HEB
byl P-glykoprotein (P-gp). Dale byly ze skupiny efluxnich 1ékovych ABC transportéra v HEB
detekovany a lokalizovany MRP2 (multidrug resistance-associated protein 2) a BCRP (breast
cancer resistance protein).

Zvy3ena exprese téchto ABC transportérii v HEB pacientl trpicich farmakorezistentni
epilepsii, analogicky s vice¢etnou lékovou rezistenci nadord, je povazovana za jednu z pii¢in
selhani lecby antiepileptiky. Tato teorie byla navic podpofena faktem, Ze néktera
antiepileptika (napf. fenytoin nebo levetiracetam) jsou prokdzanymi substraty P-gp.

Hlavnim cilem na3i studie bylo in vitro testovani interakci vybranych antiepiletik s
lidskym BCRP transportérem. Studie byly provedeny pomoci i) transportnich experimentt a
i1) akumulacnich studii. Testovani byli zastupci viech tii gencraci antiepileptik: fenytoin,
fenobarbital, primidon a ethosuximid (1. generace), kyselina valproovd, karbamazepin a

kionazepam (2. generace) a lamotrigin (3. generace),
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ad 1) Pomoci transportnich experimenti na monovrstvach tvofenych polarizovanymi
MDCKII  buiikami  (Madine-Darby Canine Kidney Cells) trvale
transfekovanymi cDNA lidského BCRP (MDCKII-BCRP) jsme v rameci
skupiny vybranych antiepileptik neidentifikovali Zadny substrat BCRP.

ad i) Akumuladni  experimenty provedené v MEF3.8  buiikach  trvale
transfekovanych ¢cDNA humanniho BCRP (MEF3.8-BCRP) odhalily pouze
mirny efekt kyseliny valproové (500 M) na bunénou akumulaci
fluorescenéniho substraitu BCRP BODIPY FL prazosinu. Tento inhibi¢ni efekt
oviem nebyl potvrzen pomoci druhého piistupu, v kterém bylo vyuzito jiného
fluorescencniho substratu BCRP cytostatika mitoxantronu. Fluorescence
BODIPY FL prazosinu byla stanovovana fluorimetrem v bunééném lyzatu a
tfluorescence mitoxantronu byla méfena prutokovym cytometrem v intaktnich
burikach. Ostatni studovana antiepileptika pfi testovanych koncentracich
neméla Zadny modulaéni vliv na aktivitu transportu BODIPY FL prazosinu ani

mitoxantronu zprostfedkovaného BCRP transportérem.

Ze ziskanych dat usuzujeme, Ze se BCRP pravdépodobné nepodili na vzniku rezistence
pacientu vudi vybranym antiepileptikiim. Navic, testovana antiepileptika v terapeuticky
relevantnich koncentracich ziejmé nemaji inhibi¢ni vliiv na BCRP-zprostiedkovany transport
ani v hematoencefalické bariéfe ani v jinych tkanich exprimujicich BCRP (stfevo, placenta
aj.). Pozorovany inhibi¢ni efekt kyseliny valproové ncbyl nasimi experimenty plné potvrzen,
proto muZeme pouze spekulovat, zda je kyselina valproovd inhibitorem BCRP-

zprostiedkovavaného transportu.

2, Interakce kyseliny valproové s konstitutivnim androstanovym receptorem (CAR) a

pregnanovym X receptorem (PXR); vliv této interakce na expresi CYP344 a MDR1

PXR a CAR jsou nuklearni receptory regulujici miru transkripéni aktivity mnoha genu
kddujici cytochrom P450 (napi. CYP3A44, CYP2C9, CYP2C19) a ABC transportéry (MDR/,
Mrp2). Aktivovand forma nukleamiho receptoru CAR nebo PXR vytvafi ve vétdiné pripadi
heterodimer s RXRa (receptorem X pro 9-cis retinovou kyselinu a), ktery se nasledné vaze

k responzivnimu elementu v promotorové oblasti cileného genu a spousti jeho transkripci.
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Kyselina valproova je vysoce Ufinnym a dobfe sndSenym lé¢ivem s antikonvulzivnimi
vlastnostmi, které je fazeno mezi antiepileptika druhé generace. Je pouzivano hlavné k léché
generalizovanych tonicko-klonickych zachvatu, absenci a parcidlnich zachvatu.

Cilem na3i studie bylo zjistit, zda potencialni interakce kyseliny valproové s CAR a PXR
nemuze byt daldim moZnym mechanismem, jimZ kyselina valproova ovliviiuje expresi genu.
Konkrétné jsme se zaméfili na geny CYP344 a MDR/.

Pii feSeni této problematiky jsme pouZili nékolik soudobych metod molekularni
farmakologie vyuZitelnych pro analyzu i) transkripéni aktivity (genové reportérové studie), ii)
genové exprese na urovni mRNA, iil) enzymatické aktivity a iv) interakce komplexu
ligand/nuklearni receptor s responzivnim elementem v promotoru cileného genu.

adi) Genové reportérové studie v HepG2 bunécéné linii nam poskytly informace o
transkrip&ni aktivaci luciferazovych reporterovych plazmidi obsahujicich
v promotorové oblasti dualeZité responzivini elementy (DR3, DR4 a ERG6)
testovanych gent CYP3A44 a MDRI.

ad 11) Expresi genu CYP344 a MDR/ na urovni mRNA jsme analyzovali v LS174T
burikéch a kultuie primdrnich hepatocyt pomoci real time RT-PCR.

ad iii) Enzymaticka aktivita CYP3A4 byla detekovana v LS174T buiikach uzitim
chemické analyzy  specifického  metabolitu  6B-hydroxytestosteronu
vznikajiciho pfi CYP3A4-zprostiedkovaného testosteronu.

ad iv) Interakce komplexu CAR/RXRa s responzivnimi elementy genu CYP344 a
MDRI (DR3, DR4 a ER6) byla studovana pomoci ,,Electrophoretic mobility
shift assay* (EMSA).

Kyselina valproova jevila v genovych reporterovych studiich provedenych v HepG2
bun&tné linii signifikantni hodnoty aktivace CAR-fizené transkripce CYP3A44 i MDRI.
Kyselinou valproovou podminénd aktivace PXR méla indukéni efekt pouze na transkripei
CYP3A4. Data ziskana pomoci real time RT-PCR analyzy exprese CYP344 a MDRI! mRNA
v LS174T a primami kultufe lidskych hepatocytl korelovala s daty z genovych reportérovych
studii. Pomoci metody EMSA bylo potvrzeno, Ze kyselina valproova zesiluje vazbu
CAR/RXRa na responzivni element (DR3, DR4 a ER6). Navic v LS174T transfekovanych
expresnim vektorem pro PXR byla detekovana zvysena katalyticka aktivita CYP3A4.

Na3e studie prokazala, Ze kyselina valproova muze aktivaci CAR a PXR zvySovat expresi
CYP344 1 MDRI. Popis této interakce na molekularni urovni miZe napomoci k vysvétleni

ruznych disproporci v Udincich kyseliny valproové na genovou expresi, a to nejen cytochromu
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P450 a etluxnich 1ékovych ABC transportéri. V neposledni fadé kyselina valproova, pouzitd
jako adjuvantni lé&€ivo pii 1é€bé malignit, miZe v neposledni tad¢ zpusobit skrze zvysenou
transkripéni aktivitu MDR/ prohloubeni rezistence nadort vuci terapii témi cytostatiky. ktera

Jsou substraty P-gp.
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9. Summary

Epilepsy is a common neurological disorder of the brain with various etiology affecting
I -2 % of the population. Epilepsy in general is characterized by epileptic seizures (with
motoric or psychic manifestation) that are caused by attacks of uncontrolled excitation of
neurons in the brain. Antiepileptic drugs reduce excitability of the neurons and block fast
spread of paroxysmal discharges within the brain.

Pharmacoresistant (refractory) epilepsy occurs in about one third of cases overall. It is a
serious clinical problem associated with exhausting psycho-sociological complaints and
increased risk of patient death. Resistance in epilepsy has probably a multifactorial and drug-
nonspecific origin. Patients with refractory epilepsy are resistant to most of antiepileptic
drugs, even though these drugs act by different mechanisms. This argues against epilepsy-
induced alterations in specific drug targets as a major cause of refractory epilepsy and
supports the hypothesis that a nonspecific mechanism, such as decreased drug up-take into the
brain, is involved.

Treatment with antiepileptic drugs is usually a long time process, which is often
terminated when patient dies. Depending on type of antiepileptic drugs administered to
organism, a lot of adverse effects such as sedation, confusion, ataxia, hepatotoxicity or
teratogenicity can be expected.

During life of people suffering from cpilepsy there is often a need to medicate common
disorders by co-administered drugs. In many cases there is a high risk of drug-drug interaction
between antiepileptic and co-administered drug. Interaction at the level of expression and
activity of cytochrome P450 and efflux drug ABC transporters can be introduced into high or
low concentration of antiepileptic drug in epileptogenic centers. High concentration of
antiepileptic drug is ofien assoc.iated with more expressed manifestation of adverse affects of
antiepileptic dfug and low concentration can be the cause of ¢pileptic seizures occurrence.

Recently, effort of molecular pharmacologists is aimed at description of molecular
mechanisms of transcriptional regulation of genes encoding cytochrome P450 and efflux drug
ABC transporters. Some studies showed that activation ot nuclear receptors such as
constitutive androstane receptor (CAR, NR113) and pregnane X receptor (PXR, SXR, NR112)
can be one of the mechanisms involved in transcriptional regulation.

Broad-spectrum antiepileptic drug valproic acid is able to affect gene expression by

mechanism of histone deacetylases (HDAC) inhibition. Based on so far published data we
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supposed that in many cases an undocumented and more sclective mechanism has to be
employed. We suggested interaction of valproic acid with CAR and PXR to be additional

mechanism that affects expression of some genes.

This dissertation thesis concerns with:

* Interaction of selected antiepileptic drugs with efflux drug ABC transporters and role of
studied ABC transporters in development of resistance against antiepileptic treatment.

* Interaction of valproic acid with constitutive androstane receptor (CAR) and pregnane X

receptor (PXR) and effect of this interaction on CYP344 and MDR/ gene expression.

I. Interaction of selected antiepileptic drugs with efflux drug ABC transporters; role of

studied ABC transporters in development of resistance against anticpileptic treatment

P-glycoprotein (P-gp) was the first efflux drug ABC transporter (ATP-binding cassettc)
discovered in endothelial cells of the blood brain barrier (BBB). Further efflux drug ABC
transporters detected and localized in the BBB were MRP2 (multidrug resistance-associated
protein 2) and BCRP (breast cancer resistance protein). Up-regulation of efflux drug ABC
transporters in the BBB is considered to be, analogically to multidrug resistance of tumor
against treatment with cytostatic drug, the cause of lower up-take of antiepileptic drugs to
cpileptogenic centers in the brain. Additionally, this hypothesis is supported by recent studics
that revealed some of antiepileptic drugs to be substrate of efflux drug ABC transporters.

In our study, we focused on in vifro testing of interaction between BCRP and sclected
antiepileptic agents. The study was performed employing i) transport experiments and ii)
accumulation studies. Representatives of all three generations of antiepileptic drugs; in
particular: phenytoin, phenobarbital, primidone, and ethosuximide (1. generation), valproic
acid, carbamazepine, and clonazepam (2. generation) and finally lamotrigin (3. generation),

were examined at relevant therapeutic concentrations.

re i) Using transport experiments in MDCKII cells transfected with cDNA of human

BCRP, none of selected antiepileptic drug was identified as a substrate of BCRJ.

re ii) Accumulation studies performed in MEF3.8 cells transfected with ¢cDNA of
human BCRP revealed slight but significant inhibition effect of valproic acid
(500 uM) on BCRP-mediated transport of BODIPY FL prazosin. However, this
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effect was not confirmed employing the second approach — the accumulation of
mitoxantrone. The other tested antiepileptic drugs did not affect BCRP-mediated

transport.

Our data demonstrate that the selected antiepileptic drugs at tested concentrations are
neither substrates nor inhibitors of BCRP transporter. Thus, we conclude that up-regulated
BCRP in the blood-brain barrier is not involved in the development of drug resistance to the
tested anticpileptic drugs. Moreover, we suppose that tested AEDs do not affect BCRI’-
mediated transport in the blood-brain barrier or in other tissues expressing BCRP, such as the

intestine and placenta.

2. Interaction of valproic acid with constitutive androstane recceptor (CAR) and
pregnane X receptor (PXR); effect of this interaction on CYP344 and MDRI gene

expression

CAR and PXR are ligand-activated nuclear receptors that act as heterodimers with
retinoid X receptor o (RXRa) and modulate transcriptional activation of their target gencs
including genes encoding cytochrome P450 (e.g. CYP344, CYP2CY, and CYP2C19) and ABC
transporters (MDR! and Mrp2) by interaction with specific promoter-binding motifs
(responsive elements).

Valproic acid is an effective broad-spectrum anticonvulsant (2. generation) used in the
trcatment of primary gencralized tonic-clonic, absence, and partial seizures. Morcover,
valproic acid has recently been identified as an inhibitor of histone dcacetylase (HDAC) with
potential antitumorous activity that has been studied in several clinical trials.

The aim of this study was to examine whether valproate has an ability to activaie CAR-
and/or PXR- mediated transcription of CYP344 and MDR/! genes. We employed several
advanced techniques of molecular pharmacology to analyze: i) gene transcriptional activity,
1) gene expression iii) catalytic activity iv} interaction between complex ligand/nuclear

receptor and responsive element in promoter sequence of target genes.
rei) Gene reporter assays in HepG2 cells werc used to study transcriptional

activation of reporter luciferase plasmids containing responsive elements

(DR3, DR4, and ER6) in gene promoter of studied genes CYP3A4 and MDR !
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re i) Real time RT-PCR enabled us to determine alterations in CYP344 and MDR!
gene expression in LS174T cells and culture of primary human hepatocytes.

re ili) Analysis of catalytic activity was based on HPLC determination of specific
product of CYP3A4-mediated biodegradation of testosterone.

reiv) Using electrophoretic mobility shift assay (EMSA) we detected interaction
between ligand/CAR complex and responsive elements DR3, DR4, ER6 in
promoter of CYP3A44.

Using transient transfection reporter assays in HepG2 cells, valproic acid was recognized
to activate CYP3A44 promoter via CAR and PXR pathways. By contrast, a significant effect of
valproic acid on MDR/ promoter activation was observed only in CAR-cotransfected HepG2
cells. These data well correlated with up-regulation of CYP3A4 and MDR 1 mRNAs analyzed
by real-time RT-PCR in cells transfected with expression vectors encoding CAR or PXR and
treated with valproic acid. In addition, valproic acid significantly up-regulated CYP3A4
mRNA in primary hepatocytes and augmented the effect of rifampicin. EMSA experiments
showed valproic acid-mediated augmentation of CAR/RXRa binding to DR3 and DR4
responsive elements of CYP344 and MDRI genes, respectively. Finally, the analysis of
specific CYP3A4 catalytic activity revealed its significant increase in valproic acid-treated
LS174T cells transfected with PXR.

[n conclusion, we provide novel insight into the mechanism by which valproic acid affects
gene expression of CYP344 and MDR/ genes. Our results demonstrate that valproic acid has
a potential to up-regulate CYP344 and MDR/ through direct activation of CAR and/or PXR
pathways. We believe that description of this interaction at the molecular level can help to
explain various discrepancies in valproic acid effects on expression of genes containing in its
promoter specific binding motives for CAR and PXR. Moreover, we suggest valproic acid
might cause an increase of some solid tumors drug resistance against therapy with P-gp

substrates such as paclitaxel and doxorubicin.
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