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Seznam zkratek

ABC
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cDNA
MDR
MRP
NBD
OAT
OATP

OCT

P-gp
RT-PCR

SLC
™

»ATP binding cassette®, kazeta vaZzici ATP (téZ typ transportérii)
»breast cancer resistance protein®, transportér

-copy DNA*, DNA vznikla reverzni transkripci mRNA

~multidrug resistance®, mnohacetna lékova rezistence

»multidrug resistance related protein® (typ ABC-transportéru)
»nucleotide binding domain®, doména vazici nukleotidy

,»organic anion transporter, transportér organickych aniontu
,organic anion transporting polypeptide®, polypeptid transportujici
organické anionty

,,0rganic cation transporter®, transportér organickych kationtu
P-glykoprotein

»reverse transcription — polymerase chain reaction®, polymerazova
fetézova reakce, které pfedchazi reverzni transkripce

»Solute carrier” (typ transportérii)

transmembranovy
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1. Transport farmak pres biologické membrany

Osud lé¢iva v organismu ovliviiuji ¢tyfi zakladni farmakokinetické dé&je - absorbece
z mista podani, distribuce mezi kompartmenty, biotransformace a exkrece 1é€iva. Jednim
z procesu, ktery zasahuje do viech té&chto d&, je transport latek pfes biologické
membrany. Na bunééné vurovni tyto fosfolipidové membrany mohou oddélovat
extracelularni prostfedi od intracelularmiho nebo cytoplazmu od obsahu bunéénych vezikul
a tim zasahovat do metabolismu lé¢iv. V mnohych organech jsou buiiky navzajem tésné
spojeny a tim vytvaii fyziologickou bariéru mezi dvéma kompartmenty. Aby molekuly
lé¢iva piestoupily mezi jednotlivymi kompartmenty, musi pfekonat nejméné dvé bunééne
membrany (Rang, 2003).

Nejrozsifenéjsimi zpuisoby transportu lé¢iva pfes bunééné membrany jsou prosta difuze
a transport zprostfedkovany membranovymi proteiny — transportéry. Dva dal3i zpusoby —
diftize aquaporiny nebo pinocytdza - jsou méné Casté. Prosta diflize je zakladni transportni
mechanismus zavisly na koncentraénim gradientu léciva a fyzikdlné-chemickych
vlastnostech 1é¢iva, pfedevdim mife ionizace, velikosti jeho molekuly a lipofilité.
Transport zprostfedkovany pfenasedi je vyuZivan prevaZné pro vétsi molekuly a polrni

latky (Rang, 2003).

2. Vyznam membranovych transportéru ve farmakologii

Pocet genu kodujicich proteiny membranovych transportérti u ¢lovéka je odhadovan na
883, coz predstavuje piiblizné 2,8% lidského genomu (Venter et al., 2001). Proteiny
kédované témito geny zastavaji v buitkach dulezité role: transportuji Ziviny, odstrafiuji
nepotiebné latky a udrzuji elektrochemicky gradient na membranach. Cetnd mendelovsky
dédéna poskozeni zpusobena mutacemi v genech transportéru a kanali vyzdvihuji jejich
fyziologicky vyznam.

Podle po¢tu sou¢asné transportovanych latek a sméru transportu se transportni déje
zprostiedkované pfenaSedi déli na uniport (jedna latka), symport (dvé latky stejnym
smérem) a antiport (dvé latky opaénym smérem). Dale lze transportni procesy rozlisovat
podle energetické zavislosti. Aktivni transport vyuZiva energie ATP (tzv. primarné aktivni
transport) nebo elektrochemicky gradient sptazené latky (tzv. sekundarné aktivni
transport), zatimco facilitovand difuze probiha pouze ve sméru elektrochemického
gradientu transportované latky (Baynes, 2005). Na zdkladé téchto parametri se

transportéry v sou€asnosti éleni do dvou skupin: (i) ABC transportéry (ABC — ,ATP
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binding cassette) vyuZivajici energii ATP a (ii) SLC transportéry (,,solute carrier”), které
ke své &innosti vyZaduji elektrochemicky gradient substratu nebo spiaZené latky.
Transportéry zasahuji do farmakokinetiky bud’ tim, Ze usnadriuji nebo naopak brani
v piestupu lé¢iv pies fyziologické bariéry. Vzhledem k tomu, Ze tyto bariéry jsou obvykle
tvofeny vrstvou polarizovanych bun&k, ma na propustnost bariér vliv také distribuce
transportéri mezi apikdlni a bazolaterdlni bunéénou membranou. Napf. unipolarni
lokalizace efluxnich ABC transportéru je sté€Zejni pro smér a rozsah prostupu légiv pies

fyziologické bariéry vétSiny organu (Ito et al., 2005).

Vhledem k tomu, Ze tato prace se zabyva transportnimi mechanismy v placenté a
jatrech, budou nasledujici kapitoly vénovany pievazné transportnim procesim a

relevantnim transportérum v téchto organech.

3. Transportni procesy v jatrech

Zakladni déje odehravajici se v jatrech souvisi s bazalnim metabolismem, detoxikaci a
tvorbou Zlude. Na hepatobiliarni exkreci, ktera je vedle rendlni exkrece vyznamnou cestou
pro vyluCovani farmak, se na bun&tné Grovni podili enzymatické a transportni dé&je
v hepatocytu. Eliminace xenobiotik i endogennich latek jatry sestdva z nasledujicich
procesu: (i) vychytavani (uptake) z krve do hepatocytu, (ii) metabolismus a/nebo (iii)
sekrece do Zlu¢i (Shitara et al., 2005),

Latky z krevniho ob&hu do hepatocytu vstupuji pfes sinusoidalni (bazolateralni)
membranu. Vitéto fazi uéinkuji pfedevS§im transportéry ze skupiny SLC
zprostiedkovavajici facilitovanou diftizi svych substrati. ABC transportéry maji naopak
sté€Zejni roli na kanalikuldrmi (apikdlni) membrané hepatocytu, pres kterou exportuji své
substraty do Zlufe proti znaénému koncentraénimu gradientu a sniZuji tak koncentraci
svych substrati v hepatocytu, ¢imz pripravuji koncentraéni gradient na bazolateralni
membrané (Faber et al., 2003) (viz. Obr. 1). ABC transportéry na bazolateralni membrang
(MRP1, MRP3) zvysuji svoji expresi pfi cholestaze a pfispivaji tak k pievedeni sniZené

jaterni clearence na renélni clearence (Trauner and Boyer, 2003).



krev

sinusoidalni membrana

Obr, 1 Schématické znazoméni lokalizace transpormich proteini na membranich hepatocytu. ATP-
transportéry jsou znazornény ¢ervenou barvou, SLC transportéry Zlutou barvou. Upraveno podle (Ito et
al., 2005).

4. Transport léCiv pres placentu

Placenta je jednou ztzv. fyziologickych bariér oddélujicich cirkulaci matky a plodu
(Cross, 2006). V soucasné dobé se piedpoklada, Ze vétSina 1€€iv podanych v prib&hu
téhotenstvi miZe, alespont do ur€ité miry, prestoupit do cirkulace plodu (Pacifici and
Nottoli, 1995; Audus, 1999; Syme et al., 2004). Mira a rychlost piestupu 1é¢iva zavisi na
(1) fyzikalné-chemickych vlastnostech 1é¢iva (molekulovd hmotnost, lipofilita, stupefi
ionizace, vazebnost na plazmatické bilkoviny), anatomickém uspofadani (napf.
mezidruhové rozdily (Carter and Enders, 2004), tloustka placentarni membrany) a
fyziologickych charakteristikach placenty (pritok krve placentou aj.), podrobn&ji viz. (van
der Aa et al., 1998; Audus, 1999).

V lidské placenté musi 1é¢ivo pfekonat bariéru mnohojaderného syncytiotrofoblastu,
resp. jeho apikalni a bazalni cytoplazmatickou membranu a dale musi projit pfes endotel
fetalnich kapilar (viz Obr. 2). VétSina lééiv piechazi pies tyto membrany prostou difuzi.
Neéktera lé¢iva mohou byt rozpoznana pfenaseéi pro endogenni substraty (pfedeviim ze
skupiny SLC transportéril) a placentou mohou prochazet facilitovanou difiizi (Ganapathy
et al, 2000). Z celkového pohledu je vsak facilitovana difiize v transportnich dgjich

zastoupena v men$i mite (Syme et al., 2004).




Znaény vliv na prostup farmak pies placentu maji ABC transportéry 1€€iv. Na apikalni
membrané syncytiotrofoblastu byly lokalizovany transportéry P-gp, MRP2 (St-Pierre et al.,
2000; Atkinson et al., 2003) a BCRP (Maliepaard et al., 2001; Litman et al., 2002).
V tomto umisténi tak mohou zamezovat pfestupu svych substrati z krevniho ob&éhu matky
a plnit roli v ochrané plodu. Méné jasna je role transportéri MRP1 a MRP3, které byly
lokalizovany v oblasti bazolaterdlni membrany syncytiotrofoblastu a abluminalni strang
endotelu (St-Pierre et al., 2000; Atkinson et al., 2003; Nagashige et al., 2003).

Fotal capillary endothelium

Obr.2 Znazornéni struktury lidské placenty. (A) Prifez d&lohou na konci t8hotenstvi. V detailu je
zobrazena struktura funk&ni jednotky placenty - kotyledonu. Chorion pfedstavuje plodovou ast
placenty sestavajici z choriovych klki omyvanych matefskou krvi, kterd vstupuje do intervildézniho
prostoru spiralovitymi artériemi v decidua basalis. Ziviny a kyslik prochézeji pies vrstvu trofoblastu na
choriovych klcich, vstupuji do krve plodu a do plodu jsou pfind$eny umbilikalni Zilou (Serveng).
Odkysli¢ena krev je vedena z plodu dvéma umbilikilnimi artériemi (modfe). (B) Rez koncovych klki
placenty ze tfetiho trimestru barveny hematoxylin-eosinem (mikrofotografie od Dr. Nachtigala) (C)
Schématicky nakres fezu koncovych klkii zobrazujici lokalizaci P-gp na apikalni mikrovilézni
membring syncitiotrofoblastu a pfitomnost dal§ich efluxnich transportéri 1é&iv. Pievzato z (Ceckova-
Novotna et al., 2006).




ABC transportéry

Nadrodina ABC transportéru je skupina proteinu s velmi konzervovanou strukturou
napii¢ evoluci od bakterii az po Clov€ka. Tyto proteiny vazi ATP a energii uvolnénou pfi
jeho hydrolyze pouZivaji k transportu svych substratd pfes membrdny a to i proti
koncentraénimu gradientu. ABC transportéry pfenaseji lipidy, steroly, peptidy, nukleotidy,
lé¢iva, toxicke latky a produkty metabolismu pfes extra- a intracelularni membrany (Borst
and Elferink, 2002). V genomu ¢lovéka bylo dosud nalezeno 48 ABC transportért.

Pohyb substrati zprosttedkovany ABC transportéry je vétdinou jednosmérny.
V bakteriich jsou tyto pfenadece zapojeny do importu esencialnich Zivin, které nemohou
byt pijaty difuzi (cukry, vitaminy, ionty kovu). U eukaryont vét§ina ABC transportéri
pfesunuje substraty ven z buiiky v ramci distribuce latek do jinych organi nebo exkrece
z organismu. Uvnitt buitky se u¢astni metabolického procesu tim, Ze dopravuji latky
obvykle z cytoplazmy do bunéénych organel — endoplazmatického retikula, mitochondrii a
peroxizému.

V eukaryontnich organizmech jsou geny koédujici ABC transportéry rozptyleny po
celém genomu a jejich sekvence jsou mezidruhové velmi konzervované, coz doklada, ze
vétS§ina ABC transportéru existovala jiz od poéatku evoluce. Podle vzajemné podobnosti
sekvenci jsou geny pro ABC transportéry ¢lenény do osmi podrodin a savéi ABC
transportéry se fadi do sedmi z nich - ABCA — ABCG (Dean et al., 2001).

Pro strukturu ABC transportéri je typickd doména schopnd vazat ATP (tzv. NBD -
whucleotide binding domaine). V NBD se nachazi vysoce konzervované sekvence
aminokyselin - motivy Walker A a B a mezi nimi umistény C-motiv. Sekvenci téchto
motivia se¢ ABC transportéry li§i od ostatnich ATP-vaznych proteini. Podle poétu NBD se
ABC transportéry rozli$uji na uplné transportéry se dvéma NBD a poloviéni transportéry
s jednou NBD (viz Obr. 3). Polovi¢ni transportéry pracuji bud’ ve formé homodiméri nebo
ve formé heterodiméri, které vytvaki sjinym poloviénim transportérem. Kromé NBD
lokalizovanych v cytoplazmé obsahuji ABC transportéry jednu nebo dvé skupiny
transmembranovych (TM) domén sestavenych z 6-11 a-8roubovic. Z hlediska funkce jsou
tyto transmembranové domény zodpovédné za specifitu transportniho procesu, zatimco
NBD jsou pro ni nepodstatné (Borst and Elferink, 2002).

ABC transportéry zacaly byt zajimavé z hlediska farmakologie poté, co bylo objeveno,
Ze zpusobuji mnohacéetnou lékovou rezistenci nadora — MDR (,multidrug resistance®)

(Shen et al., 1986; Ueda et al., 1987). Rezistence nadorii vii¢i chemoterapii vznika jako
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dusledek schopnosti nékterych transportéru vylu€ovat z buitky ruzna protinadorova 1é¢iva
a snizovat tak ucinnou koncentraci uvnitf buriky. Pozdéji se ukézalo, Ze stejné transportéry
maji vyznam nejen v protinadorové terapii, ale ovliviiuji farmakokinetické procesy jinych
1éiv (Szakacs et al., 2006). Tyto farmakologicky relevantni ABC transportéry spadaji
prevazné do tii podrodin - ABCB, ABCC a ABCG.

extracelulari |

A

intracelularni

extracelulami

B

intracelularni

extraceiularni

intracelularni

Obr.3  Schématické znazorneni zékladnich typi struktur ABC transportéri.
A - 12 TM domén a dvé NBD jsou typické P-gp, MDR3, BSEP, MRP4, MRP3, MRP8 a MRP9
B — pro MRP transportéry - MRP1-3 a MRP6-7 je charakteristickych dalsich 5 TM domén na N konci
C — polovitni transportéry jako BCRP maji pouze 3est TM domén a jednu NBD

4.1.ABCB podrodina (MDR/TAP)

Tato podrodina zahrnuje tiplné i poloviéni transportéry. Uplné maji dvé NBD a dvanact
TM domén a jsou lokalizovany na cytoplazmatické membrang, tyto transportéry jsou
kédovany geny 4BCBI, ABCB4, ABCBS5, ABCBI1. Polovi¢ni transportéry kodované geny
ABCB2, ABCB3, ABCB6-10 maji pouze jednu NBD doménu na C-konci a $est TM domén

a Jsou lokalizovany na membranach intracelularnich vezikul.
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Zastupci podrodiny ABCB zastavaji v lidském organismu fadu rozli¢nych funkei.
ABCBI koduje gen pro transportér P-gp, studovany pfedev§im pro swvijj farmakologicky
vyznam. Dalsi dva transportéry jsou duleZité pro hepatobiliarni sekreci - MDR4 kédovany
genem ABCB4 z hepatocytu do Zluce exportuje mastné kyseliny a BSEP (,,bile salt export
pump®) kédovany genem ABCBII transportuje do Zlu¢ového kandlku Zluové kyseliny,
napt. taurocholét (Gerloff et al., 1998). Produkty genit ABCB2 a ABCB3 — TAP1 a TAP2 -
utvaii dimer v membrané endoplazmatického retikula do néhoZz transportuji z cytoplazmy
peptidy, které pak mohou byt spojeny s molekulami HLA I tfidy a pfitomny na bunééném
povrchu (Monaco et al., 1990; Spies et al., 1990). Mutace v genu pro ABCB7 zpusobuje
sideroblastickou anémii vazanou na chromozém X a ataxii (Allikmets et al., 1999; Bekri et
al., 2000). (Dean et al., 2001)

4.1.1. ABCBI (P-gp, P-gp)

Gen ABCBI kéduje transportér P-gp (P-glykoprotein), ktery je prvnim objevenym
lékovym transportérem vubec (Juliano and Ling, 1976). P-gp je sledovany ptedev§im pro
souvislost s mnohaletnou lékovou rezistenci nddoru vici chemoterapeutikim - napt.
paklitaxelu, antracyklinum a Vinca alkaloidum. Jeho substratové spektrum je znaéné Siroké
a preferuje amfipatické molekuly neutrdlni nebo mirné bazické povahy, aviak dokéze
s nizkou efektivitou transportovat anionty se silnym nabojem — napf. metotrexat, viz
review {Chan et al.,, 2004). Z chemickych struktur interakci s P-gp podporuji planarni
aromatické struktury a pfitomnost tercidlnich aminoskupin. O mechanismu vazby tak
Sirokého spektra substratu se stile vedou diskuze, ale ziejmé k této substratové pestrosti
plispiva znatnd konformaéni prizpusobivost centrdlni dutiny v proteinu tvofena
transmembranovymi doménami s negativné nabitymi aminokyselinovymi zbytky.
Flexibilita dutiny umoZiiuje mnoho Van der Waalsovych interakci, které nevyZaduji pfesné
umisténi substratu jako v pfipadé vodikovych mastki (Borst and Elferink, 2002).

Kromé nadorové rezistence hraje kliovou roli v obrangé organismu pied U¢inkem
xenobiotik a to na tiech urovnich: (i) ve sliznici tenkého stieva brani vstfebavani toxind,
(i) podporuje eliminaci vstfebané latky hepatobiliarni a renalni sekreci tim, Ze na
kanalikuldrni membrang hepatocyt a luminalni membrang proximalnich tubuli napoméha
efluxu svych substrata, (iii) omezuje distribuci xenobiotik do vitalné dalezitych a citlivych

organu a tkani (napf. mozku, varlat, lymfocyti a plodu) (Fromm, 2004).
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V jatrech je P-gp exprimovan na kanalikularni membréné (Silverman and Schrenk,
1997) a jeho role v hepatobiliarni sekreci byla popsana na mysSich s vyfazenou funkei obou
genl AbcblalAbchib (Smit et al., 1998).

V placent® ¢lovéka byla exprese ABCB/ v apikdlni membrané syncytiotrofoblastu
popséna na urovni proteinu (Sugawara et al., 1988; Cordon-Cardo et al., 1989; Nakamura
et al., 1997; Sugawara et al., 1997) i mRNA (Bremer et al., 1992). Prvni transportni studie
popisujici vliv P-gp v placenté ¢lovéka byla provedena v roce 1997 na membrénovych
vezikulech pfipravenych ze syncitiotrofoblastu (Nakamura et al., 1997). Podobné jako jiné
efluxni transportéry na apikalni membrané syncytiotrofoblastu i P-gp pusobi jako funkéni
bariéra vi¢i u€inku xenobiotik, viz. review (Szakacs et al., 2006). Pomoci dudlni perfiize
placenty potkana byl sledovan vliv P-gp na transplacentdlni transport cyklosporinu (Pavek
et al., 2001; Pavek et al., 2003). Na vyznam P-gp v placenté poukazuje piiklad pouziti
antivirotika saquinaviru u HIV pozitivnich matek pied porodem k zabranéni vertikalniho
pienosu infekce z matky na dit&. Tato terapie je neudinna pravé diky funkéni bariéte P-gp
(Huisman et al., 2001) a nadé€ji by mohlo byt zavedeni inhibitord P-gp (Varma et al.,
2003).

4.1.2. ABCB11 (BSEP)

BSEP kédovany genem ABCBI! je hlavnim transportérem bilirubinu (Gerloff et al.,
1998) a stejné jako P-gp je exprimovan na kanalikularni membrané hepatocytu. Jeho
exprese je na rozdil od P-gp soustiedéna vyhradné v jatrech (Nishimura and Naito, 2005).
Na rozdil od MRP2, se kterym sdili lokalizaci na kanalikularni membrané hepatocytu,

nemuze transportovat sulfatované zlu¢ové kyseliny (Akita et al., 2001).

4.2.ABCC podrodina (CFTR/MRP)

Tato podrodina zahrnuje 12 Uplnych transportérl, jeZ zastavaji spektrum rozliénych
funke{ a mnohdy nejsou transportéry v pravém slova smyslu. Gen ABCC7 koduje protein
CFTR, coz neni transportér, ale chloridovy kanal zavisly na proteinkinaze A. CFTR se
podili na funkei v3ech exokrinnich 214z a mutace v jeho genu zpusobuji Zivot ohrozujici
onemocnéni cystickou fibrézu. Geny 4ABCC8 a ABCCY, které kéduji receptory SURI a
SUR2, vazi sulfonylureu a ovliviuji draslikové kandly zac¢astnéné v sekreci inzulinu.
Ostatni geny této podrodiny koduji tzv. MRP transportéry (,,multidrug resistance related
protein“). ABCC! (MRP1), 4BCC2 (MRP2), ABCC3 (MRP3) transportuji konjugaty

glutathionu a organické anionty. Pro jejich strukturu je typickych 5 TM domén na N-konci
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(viz. Obr. 3B). Transportéry ABCC4 (MRP4), ABCC5 (MRPS), ABCCII (MRP8) a
ABCC12 (MRP9) tuto amino-terminalni doménu postradaji. ABCC4 a ABCC3 zpusobuji

rezistenci viigi nukleosidovym analogim. (Dean et al., 2001)

4.2.1. ABCCI (MRP1)

Gen ABCCI sousedi s genem ABCC6, piigemZ jeden z nich vznikl duplikaci druhého
genu. Produkt genu ABCCI je transportér MRP1, ktery je hlavnim efluxnim pfenaSeCem
konjugatu s glutathionem. V buiikach zplisobuje rezistenci k doxorubicinu, daunorubicinu,
vinkristinu, kolchicinu a dal§im chemoterapeutikim. Svym spektrem substratu se podoba
P-gp, narozdil od n€j viak MRP1 vyzaduje, aby latky byly ve formé glutathion-konjugaty,
glukuronidi nebo sulfati (Jedlitschky et al., 1996).

MRP1 transportuje také leukotrien Cs4 (LTC4), ktery je dilezity pro migraci
dendritickych bun&k. Tato migrace je poskozena u Abeel” mysi. Zda se tedy, Zze MRP1
hraje roli vochrané bunék pfed toxicitou a oxidativnim stresem a Ze se podili ve
zprosttedkovani zanétlivé odpovédi cytokiny (Robbiani et al., 2000).

V buiikach je MRPI1 lokalizovan na bazolaterdlni membrang. Takové umisténi ma
v organismu vyznam v ochrané obsahu uzavienych zivotn& dulezitych dutin a tkani pfed
i¢inem toxini. Absence MRP!1 v Sertoliho buiikach zpusobuje zvySenou léCivy
indukovanou destrukci prekurzord ve spermatogenezi. V plexus choroideus chrani
mozkomisni mok. MRP1 pumpuje konjugované substraty zpét do t€la, zatimco efluxni
apikalni transportéry jako P-gp nebo BCRP by naopak zvySovaly hladiny toxinu v
takovych dutinach (Borst and Elferink, 2002).

V jatrech je MRP1 za normalnich podminek exprimovan jen omezen¢ a jeho hladina se
zvysuje pii poruené bilidrni sekreci, napt. dédiénych poruchach apikalng lokalizovaného
MRP2 nebo cholestaze (Trauner and Boyer, 2003). V placenté je MRP1 lokalizovan

v abluminalni membréané fetalnich kapiléar (St-Pierre et al., 2000).

4.2.2. ABCC2 (MRP2)

ABCC?2 kéduje apikalni transportér MRP2. MRP2 i MRP1 maji podobné substratové
spektrum aviak tkatiova distribuce MRP2 je znaén& omezenéjsi nez MRP1. MRP2 ma
vyznamnou tlohu v biliarni exkreci xenobiotik i endogennich metaboliti. Podobné jako
MRP1 jsou jeho substraty konjugované se sulfatem, glukuronatem nebo glutathionem.

Kromé jater je ABCC2 exprimovén také v ledvinach a sttevé. MRP2 zpusobuje rezistenci
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k vinkristinu, vinblastinu, antracyklinom, derivatim kamptotecinu, mitoxantronu,
metotrexétu a cis-plating (Borst and Elferink, 2002).

Mutace v genu ABCC2 zpusobuji tzv. Dubin-Johnsoniv syndrom, pfi kterém trpi
vrozenou konjugovanou hyperbilirubinémii (Paulusma et al., 1997). Za tohoto stavu muze
bilirubin vstupovat do hepatocytu, kde je konjugovan glukurondtem, ale nemuze byt
exkretovan do Zlu¢e a vraci se zpét do krevniho obéhu. Roli MRP2 pak pfebiraji

bazolateralni transportéry MRP1 a MRP3 (Keppler and Konig, 2000).

4.2.3. ABCC3 (MRP3)

MRP3 je bazolateralni transportér podobng jako MRP1. Byl nalezen v jatrech, travicim
traktu ledvinach (Scheffer et al.,, 2002). Na sinusoidalni membran€ hepatocytu je jeho
exprese za normalnich podminek nizkd a stoupa pfi cholestize (Ogawa et al., 2000;
Donner and Keppler, 2001; Scheffer et al., 2002).

Na rozdil od MRP1 a MRP2 nedokaZe MRP3 transportovat konjugaty glutathionu
(Kool et al., 1999), coz by mohlo byt vysvétlenim, pro¢ bufiky produkujici rekombinantni
MRP3 nejsou rezistentni k chemoterapeutikim, ktera jsou kotransportovana s glutathionem

(Konig et al., 1999).

4.2.4. ABCC4 (MRP4) a ABCCS5 (MRPS)
MRP4 a MRP35, produkty genit ABCC4 a ABCCS5, se podobaji nejen svoji strukturou,

ale také spektrem svych substratii. Oba jsou transportéry organickych aniontd a dokazi
transportovat cyklické nukleotidy/nukleosidy a jejich analoga. V butikdch snizyji
intracelularni koncentraci 1é¢iv odvozenych od nukleotidi/nukleosidu - napf. antivirotik
PMEA  (9-(2-fosfonylmethoxyethyl)adenin) a ganciklovir nebo protinadorového
terapeutika 6-merkaptopurinu (Borst and Elferink, 2002).

Oba transportéry se podili na efluxu cyklickych nukleotidi a sniZuji tak, vedle
fosfodiesteraz, jejich intracelularni koncentraci. Kromé toho by timto mechanismem mohly
uvoliiovat cyklické nukleotidy do extracelularniho prostiedi a umoziiovat jejich parakrinni
pusobeni. V tomto sméru koreluje také distribuce a subcelularni lokalizace t&chto dvou
transportértl v butikach hladkého svalu (MRPS5), denzni granula desti¢ek (MRPS5), nervové
buiiky (oba transportéry) a endotel kapilar (Ritter et al., 2005).
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4.3.ABCG podrodina (White)

Struktura t&chio poloviénich transportéri je jedineSna v obraceném pofadi domén. Na
amino-konci téchto proteinu je jedind NBD a TM doména je na C konci (viz. Obr. 3C).
Rada proteini kodovanych geny této podrodiny hraje dileZitou roli v transportu sterolu
(ABCGI, ABCG4, ABCGS, ABCGS); transportéry kodované geny 4BCGS a ABCGS
funguji jako homo- i heterodimery a jsou duleZité pro export nekterych Zivotisnych a
rostlinnych steroli1 z enerocytu zpé€t do lumen tenkého stieva. Jedinci s mutacemi v genech
ABCGS a ABCGS trpi sitosterolémii (Dean et al., 2001). Nejvétstho z4jmu ze strany
farmakologli doznal transportér BCRP kédovany genem ABCG2.

4.3.1. ABCG2 (BCRP)

BCRP byl objeven v bunéénych liniich rezistentnich vi¢i mitoxantronu, které vsak
neexprimovaly ABCBI ani ABCCI. BCRP zpusobuje rezistenci k antracyklinovym
chemoterapeutikim a v genomu bun&énych liniich selektovanych topotekanem,
mitoxantronem nebo doxorubicinem se objevily multiplikace genu ABCG2. Predpoklada
se, Z¢ BCRP je funkéni jako homodimer, protoze buiiky ziskavaji rezistenci k vyse
uvedenym chemoterapeutikiim po transfekci samotného ABCG2 (Staud and Pavek, 2005).

Ve vét§ing rezistentnich liniich exprimujicich BCRP se vyskytuje pozménéna varianta
BCRP, ktera nemfiZe transportovat G¢inné rhodamin 123 a antracykliny. , Wild-type™
varianta nese v poloze 482 arginin a mutanty v tomto misté maji threonin nebo glycin.
(Dean et al., 2001)

V lidském organismu je BCRP lokalizovan v mnoha tkanich. V tenkém a tlustém stieve
brani stejné jako P-gp absorpci toxini a légiv. Zda se, e podobnou funkci zastava
v placenté v apikalni membrané syncytiotrofoblastu a chrani krevni ob&h plodu pied toxiny
v krevnim ob&hu matky (Jonker et al., 2000; Jonker et al., 2002). V hepatocytech na strang
Zluéového kanalku se podili na jaterni exkreci. Potvrzuje se i jeho podstatna tdloha
vochranné kmenovych bunék pied toxickym vlivem porfyring, které vznikaji pfi

nedostatku kysliku (Staud and Pavek, 2005).
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5. SLC transportéry

Tato velice rozsahla skupina transportéru zahrnuje 360 zastupcu ¢lenénych do 46 nadrodin

(hup;,.-'_.*w-w\:v.bioparadif:ms.org)s které transportuji endo- i exogenni substraty. SLC

transportéry  zprostfedkovavaji pohyb molekul pfes cytoplazmatické 1 intracelularni
membrany ve sméru koncentraéniho gradientu (uniport, ushadnénda diftize) nebo za vyuZiti
koncentraéniho gradientu jiné latky (symport nebo antiport). Ke své &innosti nepotfebuji
energii ATP jako pfedchozi skupina ABC transportéri.

Skupina SLC transportérli je ¢lenéna do 46 nadrodin. Soucasnd klasifikace zaloZen4 na
sekvenéni homologii umoZiluje fadit do jediné nadrodiny proteiny prokaryontnich i
eukaryontnich organismil. Nasledujici podkapitoly jsou vé€novany tfem nadrodindm SLCO,
SL.C22 a SLCI0, jejichZz mnozi ¢lenové zastavaji vyznamné role v hepatobiliarnim transportu

endogennich latek i farmak.

5.1.Nadrodina SLCO

Geny nadrodiny SLCO koéduji OATP transportéry ("organic anion transporting
polypeptide"). Od prvni izolace krystho transportéru oatpl vroce 1994 (Jacquemin et al.,
1994) bylo do této rodiny zafazeno 11 lidskych transportéru (Hagenbuch and Meier, 2004).

AZ na nékolik zastupcu OATP transportéri, které se vyskytuji témét vyhradné v jatrech
(napi. OATP1B1 a OATPI1B3), jsou OATP transportéry exprimovany ve vét§iné tkani, kde
zajidtuji Na -nezavisly transport anionti (Hagenbuch and Meier, 2004).

V jejich struktufe je charakteristickych 12 TM domén. Mezi TM doménami 9 a 10 se
nachazi dlouhd extraceluldrni smyc¢ka, ktera obsahuje mnoho konzervovanych cysteinovych
zbytki a tim pfipomina zinkové prsty proteina, které vazi DNA. Na hranici mezi
extracelularni smyckou 3 a Sestou TM doménou se nachézi vysoce konzervovana sekvence
D-X-RW-(I,V)-GAWW-XG-(F,L)-L typicka pro OATP nadrodinu. (Hagenbuch and Meier,
2004).

V dal$im textu je vyklad zaméfen pfedev3im na lidské transportéry, které jsou vyznamné

pro jaterni nebo placentarni transport 1é¢iv.

5.1.1. Rodina SLCO1/0ATP1

Tato rodina se €leni na tii podrodiny SLCO1A-C. U &lovéka ma prvni podrodina jediného
zastupce SLCQIA2/QOATPIA2 (v plvodni nomenklatufe OATP-A). Tento transportér byl
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transportér byl klonovan z jaterni cDNA knihovny (Kullak-Ublick et al., 1995), ackoli jeho
nejvy3si exprese je v mozku a mide (Nishimura and Naito, 2005). OATP1A2 transportuje
nejgirsi spektrum substrati z OATP transportéri, bliZze viz. (Hagenbuch and Meier, 2003).
Z jeho znaéné exprese vmozku se lze domnivat, Ze napomaha transportu léciv a

neuroaktivnich peptidi do mozku a odstrafiovani metabolitu z mozku (Hagenbuch and

Meier, 2004).
Podrodina gentt SLCO1B ma dva &leny: SLCOIBI/OATP1BI1 (dfive nazyvany OATP-

C) a SLCOIB3/OATPIB3 (puvodné OATP-8). Oba dva proteiny sdileji 80% aminokyselin
v sekvenci a oba jsou exprimovany na bazalni membrané hepatocytu (Abe et al., 1999;
Konig et al., 2000b; Konig et al., 2000a; Abe et al., 2001). Té€Z substratova specifita obou
pfenasecn je velmi podobna a hraji st€zejni roli v jaterni clearence amfipatickych latek
vazanych na albumin. Jejich substraty zahrnuji Zluové aminokyseliny, konjugovany i
nekonjugovany bilirubin, konjugaty steroidu, hormony Stitné Zlazy a léCiva — pravastatin,
benzylpenicilin, metotrexat, rifampicin (Hagenbuch and Meier, 2003). I pfes tuto
podobnost existuji latky, které jsou selektivng transportovany pouze OATP1B3 jako napf.
cholecystokinin-8 (CCK-8) (Ismair et al., 2001) nebo kardioglykosidy oubain a digoxin
(Kullak-Ublick et al., 2001)

SLCOIC3/OATP1C3 (puv. OATP-F) jako jediny lidsky zastupce z podrodiny SLCIC
je, podobné jako SLCIAIl, exprimovan pievazné v mozku a mide a v jatrech nebyl
detekovan (Nishimura and Naito, 2005). Vzhledem ktomu, Ze ma vysokou afinitu
k tyroxinu a reverznimu trijodthyroninu (Pizzagalli et al., 2002) piedpoklada se jeho role

ve vyvoji mozku.

5.1.2. Rodina SLCO2/0ATP2

Tato rodina zahrnuje 5 lidskych transportéri élenénych do dvou podrodin A a B. Pro
Jaterni i placentarni transport je vyznamnym piedevsim transportér SLCO2BI/OATP2BI
(puvodng OATP-B), ktery piestoZe byl nalezen nejdfive v mozkové tkani, je nejvice
exprimovan v jatrech. Narozdil od transportérii OATP1B1 a OATP1B3 je vyznamna i jeho
exprese v jinych orgédnech (Kullak-Ublick et al., 2001; St-Pierre et al., 2002; Nishimura
and Naito, 2005). Sob&ma transportéry sdili v hepatocytu i shodnou lokalizaci na
bazolateralni membrané (Kullak-Ublick et al., 2001).
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5.1.3. Rodina SLCO3/0OATP2

Jedingm lidskym zastupcem této rodiny je SLCO341/OATP3Al (plvodné OATP-D)

izolovany Z lidskych ledvin (Tamai et al., 2001). Vyskytuje se ve v&t3in€ tkani a na rovni

mRNA byla zachycena zvy$ena exprese ve varlatech (Nishimura and Naito, 2005).

5.1.4. Rodina SLCO4/0ATP4

Zahrnuje 4 lidské transportéry &lenéné do dvou podrodin (A a C). Transportér
SLC4A1/OATP4A1 (puvodné OATP-E) je exprimovan ve vétsing lidskych tkani, ackoli
zvysena exprese byla nalezena v placenté v apikalni membrané syncytiotrofoblastu, kde by

mohl hrat ulohu v transportu hormon §titn€ Zlazy (Sato et al., 2003).

5.2.Nadrodina SLC22

Nadrodina SLC22 zahrnuje transporiéry bakterii, nizSich eukaryont, rostlin a savcq,
které se ucastni uniportu, symportu i antiportu. Transportéry jsou &lenény do 18 rodin
(Koepsell and Endou, 2004). Prvni &len nadrodiny SLC22 byl krysi Slc22al/Octl
(,,organic cation transporter*) identifikovany v roce 1994 pomoci molekularniho klonovani
(Grundemann et al., 1994).

Pro strukturu SLC22 transportérii je typickych 12 transmembranovych domén a dvé
velké extracelularni smy¢éky. Prvni smyc¢ka spojuje TM domény 1 a 2 a je lokalizovana
extracelularné, druhd smycka je obracena smérem dovniti buiiky a spojuje TM domeny 6 a
7 (Koepsell and Endou, 2004). Vétsina zastupcu SLC22 nadrodiny je exprimovéna ve
stfeve, jatrech a ledvinach a hraji proto velice duleZitou roli v absorpci a exkreci 1é€iv
{Koepsell and Endou, 2004).

Transportéry SLC22 lze ¢lenit do tii podskupin podle substratové specifity a
transportnich mechanismu:

Prvni skupina zahrnuje transportéry organickych kationti OCTI-3. Transport
zprostiedkovany OCT (,,organic cation transporter*) polarizuje membranu, je nezavisly na
Na™ a je obousmémy. Hnaci silou transportu OCT je pouze elektrochemicky gradient
pfenadeného kationtu (Koepsell et al., 2003). U ¢lovéka je SLC2241/OCT1 exprimovan
predevsim v jatrech a SLC2242 (OCT2) v ledvinach. Naopak SLC2243/(OAT3) je rozsiten
i v jinych tkanich (Koepsell et al., 2003).

Druha skupina zahrnuje transportéry OCTNI1-3 a hCT2 a jimi zprostfedkovany
transport je dvojitho typu. Prvni typ (napi. OCTN1) funguje bud jako uniporter pro
organické kationty nebo antiporter H' a organickych kationti. Druhy typ (napt. OCTN2)
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pracuje jako uniporter pro organické kationty nebo kotransporter Na" a karnitinu (Koepsell
and Endou, 2004).

Do tieti skupiny patii transportéry organickych anionti OATI-5 (,organic anion
transporter®) a transportér mocoviny URAT]. Tyto transportéry jsou schopn€ piemist'ovat
organické anionty ob&éma sméry (Koepsell and Endou, 2004). U transportéru OATI a
OAT3 bylo prokéazino, Ze funguji jako antiportery s divalentnimi organickymi anionty
(Sekine et al., 1997; Sweet et al., 2003). U &loveéka je exprese OAT1 (SLC22A6) a OAT3
(SLC22A8) transportéri lokalizovana pfedeviim v ledvinach (Hosoyamada et al., 1999;
Cha et al, 2001; Nishimura and Naito, 2005), kde hraji roli vexkreci cel¢ fady
(Koepsell and Endou, 2004). Tkéanova distribuce OAT2 (SLC2247) je Sirdi, s nejvy3si
expresi v jatrech (Nishimura and Naito, 2005).

5.3.Nadrodina SLC10

Produkty genii nadrodiny SLC10 jsou stéZejni pro enterohepatalni recirkulaci zZlu¢ovych
soli. Transportni systémy U¢astnici se tohoto procesu hraji roli (i) v transportu Zlu¢ovych
soli z tenkého stfeva do krve a (ii) z krve do hepatocytu, pii¢emz pro oba tyto déje existuji
dva transporteéry:

Transportér ASBT (,,apical sodium-dependent bile salt transporter; produkt genu
SLC10A2) je exprimovdn na apikdlni membrané karti¢ového lemu ileocyti. ASBT
sekundarné aktivnim transportem pfenasi molekuly zlu€ovych kyselin z lumen tenkého
stfeva a umoziuje tim jejich navrat do jater.

Druhy transportér NTCP (,,Na'/taurocholate cotransporting polypeptide™) je
exprimovan na bazolateralni membrang hepatocytl, kde extrahuje Zlucové kyseliny
z portalni krve a tim umozZiiuje jejich resekreci pomoci aktivnich transportnich systémi na
kanalikularni membrané hepatocytu do Zluce. (Hagenbuch and Dawson, 2004).

ASBT (SLC1042) je vhodnym cilem pfi terapii hypercholesterolémie, nebot’ inhibice
ASBT vede Kk preruleni enterohepatalni cirkulace Zlucovych soli, jejich zvyZenému
vyluCovani stolici a nutnosti zvy$eni de novo syntézy v jatrech. Inhibitory ASBT jsou
dvojiho typu, (i) dimerni analogy Zlu&ovych kyselin nebo (ii) derivaty benzothiazepini
(Geyer et al., 2006).
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6. Kvantifikace exprese transportéri pomoci real-time RT-
PCR

Expresi genu lze sledovat na vrovni transkripéni, kdy je objektem zidjmu mRNA
sledovaného genu, nebo na urovni translaéni, kterd se zaméfuje na finalni protein jako
vysledek procesu exprese.

V soucasnosti se pro kvantifikaci na drovni transkripce nabizi nékolik metod zaloZenych
na hybridizaci znatené sondy s mRNA: Northern-blotting a in situ hybridizace, RPA
(,RNAse protection assay“), DNA Cipy (www.gene-chips.com) a techniky zaloZené na
amplifikaci mRNA pomoci RT-PCR. Northern-blotting je jedind metoda poskytujici
informace o velikosti mRNA, alternativnim sestfihu mRNA a integrit¢ RNA (Parker and
Barnes, 1999). RPA je vhodna predev§im pro mapovani po¢atku a konce transkripce a
rozhrani exond (Hod, 1992; Saccomanno et al., 1992). In situ hybridizace je jedinou
metodou pro lokalizaci transkriptt v butice a tkanich (Parker and Bames, 1999). Analyza
exprese pomoci DNA &ipu poskytuje informaci o expresi obrovského mnoZstvi geni
z jediného vzorku (Hartshorn et al., 2005).

RT-PCR, ktera ma oproti pfedchozim metodam mnohem vysSi citlivost, je zaloZena na
enzymatické amplifikaci sekvenci RNA a lze ji pouzit pro sledovani exprese 1 v jediné
buiice (Hartshorn et al., 2005).

PCR (,,polymerase chain reaction*} je cyklicky d¢j, pfi kterém dochazi k exponencialni
amplifikaci cilové sekvence DNA (Obr. 4). Aby bylo mozné detekovat nebo kvantifikovat
sekvenci RNA je tieba prevést sekvenci RNA na DNA reverzni transkripci. DNA vznikia
reverzni transkripci se nazyva c¢DNA (,complementary DNA™). PCR pfistupy pro
kvantifikaci je moZné rozdélit podle zpusobu detekce na end-point metody a real-time
metody. End-point metody, ve kterych je kvantita amplikonu hodnocena az po dokonéeni
PCR obvykle gelovou elektroforézou, se dnes pouzivaji jiz jen v omezené mife a to
pfedev$im pro sviij uzky dynamicky rozsah a vy3§i naroénost na zpracovani. V sou¢asnosti
se vétdina PCR kvantifikaci provadi pomoci metody real-time PCR, pfi které je kvantita
PCR amplikonu sledovana b&hem PCR a tim nabizi $ir$i dynamicky rozsah nez end-point

metody (Freeman and Walker, 1999).
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Obr. 4 Schématické znazoméni exponencidlni amplifikace templatové sekvence v PCR. B&hem kaZdé¢ho
cyklu PCR dochazi ke zdvojnasobeni po¢tu molekul z pfedchoziho cyklu
(http://users.ugent.be/~avierstr/principles/pcr.html).

6.1.Sondy v real-time PCR

Podstatou real-time PCR je pouZiti fluorescentni sondy pro monitorovani mnoZstvi
produktli amplifikace v kazdém cyklu PCR (Obr. SA). Sondy lze rozdélit na specifické a
nespecifické:

Nespecifické sondy jsou barviva, kterd fluoreskunji pouze pokud jsou navazana na
dvoufetézcovou DNA a proto mohou detekovat nejen vlastni PCR produkt, ale i primer-
diméry a jiné nespecifity. Pokud jsou tyto nespecifické sondy pouZivany, provadi se po
dokonéeni PCR cyklovani kiivka teploty tani {,,melting curve®), ze které lze odecist teplotu
tani produktu a vyhodnotit zda byl mnoZen pouze specificky produkt (Obr. 5B). Nej¢astéji
pouZivanou nespecifickou sondou je Sybr Green I, jehoZ piednosti je ptedeviim niZ3i cena

a univerzalni pouziti (Bustin, 2004).
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Obr.5 (A) Zaznam fluorescence z real-time PCR analyzy pomoci Sybr Green L. (B) Zaznam z analyzy
kfivky tani - prvni derivace zavislosti fluorescence na teploté.

Sekven&né specifické sondy jsou fluorescendnim barvivem znaené oligonukleotidy,

které svoji fluorescenéni aktivitu zvysuji pouze za pkitomnosti amplikonu, k némuz se
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mohou hybridizovat. Nezvy$uji tedy fluorescenci v pfitomnosti primer-diméri a pod.

yeétsina sekvencné specifickych sond funguje na principu pfenosu fluorescenéni

rezonanéni energie (FRET, ,.fluorescence resonance energy transfer™), pfi kterém energie

VYZ
(akceptorem, »quencherem®). Nejvice pouZivanym typem sond jsou dvojit¢ znalené

stena  molekulou fluoroforu (donorem) je absorbovana molekulou zhaSece

hydro]yzaéni sondy znamé téZ pod ozna¢enim Tag-Man a molekula fluoroforu je umisténa
na opacném konci oligonukleotidu nez molekula zhasece. K uvolnéni fluorescence dochézi
po hydrolyze sondy 5°—3" exonukledzovou aktivitou Tag-polymerazy b&hem elongace.
Kromé dvojité znaCenych hydrolyzalnich sond se dale pouzivaji hybridizatni sondy
Beacon a Scorpion nebo dvojice jednoduSe znacenych sond (oznaovanych Casto jako

FRET sondy) (Bustin, 2004).
6.2.Strategie kvantifikace v real-time PCR

Vystupem z real-time PCR je zdznam fluorescence vkazdém cyklu PCR, ktery ma
v grafickém zobrazeni tvar sigmoidalni kiivky. Ztohoto zaznamu je pro kazdy
analyzovany vzorek odeftena hodnota C; (,treshold cycle®) — pocet cyklu pfi kterém
dosdhne fluorescence analyzovaného vzorku prahové hodnoty. Pokud je efektivita
amplifikace idedlni a v kazdém cyklu se pocet molekul zdvojnasobi:

N=N,-2"
kde Ny je pocet molekul na po¢atku PCR a N je poéet molekul v cyklu C,. Ne kazdy PCR
systém dosdhne uplné U¢innosti a v kaZzdém cyklu se nezdvojnasobi pocet amplikom.
V tomto piipadg je tfeba upravit vztah na

N=N,-(E+1)

kde £ je efektivita reakce.

Vysledek zreal-time PCR miize byt hodnocen podle dvou strategii — relativni nebo
absolutni kvantifikace. Absolutni kvantifikace vztahuje vysledky ke kalibragni kiivce

standardu zatimco relativni kvantifikace pouze vyjadfuje zmény v hladiné mRNA.

Relativni kvantifikace

V relativni kvantifikaci se navzajem porovnava exprese mezi dvéma vzorky (napf. mezi
ovlivnénym vzorkem a neovlivnénou kontrolou) a tento pomér je vztaZen k expresi
referenéniho genu jako vnitintho standardu. Referenéni gen je obvykle tzv.

housekeepingovy gen, jehoz exprese je pokladéna za stabilni v kvantifikovanych vzorcich.
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Referenéni gen lze stanovovat v samostatné reakci nebo soudasné s cilovym genem

v multiplexni reakci (Wittwer et al., 2001).

K vypottu poméru relativni exprese se pouZiva dvou typu matematickych vztahu lisicich

odle toho, zda berou zfetel na efektivitu amplifikace v PCR. Zakladni vztah pro

se p
vypocet poméru exprese mezi vzorkem a kontrolou bez zohlednéni efektivity se nazyva
AAC, metoda:
ACp; (kontrola -vzorck)
v : = 2(5\( - T 2AA(-|
pomer: 2"3(‘:Rc;(kﬂmm[u voreky _

kde AC, je rozdil mezi hodnotami C kontroly a sledovaného vzorku pro referenéni a cilovy
gen, Tento pistup lze pouZit pouze v pfipadé, Ze efektivita PCR amplifikace cilového i
referenéniho genu je stejnd. Matematicky model, ktery zohlediuje efektivitu, je rozsifenou

AAC, metodou (Pfaffl, 2001):
(ET(})

E AC, e Chemitrola = vzorek
RG: )

AC s Ckonroda - vzorek)

pomeér =

kde indexem Erg a C; 1g jsou efektivita amplifikace a C; hodnoty pro cilovy gen a Ezg a C;
rg jsou efektivita amplifikace a C; hodnoty pro referenéni gen.

Velmi ¢asto diskutovanym tématem je otazka vybéru referenéniho genu (Schmittgen and
Zakrajsek, 2000; Schmid et al., 2003; Aerts et al., 2004). Dnes se povaZuje za optimalni
cestu vybér nékolika genu, jejichZ exprese je nejméné zavisld na podminkéich experimentu
bud’ pomoci metody geometrického pruméru (Vandesompele et al., 2002; Pfaffl et al,

2004) nebo za vyuziti statistického modelovani (Andersen et al., 2004).

Absolutni kvantifikace

V absolutni kvantifikaci je vysledek z PCR porovnavdn s kalibra¢ni kiivkou standardu a
poskytuje informaci o podtu kopii pfepodteném na pocet bunék, ng RNA nebo mnozZstvi
tkang. Standardy pro tvorbu kalibratnich k¥ivek by mély byt stabilni a mély by poskytovat
reprodukovatelné vysledky. Standardy jsou pouzivany bud’ v PCR - rekombinantni DNA,
RT-PCR produkt, synteticky pfipravends DNA a genomova DNA - nebo jiz v reverzni
transkripei - rekombinantni RNA (Bustin, 2000).

Nejgast&ji pouzivanym standardem je rekombinantni DNA - zaklonovany PCR produkt.
Tento typ standardu poskytuje velmi dobie reprodukovatelné kalibraéni kiivky aviak jeho
nevyhodou je delsi ¢asova naroénost pfipravy — amplifikace PCR produktu, izolace a
purifikace, klonovani, transformace, izolace plazmidu, verifikace a pfesné stanoveni

koncentrace standardu (Bustin, 2000).
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7. Cile predkladané dizertaéni prace

7avedeni metod izolace RNA, reverzni transkripce a kvantitativni real-time PCR pro

kvantifikaci exprese transportnich genti v lidskych a potkanich tkanich a bunétnych

kulturach.

2. Studium exprese a lokalizace P-gp v placent® potkana v prub&hu bfezosti
(v navaznosti na potvrzenou funkci P-gp v terminalni placent& potkana in vivo).

3. Porovnani exprese genit ABCBI a ABCG2 v lidské BeWo bunééné linii a termindlni
lidské placente.

4. Porovnani exprese 12 genl nadrodin SLCO, SLC22, SLC10 a SLCIS v lidskych
HepG2 a Chang Liver bun&&nych liniich jako in vitro modelech pro studium
transportnich procesu v jatrech.

5 Stanoveni Kinetickych charakteristik transportu potencialni diagnostické latky pro

magnetickou rezonanci B22956 v bun&tnych liniich HepG2 a Chang Liver a

srovnani s kinetikou endogenni latky taurocholatu.

Podil doktoranda na pfedkladanych publikacich:

U kapitoly VI je predkladatel této dizertaéni prace prvnim autorem a u kapitol 11, 111, 1V
a V spoluautorem.

Ve studii v kapitolach 11 a V autor zavedl metody pro end-point RT-PCR detekcei
exprese Abchla , Abcblb a Abcg? a stémito metodami detekoval expresi v potkani
placenté.

Ve studii 111 autor zaved] metodu pro relativni kvantifikaci exprese Abcbla, Abcblb a
B2m v tkénich potkana. Dale provadél odbéry potkanich placent v prub&hu biezosti
potkana a se zavedenymi metodami provedl real-time RT-PCR analyzu exprese 4bcbla a
Abcb1b v prib&hu biezosti.

Ve studii IV autor zaved! metody pro absolutni kvantifikaci exprese 4BCG2 na
transkripéni Grovni a provedl srovnani exprese ABCG2 a ABCBI mezi bunétnou linii
BeWo a placentou.

Ve studii uvedené v &asti V1 autor této prace zavedl metodu pro absolutni kvantifikaci
exprese na transkripéni Urovni 12 SLC transportéris pomoci real-time RT-PCR a provedl]
analyzu exprese v bun&énych liniich HepG2 a Chang Liver. Na téchto liniich dale provadel

~uptake* studie s kontrastni latkou pro magnetickou rezonanci B22956.




' il

Autor sepsal rukopis prace uvedené v kapitole VI. U praci, kde je uveden jako

spoluautor, s¢ podilel na sepséani &asti tykajicich se real-time RT-PCR kvantifikace nebo

RT-PCR detekce.

[munohistochemické lokalizace P-gp a BCRP v placent¢ provadéli Mgr. Martin
Kopecky a PharmDr. Petr Nachtigal, Ph.D. z Katedry lékaiskych v&d Farmaceutické
fakulty pod vedenim Doc. RNDr. Vladimira Semeckého, CSc.

Experimenty uvedené v kapitole VI provadél autor této prace bhem svého studijniho
pobytu na Department of BBCM, University of Trieste a Centro Studi Fegato, AREA
Science Park Basovizza v Italii pod vedenim Dr. Lorella Pascolo Ph.D. a Prof. Claudio

Tiribelli, Ph.D.
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BSTRACT
amine 123 (Rho123}, a model substrate of P-glycoprotein

p), was used to evaluate the functional activity of P-gp
Ux transporter in the rat placental barrier. The dually per-
rat-term placenta method was used. In our experiments,
s materno-fetal transplacental passage of Rho123 did not
1 the criteria of the first-order pharmacokinetics, suggest-
g an involvernent of transporter-mediated process. inhibitors
{P-gp, such as [3'-keto-Bmt']-[Val®]-cyclosparine (PSC833),

Josporine (CsA), quinidine, and chlorpromazine, increased
nificantly the materno-fetal transplacental passage of
5123 in the experiments under steady-state conditions. On
 other hand, PSC833, CsA, and quinidine decreased the
9-maternal passage of Rho123. Similarly, in the experiments
ed out under nonsteady-state conditions, CsA accelerated
| passage of Rho123 in the materno-fetal direction and de-

creased its passage in the opposite direction. Feto-maternal
transplacental clearances of Rho123 were found to be consid-
erably higher than those in the materno-fetal course. Potent
P-gp inhibitors, such as PSCB833 or CsA, partially canceled the
asymmetry. Negligible metabolism of Rho123 into its major
demethylated metabalite rhodamine 110 was cbserved in the
rat ptacenta. Expression of P-gp genes was detected using
immunohistochemical, Western blotting, and reverse transcrip-
tion-polymerase chain reaction methods preferentially in the
second rat syncytiotrophoblast layer. In conclusion, these data
suggest that P-gp limits the entry of Rho123 into fetuses and at
the same time it accelerates the feto-maternal elimination of the
model compound, Therefore, it seems plausible that pharma-
cokinetics of xenobiotics in the rat placental barrier could be
controlled by P-gp in both directions.

{The function of P-glycoprotein (P-gp) has been propesed to
i!_ an ATP-dependent membrane efflux pump, whose pri-
firy mode of action is to remove numerous lipophilic com-
linds from the lipid bilayer and to pump them actively out
cells (Stein, 1997; Ambudkar et al., 1999). In this way, P-gp

fers 2 multidrug resistance phenomenon (MDR) to tumor
,.lﬂ against a large spectrum of anticancer drugs. Sub-
Fates transported by P-gp include a variety of structuralty
!d pharmacologically unrelated, hydrophobic compounds,
ieh as various anticancer drugs, cardiac glycosides. 3-block-
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ers, calcium channel blockers, ete. (Ambudkar et al., 1999).
P-gp has also been detected on the membranes of a wide
range of normal tissues, such as the capillaries forming the
blood-brain and blood-testis barriers. apical surface of the
gastrointestinal tract, luminal membrane of the renal prox-
imal tubular cells, and hepatocytes. At these sites, P-gp was
found to serve as a barrier for the entry of lipophilic xenobi-
otics into the body and/or to the tissues that are sensitive to
their toxic injury.

However, function of P-gp in the placental barrier has been
less examined and is still not fully understood. High levels of
P-gp have been detected in human and murine syncytiotro-
phoblast layers, which are the crucial parts of the hemocho-
rial placental barrier (Cordon-Cardo et al., 1990; Sugawara,
1990; Bremer et al., 1992; Trezise et al., 1992; MacFarland et
al., 1994; Nakamura et al., 1997; Lankas et al., 1998; Myloma
et al., 1999: Smit et al., 1999; Ushigome et al.. 2000; Tanabe
el al., 2001). P-gp has been demonstrated to be integrated in
the microvillous membrane of the human syncytiotropho-

e
i8R
“EETA“O'_“S.: P-gp, P-glycoprotein; MDR, multidrug resistance; Rho123, rhodamine 123; rOCT, rat organic cation transporter; RT-PCR.
ranscription-polymerase chain reaction; CsA, cyclosporing; QND, quinidine; bp, base pairs), CPZ, chlorpromazine; HPLC, high-

o -
E'~'.I-.'la-—n.c_eﬂ}_ﬂj_C_h""""*'i'(c!graphy; mAb, monoclonal antibody.
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that faces dirvectly maternal blood (MacFarland et al,,
Ushigome et al., 2000). Transport activity of P-gp in the
tal barrier has been examined both in vivo and in vitro

1999). Lankas and coworkers revealed that fetuses of
(udss  acking the mdrl isoform of P-

1 mice lacking the mdria gene isoform of P-gp were
OF eptible to cleft palate malformation induced by avermec-
s'us‘;!ylpa. Conversely, the fetuses of wild-type mice were com-
hﬂmly protected against the above-mentioned teratogen
ple kas et al., 1998). Similarly, administration of other P-gp
btrates (digoxin, saquinavir, or paclitaxel) to mdria™' "/
-/~ knockout mice revealed 2.4-, 7-, and 16-fold higher

placental transport of these drugs into the fetus com-

d with wild-type mice (Smit et al., 1999},

The in vitro action of the placental P-gp has been demon-
strated in uptake studies using the BeWo cell line (a human
| choriocarcinoma trophoblastic cell ling), primary cultures of

the human cytotrophoblasts (Utoguchi et al., 2000), and hu-

man trophoblast membrane vesicles (Nakamura et al., 1997).

Ushigome et al. (2000} studied the function of P-gp in the

placenta using the BeWo cell line cultured in a confluent

epithelial monolayer. The study suggests that due to the
one-way functional activity of P-gp located in the apical mem-
brane, transport of selected P-gp substrates is higher in the
basolateral-to-apical and restricted in the apical-to-basolat-
eral direction. On the basis of all these findings, it is believed
that P-gp expressed in trophoblast cells of the placenta limits
the entry of its substrates into the fetus by reverse pumping
of the compounds from the trophoblast layers back into the
maternal bloodstream. Moreover, as the in vitro study using

BeWo cells suggests, P-gp could accelerate transplacental
passage of P-gp substrates in the feto-maternal direction.
Our previous in situ experiments demonstrated that the pas-
sage of CsA across the rat placenta is restricted in the ma-
terno-fetal direction due to the P-gp activity (Pavek et al.,
2001).

The aim of the present article was to examine 1) the func-
tional activity of P-gp in both the materno-fetal and feto-
maternal directions using the dually perfused rat placenta
method, and 2) to confirm at the level of the intact rat
placental barrier the asymmetry of transplacental passage of
P-gp substrates described in the in vitro epithelial model of
BeWo cells. A fluorescent dye rhodamine 123 (Rhol23),
which is a well established model substrate for testing the
functional transport activity of P-glycoprotein, was used (Ma-
sereeuw et al., 1997;: van der Sandt et al., 2000). CsA, PSC
833 (a nonimmunosuppressive derivate of CsA), and chior-
promazine were used as selective inhibitors/modulators of
P-gp, quinidine was used as a nonselective inhibitor for both
P-gp and organic cation transporters (rOCT), and sodium
azide was used as an inhibitor of ATP mitochondrial synthe-
sis. Because there was only limited information on P-gp
expression in the rat placenta in the current literaturve, we
tarried out immunochemical, immunschistochemical, and RT-
PCR studies to confirm expression and localization of P-gp
gene products in the rat-term placentas.

s

Materials and Methods

Material and Reagents. Rhodamine 123 and rhodamine 110
ldemethylated Rho123) were purchased from Sigma-Aldrich (St.
Louis, MO; catalog no. R-8004, hatch 127H3707) and Fluka (Buchs,
SWitzcrland; catalog no. 83695, EC.2369447), rvespectively, Sub-

stances of CsA and SDZ PSC833 (PSC 833, [3'-keto-Bnt!]-[Val?-
evclosporine) were obtained thanks to the kindness of Dr. Andrysck
(IVAX Ltd., Opava, Czech Republic). Quinidine sullate (@QND) and
diamond fuchsin were purchased from Lachema Ltd. (Brno, Czech
Republich. Chlorpromazine chloride (CPZ), bovine serum albumin,
RPMI 1640 medium, and other substances were purchased from
Sigma-Aldrich. Trig, glyeine, leupeptin, pepstatin, and phenylmeth-
visulfonyl fluoride were obtained from Serva GmbH (Heidelberg,
Germany). 4-Nitrephenyl phosphate disodium salt hexahydrate was
purchascd from Fluka. Acetonitrile and methanol (hoth HPLC grade)
were purchase from Merck (Darmstadt, Germany).

Stock solutions of CsA and PSC833 were used in a concentration of
1 mg/ml containing 19% of ethanel and 1% of cremorphor (v/v}. The
final concentration of cremorphor in perfusion media was less that
0.01%. Aqueous stock solutions of QND, CPZ, and sodium azide were
used in a concentration of 10, 25, and 100 mg/ml, respectively.

Animals. All experiments were approved by the Ethical Commit-
tee of the Faculty of Pharmacy (Hradec Krilové, Charles University
in Prague) and were carried our in accordance with the Guide for the
Care and Use of Laberatery Animals, 1996; and the European Con-
vention for the protection of vertebrate animals used for cxperimen-
tal and other scientific purposes, Strasbourg, 1986.

Pregnant Wistar rats were purchased from Biotest Ltd. {Kondr-
ovice, Czech Republic) and were bred in 12/12-h day/might standard
conditicns with water and pellets ad libitum. Experiments were
performed on day 22 of gestation. Fasted rats were anesthetized with
pentobarbital (Nembutal; Abbott Laboratories, North Chicago, IL}in
a dose of 40 mg/rkg administered intravenously into the tail vein.

Perfusion Method. The method of dually perfused rat placenta
was used as described previously (Mohamuned et al., 1993; Pavek et
al., 2001). Briefly, the placenta was excised and allowed to dive in the
heated Ringer saline. A catheter was inserted into the uterine artery
proximal to the bloed vessel supplying the selected placenta and
conngeted with the peristaltic pump bringing Krebs® perfusion liguid
containing 1% hovine serum albumin from the maternal reservoir.
The uterine vein, including the anastomoscs to other fetusces, was
ligated behind the perfused placenta and carefully cut so that ma-
ternal solution could leave the perfused placenta. The chosen fetus
was separated from the neighboring ones by ligatures. The umbilical
artery was catheterized using the 24-gauge catheter and connected
with the tubing by which the fetal perfusion liguid from the fetal
reservoir was supplied. The umbilical vein was catheterized in a
similar mmanner and the sclected fetus was removed. After a success-
ful umbilical catheterization, the fetal ven effluent was collected
into preweighted glass vials to check a possible leakage of perfusion
solutions from the placenta. In the case of leakage, the experiment
was discarded. Perfusion experiments did not last longer than 36
niin, because the integrity of the placental barrier could be affected
in later intervals. This notion is based on our previous cxperiments
with 1L-F’H|glucose, a marker of paraccllular diffusion, where the
transplacental passage of L-[*Hlglucose started to significantly in-
crease in later intervals of the pertusion (Pavek et al.. 2001). Wet
weights of the placentas used in experiments were 0.54 + 0.13 g.

To study the influence ol inhibitors en both the materno-fetal and
feto-maternal transport of Rhol23, experiments were carried out
under both steady-state and nonsteady-state conditions as described
below.

Evaluation of Rhol23 Metabolism in the Rat Placenta. In
our pilot experiments, we studied possible placental metabolism of
Rho123 during its transplacental passage. In the experiments car
ried out under both steady-state and nonsteady-state conditions (for
experimental designs of steady-state and nensteady-state experi-
ments see below), Rhol23 was presend in the maternal perfusion
solution in concentrations of 0.65 or 1.3 uM. Fetal elfluent samples
were analvzed using HPLC.

Effect of CsA on Transplacental Passage of Rhol23 under
Nonsteady-State Conditions. After successful establishment of
the dual perfusion with the Rhol23-free and inhibitor-free perfusion
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the maternal and/or fetal perfusion inflows were switched

mluu':':‘l;” pl.ewanneci perfusion reservoirs containing cxamined

L gs. The experiments started after 15 s of delay (time Q) to
wmpn]inpossiblc to fill tubing with the new liquids. The fetal umbil-

el-n outflow was collected in 5-min intervals into preweighted

ol vt:jals for 25 min of the experiment.

[ examine possible influence of CsA on the transplacental pas-
Toof Rho123 in the materno-fetal direction. CsA was added in a
entration of 40 pM to the maternal reservoir together with

123 (1.3 pMD. Samples were collected in 5-min intervals from the
pmbilical vein outflow,

The feto-maternal transplacental passage of Rhol23 was followed

! e,perjments where Rhol23 was added in a concentration ot 1.3

 into the fetal solution (control experiments). The effect of CsA on

ihe Rhol23 feto-maternal passage was examined by simultaneous

| adition of CsA (40 uM) into the maternal solution and Rho123 (1.3
{}into the fetal solution at time 0 of the experiment. Samples were

cllected in 5-min intervals from the fetal umbilical vein outflow.

Effect of CsA, PSC833, QND, CPZ, and Sodium Azide on
mﬂsplacental Passage of Rhol23 under Steady-State Con-

ditions. In experiments examining the materno-fetal passage of

Rhol23 under the steady-state conditions, Rhol23 {0.65 uM) was

hrought to the perfused placenta via the catheterized uterine artery

mmediately after the catheterization. Sample collection started

(gme 0) after 15-min delay. Within this dclay, steady-state condi

sions for transplacental passage of Rhol23 were achieved as sug-
gested by a nearly constant time course of transplacental clearances
during the experiment (Fig. 3). Samples were cotlected in 3-min
uniervals from the fetal umbilical vein for 36 min of the experiment.

In the 12th min of the experiment, examined P-gp inhibitors were
sdded to the maternal reservoir to reach the concentrations of 10 uM
{CsA and PSC833), 40 pM (QND and CPZ), and 5 mM (sodium
aride), respectively. This experimental design enables observation of
the direet effect of the seleeted inhibitor on the steady-state trans-
placental passage of Rho123 within one experiment. In addition to
this, the steady-state experimental appreach climinates the variabil-
ily between two groups of experiments carried out under nonsteady-
state experiments. On the other hand, the effect of inhibitors on the
passage of Rhol23 is less evident under steady-state in comparison
with the data obtained in the nonsteady-state experiments.

For the examination of the feto-maternal passage of Rho123 under
steady-state conditions, fetal solution containing Rhol23 (0.65 uM)
was used o perfusc the selected placenta via the catheter in the fetal
umbilical artery imniediately after catheterization, Sample collec-
tion started 10 min after the installation of the catheter (time 0). In
tbe 12th min of the experiment. onc of the P-glycoprotein inhibitors
was added to the maternal reservoir to reach a concentration of 10
uM (CsA and PSC833), 40 uM (QND), and 5 mM (sodium azide),
respectively. Samples were collected in 3-min intervals from the fetal
umbilical vein for 36 min of experiments.

.Our previous results suggested that inhibition of P-gp was more
significant when an inhibitor of P-gp was present in the maternal
f®mpartment rather than in the fetal ene (Pavek et al., 2001 That
13 why the inhibitors/modulators of P-gp were given into the mater-
nal solution even in the feto-maternal experiments.

In our previous study (Pavek et al., 2001), we also demonstrated
that sodium azide (5 mM} increased the transplacental paracellular
Mssage of L-["Higlucose in later intervals, which could suggest im-
Painment of the placental barrier. Therefore, we conducted experi-
Ments with sodium azide only for 27 min after catheterization.

Effect of Materna! Inflow Concentration on the Transpla-
tental Clearance of Rhol23. The dependence of the materno-fetal
ransplacental passage of Rho124 on the concentration of Rho123 in

e maternal reservoir was examined in the steady state. Rhol23
¥as brought to the perfused placenta via the uterine artery in var-
Wus eoncentrations of 0.42, 0.65, 1.3, 2.0, and 4.0 pM. respeetively.

mples were collected in 3-min intervals from the fetal wmbilical

Vein for 30 min of experiments. The mean materno-fetal elearance of

B
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Rhol123 was calculaied for every concentration from all measured
intervalg,

Calculations. To describe the transfer of Rhol23 across the du-
ally perfused rat placenta in the materno-fetal direction in both
nonsteady-state and steady-state cxperiments, its materno-fetal
transplacental clearance (CL,,0 was caleulated according to eq. 1
(Mohammed et al., 1993).

Cr.-Qr

CLye
! Cra 0,

(13

whore C,,,, (in micromolar} is the concentration of Rhol23 in the
maternal reservoir, Cp (in micromolar) is the concentration of
Rho123 in the umbilical vein effluent, @, {miililiters per minute} is
the umbilical flow rate and w, {in grams} is the wet weight of the
placenta. The amount of Rhol23 that passed the placenta within any
interval in the materno-fetal direetion was caleulated by multipiica-
tion of the volume of perfusion liguid collected from the umbilical
vein within this interval by the concentration of Rhol23 in the
sample. This amount of Rhol123 was recalculated per wet weight of
the perfused placenta and expressed in nanonioles per gram units.
Similarly, the feto-maternal elearance (CLg,,) was calculated accord-

ing to ¢q. 2.
Cr 1 )
_C_r“].Qr.iu_p lZ-

. (Cry = G- Q@
CLy, = —Citw, [1

where Cp, lin micromolar) is the concentration of Rho123 in the fetal
reservoir entering the perfused placenta via the umbilical artery, Cy,
(in micromolar} is the concentration of Rho123 in the umbilical vein
effluent, @, lin milliliters per minute! is the umbilical flow and w, (in
grams) is the wet weight of the placenta. The amount of Rhol123 that
passed across the perfused placenta in the feto-maternal direction
during any interval was caleulated as the difference between the
concentrations of the fetal artery inflow and the fetal vein outflow
(the concentration in the sample) multiplied by the volume of perfu-
sion liquid coliected from the umbilical vein within the interval
indicated.

In the nonsteady-state experiment, the total camulative amount
of Rhol23 that passed across the placenta within 25 min of the
experiment was calculated to assess the influence of CsA on the
transplacental passage of Rhol23 in both directions. To eliminate
variations of the cumulative amount caused by the weight of per
fused placentas., the amount of Rhol23 was oxpressed as the amount
per wet weight of the perfused placenta (nanomoles per gram).

In the steady-state experiments, the effects of P-gp inhibitors
given to the maternal solution were evaluated from the following
inhibitory ratio {cq. 3).

-YL'Z J-':

‘Y'l 13

inhibitory ratio = (31
where X1u_y0 is the amount of Rhel23 that passed the placenta from
the 12th to 30th minute of experiments (i.e., the period in which an
inhibitor was present) and X,_,, is the amount of Rhol23 that
passcd the placenta from zero to the 12th minute (i.c.. a period with
inhihitor-free solution).

If sodium azide waz examined as an inhibitor of P-gp, both the
materno-fetal and the feto-maternal experiments weve performed up
to 27 min, and the ratio was caleulated as Xy oo/, 1o

In the studies where the effect of maternal inflow concentration on
the transplacental clearance of Rhol23 was examined. the data were
fitted by eq. 4.

CLHI:IX

Klu + Cm:l )

CI-‘ml‘ = CLmimvc diffosaon
where CLp,ve diffuainn 15 8 clearance of passive transport of Rhol23
across the placenta in the materno-fetal direction, CL,,,, is the
maximum reverse feto-maternal clearance of Rhol23 mediated by
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| function and K., is the Michaelis-Menten constant of the P-gp
PP od reverse transport.
'Jﬂ“d:aw Analysis of Rho123 and Its Metabolites in the Perfu-
nr Jdia. golid phase extraction of analytes from perfusate sam-
ion Me formed according to the method of Sweatman et al.
ples wa;ith slight modifications. Visiprep solid phase extraction
(1980 manifold (12-port; Supeleo, Bellefonte, PA} with SPE col-
- {Supelclean LC-18, 1-ml tubes: Supelco) were used for the solid
extraction. The dry extract in the glass tube was reconstituted
!’hﬁ ul of the mobile phase, centrifuged, and transferred into a vial
ofihe gutosampler. The sample (100 pl) was injected into the chro-
phic columnn.
Chmmﬂwgfaphic analyses were performed using chromatograph
(Thermo Separation Products, Minneapolis, MN; formerly Spectra
|?hysiﬁ). The chromatographic system consisted of a SCM400 sol-
sent degasser, P4000 quaternary gradient pump, AS 3500 aui.osa_m-
pler with 100-p1 sample loop, SpectraFOCUS high-speed scanning
UV-visible detector, SN4000 system controller, and data station
{ntel-Pentiun 166 MMX, RAM 64 MB, HDD 2GB) with the analyt-
jeal software ChromQuest 2.1 (ThermoQuest. Inc., San Jose, CA). A
LiChroCART 125-4 mm analytical column packed with Purospher
fP-18¢, 5 pm and precolumn LiChroCART 4-4 nun with the same
sationary phase (Merck) were used for analyses. The mobile phase
| waa composed of acetonitrile/0.01 M phosphate buffer, pH 3 (3:7, ¥/v).
Flow rate was 1 ml - min "

V-visible detection was performed cither in dual wavelength
mode at 500 nm (for rhodamiines) and 550 nm (for diamond fuchsin

| used as an internal standard) or in high-speed scanning mode {range

195-750 nm with 1-nm distance, used for UV-visible speetra collec-

tion).

The retention times of Rho110, Rhol23, and Diamond fuchsin
under the above-mentioned chromatographic conditions were 2.40,
4.09, and 8.44 min, respectively. The whole HPLC analysis lasted 14
min.

Fluorimetric Determination of Rhol23 in Perfusion Media.
A commercial SIA system with an eight-port selection valve and a

| fuorometric detector equipped with a flow cell was used for fluoro-

metrie determination of Rhol23 in samples (Sklenarova et al., 2002).

Cell Line Cultivation and Isolation of the Membrane Frac-
tion from the Cells. The lymphoid macrophage cell line P388 and
its resistant P-gp expressing subline P388-MDR were gifts from Dr.
Stastny (Institute of Microbiology, Academy of Sciences of the Czech
Republic). The membrane fractions of the cell lines were used as
pogitive and negative controls for immunochemical determination of
P-gp in the rat placenta. Cells were cultured as was reported previ-
ously (St'astny et al., 1999).

Isolation of the Total Membrane Fraction from the Rat
Placentas. Rat placentas were collected on the 22nd day of gestation
and were homogenized in ice-cold buffer (1:1. v/w) containing 250
oM sucrose, 10 mM Tris, 5 mM EDTA, 10 ug/ml leupeptin, 10 pg/ml
pepstatin, and 1 mM phenylmethylsulfonyl fluoride. pH 7.4, in a
P?ltcr-Elvchjem iissue homogenizer. Homogenized tissues were cen-
lrifaged at 15,000g for 15 min at 4°C. The supernatants were further
Span at 100,000g for 1 h at 4°C and the pellets containing the
membrane fraction were sopicated and resuspended in ice-eold phos-
Phate-buffered saline, pH 7.4.

t Isolation of Apical Membrane Fraction of the Rat Syncy-
tistrophoblast. Apical mewbrane fraction of the rat placenias was
Solated using the method described by Malandro et al. {1996) with
slight modifications. Bricfly, the total membrane fraction was resus-
Pended in Tris-mannitol buffer (300 mM mannitol, 2 mM Tris base,
PH 7.0) and homogenized in a glass homogenizer with Teflon pestle.
Mgclz was added to a final concentration of 10 mM. Then mem-

es were again homogenized, incubated for 10 min at room tem-
Perature, and centrifuged at 2200g for 12 min. The pellet was dis-
“rded and supernatant was centrifuged at 100,000g for 60 min to
Pellet the apieal-enriched membrane vesicles. The membrane frac-

tions were resuspended in HEPES-sucrose buffer (300 mM sucrose,
10 mM HEPES-Tris base. pH 7.4) and frozen at —74°C.

Isolation of Basal (basolateral) Membrane Fraction of the
Rat Syncytiotrophoblast. The basal membrane fraction of the rat
syncytiotrophoblast was isolated according to the method of Ma-
landro et al. (1996). Bicinchoninic acid protein assay reagent kit
¢Pierce Chemical, Rockford, 1L) was used to determine the protein
content in the samples. The purity of membrane fractions was ana-
lyzed by determinaiion of alkaline phosphatase activity (ihe marker
enzyme of the apical membrane) and Ca®*-ATPase (the marker
enzymes of the basolateral membrane, aecording to the method of
Malandre et al., 1996},

Alkaline Phosphate Activity Assay. Apical and total mem-
brane fractions were dissolved in glycine buffer (0.1 M glycine, 1 mM
MgCl,, 1 mM ZnCl,, pH 10} to final protein concentration of 500
ug/ml. 4-Nitrophenyl phosphate disodium salt was added to a final
concentration of 0.75 mg/ml. The mixture wag incubated for 20 min
at 37°C and then absorbance was measured at 410 nm (Helios
gamma spectrophotometer; Thermo Spectronic, Rochester, NY.

Western Blotting of P-glycoprotein in the Rat Placenta. The
Western blotting analysis was performed to detect P-glycoprotein in
the rat placenta membrane fractions. Membrane fractions were sus-
pended in equal volumes of Laemmli sample buffer, and 20 pg of
protein per lane was resolved by 7% polyacrylamide SDS-PAGE gel
(50 mA) and cletrotransferred (25 V, 300 mA) to nitrocellulose Hy-
bond membranes (Amersham Biosciences UK, Ltd., Little Chalfont,
Buckinghamshire, UK). The nitrocellulose membranes were blocked
in 5% blocking solution (Amersham Biosciences UK, Ltd.) and incu-
bated in Tris-buffered saline-Tween 0.01% buffer with murine mone-
clonal antibody (mAb) C219 {Signet Laberatories, Dedham, MA)
diluted 3:500, or with hamster mAb Ab-2/F4 (p170/P-glycoprotein/
MDR Ab-2: LabVision Neomarkers, Fremont, CA), The anti-mousc
secondary horseradish peroxidase-conjugated antibody (1:1000 dilu-
tion) and ECL Western blotting detection kit {(both Amersham Bio
sciences UK, Ltd.) were used for autoradiographie detection of P-gp
on FOMA blue medical X-ray films (Foma Bohemia A.S, Hradec
Krilové, Czech Republic). Densitometric analysis was performed
using a high-resolution scanner HP 5400¢ (Hewlett Packard, Palo
Alto, CA) and Lablmage gel densitometric software version. 2.62
(Kaplan GmbII, Halle, Germany).

Immunochistochemieal Localization of P-gp in the Rat Pla-
centa. Specimens of the placentas were fixed in 4% paraformalde-
hyde (pH 7.35) or in Bouin's fixative fluid and then were paraffin-
embedded. Sections of placentas (thickness, 5 ) were mounted on
an object slide, dewasxed, and rehydrated through a series of cthanol
solutions. Endogenous peroxidase activity was blocked with 3% H. G,
in 50% methanol solution for 20 min. For heat-induced antigen
retrieval, the stides were boiled in 0.1 M Tris-HCl buffer, pH 1.5, for
15 min n a microwave oven at 750 W. Blocking of nonspecific
background staining was performed with 10% normal goat serum
tSigma Chemie, Steinheim, Germany) in phosphate-buffered saline
{PBS) solution (pH 7.4) for 30 min. Slides were incubated with
primary antibody for P-glycoprotein (C219: Signet Laboratories) di-
luted 1:50 in PBS solution for 15 to 18 h at 4°C. After a PBS rinse, the
slides were developed with the secondary antibody goat anti-mouse
Iz conjugated to peroxidase-labeled polymer (DAKOG EnVision+
ready-to-use; DAKO, Carpinteria. CA). Sccondary antibodies were
visualized with diaminobenzidine (DAKO DAB substrate-chromogen
solution; DAKQ) and hematoxylin counterstained. As a control for
background staining, control slides were treated in the same man-
ner. except PBS solution was substituted for the primary antibody to
P-glycoprotein. Slides were examined using computer image analysis
{Tiund h500 light raicroscope, Helmut Hund, Wetzlar, Germany; JVC
TIC C1380% color video camera, JV, Tokyo, Japan; LUCIA, version
4.61software, Laboratory Imaging Prague. spol. s r. ¢., Prague, Czech
Republic).

Examination of P-gp Genes Expression by RT-PCR Method.
Rat placentas were collected into liquid nitrogen and homogenized in

35



40l reagent {Invitrogen, Carlsbad, CA) using 1 ml of TRIzol/50

of tissue. Total RNA was extracted [rom the tissue homogenate
ccording to the manufacturer's instructions. RNA integrity was
= ssed by electrophoresis on a 1% agarese gel. First-strand ¢cDNA
f:: prepared from 1 pg of total RNA with AMV transcriptase
Finnzymes Oy, Espoo, Finland) using oligotdT! primer under con-
gitions recommended by the manufacturer. ¢DNA prepared from 3
. of total RNA was amplified by PCR with HotStar Tag polymnerase
Q]AGEN, Valencia, CA), 3 mM MgCl., 0.2 mM dNTP, 0.3 pM cach
rimer, 0.03 U/ul polymerase; 95°C for 15 min followed by 35 eycles
of95°C for 30 s, 54°C for 1 min, 72°C for 1 min. The sequences of
anlisense primers were identical for both mdrle and mdrib iso-
forms: 5. AGCATTTCTGTATGGTATCTGCAAGC-3'. Sequence of
mdrle sense primer was 5'-CTGCTCAAGTGAAAGGGGCTACA-3
product length 329 bp) and mdrib sense primer 5'-CGCTTCTAAT-
1 Gﬂ‘AAAGGGGCTATG--?' {product length 331 bp). B2-Microglobulin
was used as a housckeeping gene (B2M antisense: 5'-TACAT-
GTCTCGGTCCCAGG'I‘GA—S‘; B2M sense: 5'-TGCCATTCAGAA-
AACTCCCCA-3', product length 303 bp). Amplified segments were
analyzed by electrophoresis on 1.5% agarose gel and visualized using
ethidium bromide.

Statistical Analysis, Differences between group mean values
were assessed by unpaired Student’s { test using STATISTICA soft-
ware version., 6 (StatSoft, Tulsa, OK!. Differences of p = 0.05 were
congidered statistically significant.

Results

Evaluation of Rhol23 Metabolism in the Rat Pla-
centa. We detected Rhol23 and its major metabolite Rhoi10
in fetal effluent samples using HPLC (data are not present-
ed). The concentrations of Rho110 in the fetal compartment
ranged from 1.9 to 2.5% of Rhol23 concentrations entering
the placenta from the maternal compartment. None of the
used inhibitors had any effect on Rhol10 levels in the fetal
umbilical effluent samples during experiments. We suppose
that the presence of Rhol10 in the fetal umbilical effluent is
sredominantly a consequence of contammination of Rhol23
with Rho110 (5.27%) used in our experiments (Rhodamine
123, catalog no. R-8004, batch 127H3707; Sigma-Aldrich).
Due to no or negligible biotransformation of Rhol23 in the
rat placenta, we could employ faster and easier fluorometric
method for analysis of Rho123 in our samples.

Effect of Maternal Inflow Concentration on the
Transplacental Clearance of Rho123. The materno-fetal
transplacental passage of Rho123 was found to be dependent
o the maternal inflow concentration in a range of 0.42 to 4.0
M (Fig. 1). This saturable kinetics of Rho123 indicates that
ansplacental passage of Rhol23 is a transporter-mediated
Drocess. After fitting the data to eq. 4, Cl,,,,, describing the
efliciency of P-gp to pump Rhol23 back into the maternal
“mpartment was calculated to be 0.07 + 0.01ml min " -g™ ",

fve  diffusion Was calculated to be 011 + 001
Wl min~1. g~ Therefare, our data indicate that in low con-
“ntrations of Rho123 (threshold concentration <0.10 pM),

‘ED could completely reverse passive diffusion of Rhol23
dcross the barrier (Fig. 1), In higher concentrations of Rho123
=40 uM), however, P-gp-mediated transport of Rhol23 he-
9me saturated and is not able to return all passively diffused

0123 back to the maternal circulation, Unfortunately, fluoro-
Betric analysis of Rho123 used in this study did not allow
Samining lower concentrations of Rho123 than 0.42 uM in the
Waternal perfusion liquid.
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clearance (mi/min.g placenta)
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Fig. 1. Saluration kinetics of the malerno-fetal passage of Rhol23. De-
pendence of malerno-fetal transplacental clearances of Rhol23 oun the
concentration of Rhol23 in the maternal inflow medium was examined
Dala are expressed as means = 3.0, of at least three expenments. K|
was caleulated to be 0.53 = 0.07 uM, €l was 0.07 = 0.01 mVming, and
Cl vaive didionkn Was eslimated Lo be 0.11 *+ 0.01 ml/mineg ifor details, see
Materials and Methods). Inset, the figure with the reciprocal values

Effect of CsA on Transplacental Passage of Rhol23
under Nonsteady-State Conditions. Addition of 30X mo-
lar excess CsA to Rho123 selution in the maternal reservoir
resulted in an increase of the materno-fetal transplacental
clearance (Fig. 2A). Correspondingly. the amount of Rho123
that entered the fetal compartment rose significantly (p <
0.05) compared with controls (1.28 * 0.43 nmol- g ' and
2.17 + 0.42 nmol - g7', respectively). Doubling the amount of
CsA in the maternal solution resulted in a comparahle in-
crease in the materno-fetal passage of Rhol23 {data not
shown). On the other hand, CsA decreased the feto-maternal
clearance of Rhel23 (Fig. 2B) and significantly lowered the
amount of Rhol23 passing from the fetal compartment into
the maternal one (22.60 = 2.18 and 19.47 + 2.54 nmol - g !,
respectively).

In control experiments with Rhel23 (0.65 pM), its ma-
terno-fetal clearances were rising to reach a plateau (steady
state) from minute 15 of the experiment (data not shown). In
the case of feto-maternal passage of Rhol23, steady state was
reached within 10 min of the experiments (Fig. 2B). The
plateau phase of the transplacental passage of Rhol23 en-
abled us to perform experiments under steady-state condi-
tions (see the following paragraph).

Effect of CsA, PSC833, QND, CPZ, and Sodium Azide
on Transplacental Passage of Rhol23 in the Steady-
State Experiments. Materne-fetal transplacental clear-
ances of Rhol23 were nearly constant during the control
experiments (Fig. 3). An addition of PSC833, CsA, QND, or
CPZ into the maternal reservoir in the 12th min of the
experiment to reach a concentration of 10 M (PSC833 and
CsA) or 40 uM (QND and CPZ), resulted in an increase of
materno-fetal transplacental passage of Rho123 (Table 1 and
Fig. 3; data {forr CPZ are not shown). The most significant
ellect on the materno-fetal transplacental passage of Rho123
was cbserved in the case of PSC833 followed by QND and
CsA (Table 1). On the contrary, in experiments where feto-
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Fig. 2. Influence of CsA on the maleimo-fetal
1A} and [eto-maternal (B) transplacental pas-
sage of Rhol23 in nonsteady-state experi-
ments. Rhol23 was given into maternalffetal
reservoir in a concenbration of 1.3 pM (con-
Lrol). CsA was present in the malernal selu-
tion in a concentration of 40 pM from the
beginning of cxperiments. Dala are ox-
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maternal transplacental passage of Rhol23 was examined,
P3C833, CsA, and QND decreased feto-maternal pagsage of
Rho123 (Table 1 and Fig. 3). QND had the most potent effect
onthe Rho123 feto-maternal transplacental passage followed
by CsA and PSC833 (Table 1). These data indicate that
inhibitors of P-gp accelerate materno-fetal passage of
Rho123; on the other hand. inhibition of P-gp decreases the
feto-maternal passage of Rho123. This corresponds well with
the same phenomenon observed in epithelial cell lines cul-
tured in monolayers {placental BeWo, Caco-2, ete.). where
the inhibition of a one-way activity of P-gp increases the
apical-to-basal and decreases the basal-to-apical transport of
gugp substrates (Yumoto et al., 1999; van der Sandt et al,
0.

Apart from P-gp specific inhibitors, an ATP-synthesis in-
ibitor sodium azide was used to study the influence of ATP
depletion on the transplacental passage of Rhol23. Sedium
azide affected the passage of Rhol23 across the rat placenta
Spporting the hypothesis that P-glycoprotein, an ATP-de-
Pndent trapsporter, is involved in the regulation of the
Passage of Rho123 across the rat placenta (Fig. 4). The im-
Pact of sodium azide was comparable with that of PSC833,

15-20

20-25

ORho123 + CsA

whiclh is supposed to be one of the most potent specific inhib-
itors of P-gp (Table 1). On the other hand, the effect of sodinm
azide on the feto-maternal transplacental passage of Rho123
was not significant (Table 1; Fig. 4).

Comparison of Materno-Fetal and Feto-Maternal
Passages of Rhol23. Feto-maternal clearances of Rhol23
were found to be significantly higher (p < 0.01) than clear
ances in the opposite direction both in steady-state and non-
steady-state experiments (Fig. 5). PSC833 and CsA, however,
were able to partly annul this asymmetry between the ma-
terno-fetal and feto-maternal passages of Rhol23 (Table 2
and Fig. 3). Thus, our results show that the passage of
Rho123 across the intact rat placental barrier is asymmetric
due to the activity of P-gp similarly as in the case of in vitro
cultures of epithelial cell lines {intestinal Caco-2, Yumoto et
al, 1999; kidney LLC-PK1:MDRI, van der Sandt et al,
2000). Unlike the placental BeWo epithelial cell line, where
inhihition of P-gp lead to the same materno-fetal and feto-
maternal passages of P-gp substrates (Ushigome et al.,
20001, we did not observe a complele annulment of P-gp
function by inhibitors in the intact rat placenta. This discrep-
ancy suggests that transplacental passage across the intact

37

_



Functional Activity of P-glycoprotein in the Rat Placenta 1245

10uM CsA

v

—
T
T

01

clearance {mimin.g placenta)
™7 T Ty
& 4
i |
1

1 L 'l 1 L il 1 J

0.01 L 1
0-3 36 69 912 12-15 15-18 18-21 21-24 24-27 27-30

time (minute)

10pM PSC8E33

Fig. 8. Influence of CsA, PSCS33, and QND
1 on the Lransplacental passage of Rhol23 in

the steady-state experiments. In ihe ma-

W@-ﬁ:@:ﬁ:ﬁ:&:& terno-fetal study, Rhol23 was present in the
malernal reservoir in a concentration of 0.65

pM (@, control). Inhibiters were added into

the materal solution at the 12th min of ex

periments 1o reach 10 uM concentration of

0.1 CsA (A) and PSCB33 (B) or 40 uM concentra-
tion of QND {C) (. In cxperiments on the

2 T s feto-maternal passage, Rhol23 was present

in the fetal reservoir in a concenlration of

0.65 uM (_, control). Inhibilors were added

inte the malernal solution at the 12th min of

experiments in the same concentrations as in

0.01 | A L L L 1 1 A L L ) the materno-fetal study (). Data are ox-
pressed as means + S.D. of at least four ex-

0-3 36 69 9142 12-15 15-18 18-21 21-24 24-27 27-30 periments.

v

clearance (mi/min.g placenta)

time (minute)

c. 40pM QND X
I »

g 'F

s : W

o L

4]

8 L

a s

o

g

:...E_ 0.1

g L & P4 Fy

. b T by 1

Q

c

g

H

-6001 ' 1 A i 1 L 1 1 1 )

0-3 36 69 912 12-15 15-18 18-21 21-24 24-27 27-30

time (minute)

38




pavek et al.

1246
quence of P-glycoprotein inhibitors on the transplacental passage of Rhe123 in both matey no-felal and feto-maternal directions
e
Materno-Fetal Passage Feto-Maternal Passage
Inhibitor — = - -
Ratio™ Pereentage of cuntrol Ratio” Percentage of control
~control 2.43 ~ 0.147 100 1.83 = 0.06 100.0
[nhibitors of P-glycoprotein
Csh 2.87 - 0.39" 118 1.63 = 0.17% 89.2
PSCS33 3.46 + 0.98° 142 1.69 — 0.08%* 92.5
CPZ 2.85 = 0.50 117 N.D. N.D.
Inhibitor of P-gp and rOCT
QND 332 > .74 136 1.39 = 0.08%+* 761
ATP synthesis inhibitor
Sodiam azide” 1.98 = 0.18% 134 1.09 = 0.07 94.0
N.D.. not determined.
e (05, 5T p < 0.01, % p < 0.001 to control.

-imio of the amount of Rhel23 that passed the placenta from the 12th to 36th min
o the placenta from zero to the 12¢h minute (without an inhibitoo.

¥ Experiments with sodium azide were performed up to the 27
L+ control ratio caleulated in the same way.

th minute; correxpond

ute of experiments (in the presence of an inhibitor) and the amount of Rho123 that

ingly. the ratio was caleulated as the amount ;. zm/AMOUNty . 1un, and compared

Fig. 4. Influence of sodium azide, an ATP-

synthesis inhibilor. on the transplacental
passage of Rhol23 in the sieady-state exper-
iments. In the materno-fetal study, Rhol23
was given inlo malernal reservoir in a con-
centration of 0.65 uM (@, control). Sodium
azide was present in the maternal solution in
a concentration of 5 mM from the 12th min of
experiments (BB, In experiments on felo-ma-
ternal passage, Rhol23 was present in the
fetal reservoir in a voncentralion of 0.65 pM
{5, controh). Sodium azide was added into the
maternal solution in a concentration of 5 mM
at the 12th min of experiments { 1). Data are
expressed as means © S.D. of at least four

10
5 mM sodium azide
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placental barrier is a more complex process in comparison
with cellular epithelial models.

Western Blotting of P-glycoprotein in Placental
Membrane Fractions. P-glycoprotein (inolecular mass 150
kDa) was detected in the placental membrane fractions using
(219 and Ab-2/F4 menoclonal antibodies (Fig. 6. Moenoclonal
antibody Ab-2/F4 immunoreacts with P-glycoproteins en-
wled by human (MDRI1} and rat {(mdrla, mdrlb) genes
(Huang et al., 2001); mAb €219 shows additional immunore-
activity with mdr2 and sister of P-glycoprotein gene products.
The highest. levels of P-glycoprotein were found in the apical
Nembrane fraction of the rat syncytiotrophoblast (enrich-
nent for alkaline phosphatase activity, 10.40 + 0.49). On the
sther hand, the basal membrane fractions showed weak sig-
nal for P-glycoprotein.

Apical and basal membrane isolation methods used in this
tticle (see Materials and Methods) have been found to yield

e apical membrane fraction of the rat syneytiotrophoblast
]?3’91' II and the basal membrane fraction of the rat syncy-
fotrophoblast layer ITT (Novak et al., 1997). Thus, we suggest

at P-glycoprotein is localized predominantly in the apical
Dembrane of the layer II. which forms crucial part of the rat
Raterno-fetal placental barrier.

unohistochemical Localization of P-gp in the
t Placenta. Antigen retrieval immunohistechemistry was

experimenls.

12-15 15-18 18-21 21-24 24-27 27-30

performed for localization of P-gp in the rat placenta using
mAb €219. The rat chorioallantoic placenta is composed of
two distinct zones, junctional and labyrinthine. Strong im-
munoreactivity of P-glycoprotein was observed only in the
inner layers (second or third layer) of the syncytiotrophoblast
of the labyrinth zone (Fig. 7). This well corresponds with the
fact that the labyrinth zone is thought to be the exchange
area of nutriments and drugs between mother and fetuses
{the placental “barrier”). Surprisingly, the brush-border
membrane of the first syncytiotrophoblast layer, which di-
rectly faces maternal blood, was not immunostained as ob-
served in the human placenta (Nakamura et al., 1997; Lan-
kas et al., 1998). Fetal capillaries of the labyrinth zone were
without any immunoreactivity. Spongiotrophoblast cells of
the rat placental junctional zone, which are important in
placental hormone production, were found negative (data not
shown). These data further support the hypothesis that P-
glycoprotein is present especially in the apical membrane of
the second syncytictrophoblast layer of the rat term placenta.

Expression of Genes Encoding P-gp in the Rat Pla-
centa. Both mdria and mdrib gene expressions were deter-
mined in the rat term placenta by RT-PCR analysis (Fig. 8).
We detect mRNAs of both isoforms of mdrl genes encoding
rat P-glycoprotein in the rat placentas on the 22nd day of
gestation. Our preliminary results show that expression of

39

_



Functional Activity of P-glycoprotein in the Rat Placenta

1247

Fig. 5. Comparison of the transplacental pas-
sage of Rho123 in the materno-fetal and feto-
maternal direclions. A, data ebtained in the
nonsteady-stale experiments. Rhol23 was
given inlo the maternaiffetal reservoir in a
concentration of 1.3 uM. B, data obtained in
experiments performed under steady-state
conditions. Rho123 was given into the mater-
nal/fetal reservoir in a concentration of 0.65

uM. Materno-fetal clearances were signifi-
canlly lower (p < 0.01) than [eto-malernal
clearances in all intervals, Datla are ex-
pressed as means = S.D. of at least three
experiments.
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TABLE 2

Iasfluence of P-glycoprotein inhibitors/modulators CsA and PSC333 on both

Vilues are expressed as the means -~ S.D. of at least four experiments. |

maierno-fetal and felomaternal transplacental clearances (ml - min™* -

£} of Rho123 across the perfused rai-term placenta under nonsteady-state and steady-state conditions

Non-Bready-State Experiments”

Steudy-State Experiments”

Divection Contral (1.3 M

{1.3 pM Rhel23)

Conterol (0.65 uM (0.65 uM Rhole3) (065 M Rhol23)

Rhe123) 4 CsA A0 pM) Hho123) Gl pM) 1+ PSCE33 10 M)
Materno-felal elearance (M — F) 0.05 = 0.02 0.08 = 0.01 0.06 = 0.01 0.07 + 0.01 0.10 = 0.05
Peto-maternal elearance (F — M) 0.70 = 0.07 0.51 = 0.08 0.54 = 0.08 0.39 = 0.03 0.46 = 0.05
Ratio (F — M/M — F) 12.94 6.32%* 8.56 5.29% 4.47*

* . .
Mean of transplacental clearances in 20 to 25 min inkervals
.Mean of transplacental clearances in 83 to 36 man imtervals.
P <005, 7% p < 0.01; statistically significint difference from control experiments,

mbrid gene could be dominant in the rat term placenta.
NeVertheless, confirmation of these data using real-time RT-
R method is in progress.

Discussion
P-gp has been demonstrated to be an important determi-
“ant of the pharmacokinetics of some lipophilic compounds
M various hody tissues. However, liltle is known about the
fctional expression of P-gp in the placental barrier. More-
%er, clinical studies are not feasible in this case because of

safety of the developing fetus. Substrates yecognized by P-gp
include tens of drugs, some of them applied in pregnancy.
The present study examines the functional activity of P-gp
in the intact choricallantoic rat placenta. Both the rat and
human placentas are of the hemochorial type, thus the pla-
cental harriers of both species are very similar from the
morphological and histelogical points of view. A recent study
employing the human trophoblast BeWo cell line brought a
new view on the function of P-gp in the placental trophoblast,
suggesting that 1) the passage of P-gp substrates is different

_

40



pavek et al.

1248

C219
A

202 kDa —> : :
o S i .th.. i B T i |
p-glycoprotein ——> h ol i e n o
119kDa=—> o
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202 kDa —> |
!
p-glycoprotein — e
119 kDa —> :

P388/MDR P388 control apical basa

Fig. 6. Western bletting analvsis of P-glycoprotein in the rat term pla-
wenla. Membrane fractions (20 pg prolein/lane) were resolved in a 7.5%
gdiSDS-polyacry]amide gel clectrophoresis) and transferred onto nylon
pembranes, Immunoblotiing was performed with mAb C219 (L:5001 (A}
or Ab-2/F4 (1:500) (BY antibodies. Enhanced chemiluminescence reagent
was used for chemiluminescence detection. Membranes of multidrug
resistant cell line P388/MDR were used as positive contral; membranes of
] line P388 without P-glyceprolein were used as negalive control. The
purified apical membrane (raction (apical) showed more intense bands
wmpared with the lolal membrane lraclion (controlt suggesting high
wvel of P-glycoprotein in the apical membrane of the rat syneyliotrophe-
. blast. On the other hand. a weak signal was observed in the case of the
purified basal membrane fractions of the rat placental syncytiotrophe-
Bast.

in the apical-to-basolateral and the basolateral-to-apical di-
rections and that 2) P-gp accelerates the passage of some
' substrates in the basolateral-to-apical direction (Ushigome et
- al, 2000). On the basis of the in vitro data achieved using
| BeWo cells, we speculated that, in addition to regulating the
' materno-fetal passage, P-gp counld also stimulate the elimi-
tation of its substrates from the fetal circulation in the
fsto-maternal direction. To confirm this speculation, the
pharmacokinetics of Rhol23 across the dually perfused rat
placenta in situ was investigated. Rhodamine 123, a fluores-
tent dye, is a well established model compound for the eval-
vation of the transport activity of P-gp in different sites of the
body and for testing of tumor cells for MDR mediated by P-gp
(Ludescher et al., 1992; Masereeuw et al., 1997; de Lange et
i, 1998; Yumoto et al., 1999; van der Sandt et al., 2000).
Nevertheless, some authors suggest that a rOCT could also
Participate in Rhol23 transport (Masereeuw et al., 1997; van
der Sandt et al., 2000). To assess the permeability of the
Intact placental barrier for Rho123, transplacental passage
of Rho123 across the placenta was expressed as the trans-
l{l'flcental clearance per the wet weight of the placenta (mil-

ters per minute per gram). Similarly to the permeability
@efficient calculated in in vitro epithelial studies, clearance
52 ponstant that characterizes the ability of a drug to pass

ugh the barrier in the in vivo experiments.

The materno-fetal transplacental passage of Rhol23 did

It show the characteristics of linear pharmacokinetics,

& 5 ] H - - L 1

Fig. 7. Inmunohistechemical detection of P-glyeoprotein in the rat lerm
placenta. The rat placenta was flushed with the perfusion solution via
boih maternal and fetal vessels and immunohistochemical staining was
performed with the monoclonal antibody €219 (1:50 dilution). Strong
immunoreaclivity is scen in laminas of the synevliotrophoblast (arrow

heads). The fetal capillaries were not positive (asterisks) thematoxylin
stained; scale bar, 10 wm: magnification, 400X),

o
(=3
o
o3
[}
[5t)
Sewe”
S
=

mdria (329 bp)
mdrlb (331 bp)

Fig. 8. RT-PCR analysis of rat mdrla and madrlb gene expression in the
ral term placenta. PCR producls (5 wl) were scparated in 1.5% agarose
gel and visualized under UV with ethidium bromide, For details, see
Muoterials and Methods.

which suggests involvement of a transport process different
from passive transport mechanisms (Fig. ). The same satu-
ration process was found in the case of CsA in the perfused
rat placenta, but not in the case of L-[*H]glucose, a marker of
passive transport (Pavek et al., 2001). One can speculate that
in very low concentrations, P-gp completely returns its sub-
strates back into the maternal compartment. In higher con-
centrations, however, P-gp becomes saturated and drugs may
pass the barrier by passive transport. Under the steady-state
conditions, the transplacental clearance of Rhol23 was found
to be 8.48 times higher in the feto-maternal than in the
materno-fetal direction (Table 2; Fig. 3). In BeWo cell mono-
layers, the transepithelial passages of olther substirates of
P-gp, such as vinblastine, vincristine, and digoxin, were
found to be 6.2-. 3.7-, and 5.0-fold higher, respectively, in the
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|.to-apical dirvection than those in the opposite di-
nlﬂfsshigome et al., 2000). Thus, the asymmetry is
" '°°.( the rat placenta compared with the BeWo model.
jher 12 ¢ inbibitors of P-gp, such as PSC833, CsA. and
o fo” able to increase significantly the materno-fetal
o wel‘:ntal passage of Rhol23 (Fig. 3 and Table 1). In
-p’acpSCSS?: and QND significantly decreased the feto-
L al passage of Rhol23 acress the placental barrier
-wr;l and Table 1). Surprisingly, the inhibitors had less
g the feto-maternal transport than on the opposite

on
‘:;::3 and Table 1). In BeWo cultures, CsA was able to

r

r Jetel cancel the asymmetry of passage, resulting in the
| mpletely .
R apical-to-baso]ateral and baso]atera]-to-a'plcai trans-
- of three examined model compounds (Ushigome et al.,
"), In the intact rat placental barrier, howeve‘gr, P-gp
" pibitors did not lead to a complete loss of P-gp function. The
] aternal clearance of Rhol23 was found to be higher
pan the materno-fetal one even in the last intervals of the
riments. The discrepancies between the data obtained
from BeWo cell line and those from the perfused rat placenta
gemonstrate that the transplacental passage across the in-
et placental barrier is a more complex process. Other fac-
wrs, such as presence of additional transport mechanisms,
| plasma and/or tissue hinding, pressures and flows of the
fugion solutions, etc., can influence the transplacental
passage of Rho123 across the intact placenta. Despite the fact
| (hat syncytiotrophoblast is thought to be the principal bar-
rer component, it seems plausible that others layers, such as
| cdothelia of fetal capillaries. cytotrophoblast cells, and
hasal laminas, could partly influence transplacental passage
of Rho123 in the intact placenta, Because P-gp showed lower
| eflect on the feto-maternal passage of Rhol23 in comparison
with the materno-fetal passage of Rhol23 (Table 1), passive
diffusion seems to be important transport mechanism of
Rhol23 across the membranes in the feto-maternal direction
2 originally suggested by Stein (1997) in MDR-resistant cell
lines. QND influenced the passage of Rhol23 to the same
extent as specific and highly potent inhibitors of P-gp, such
25 PSC833 and CsA. Because QND also inhibits rOCT (Prit-
thard and Miller, 1993), our results suggest that there could
be a coinvelvement of an rOCT transporter in the regulation
of the transplacental passage of Rhel23. P-gp and rOCT1
may provide parallel transport mechanisms in the rat pla-
tenta similarly as it was reported in the kidney (Miller,
| 1995). Sodium azide also increased the materno-fetal pas-
sage of Rho123. Thus, ATP-depletion could result in abolition
of P-gp protective function and in an increased passage of
Rho123 across the placental barrier in the materno-fetal
dl!:ection. Similar observations have been found in Caco-2
epltbelial cell model (Augustijns et al.. 1993). Based on these
dings, we can speculate that placental hypoxia and pla-
&ntal ATP depletion could result in a decreased function of

‘Ep, and consequently in a higher exposure of human fe-
hl{es to some lipophilic xenobioties {rom the maternal circu-
lation. This speculation further emphasizes the importance
of St_udying the functional activity of P-gp in the placental

ITiey,

_TD exclude possible interference of Rho123 metabolism
¥ih the examined transplacental passage of Rhel23, HPLC
Method was used to determine possible biotransformation of

0123 in the rat placental barrier. As reported by Sweat-
Man et al. (1990), metabolites of Rhol23, such as Rholl0
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{deacylated metabolite of Rhe123) and/or its glucuronide con-
jugate, are formed in the rat. We found that only negligible
amount of Rho123 passing the rat placenta was metabolized
into Rho110, and therefore metabolism of Rhol23 did not
interfere with the study of P-gp-mediated transport pro-
cesses.

To detect and localize P-gp in the rat placentas, immuno-
chemical and immunchistochemical methods using mAb
€219 and Ab-2/F4 have been used. As opposed to the human
placental barrier that comprises one syncytiotrephoblast
layer, there are three trophoblastic layers in the rat placental
labyrinth; two of them are thought to be syncytium (layer II
and IID. Layer I facing maternal bleod is of cellular nature
with numerous fenestrations without diaphragmata and
thus do not represent a barrier to small compounds (Metz el
al., 1976, 1978). Syncytial layers II and TIT are connected
each other by numerous gap junction channels composed
preferentially of connexin26 (Metz et al., 1976; Shin et al,
1996). The gap junctions enable exchange of small water-
soluble substances, e.g., glucese, between syncytiotropho-
blast layers as suggested by Shin et al. (1997) and as was
clearly demonstrated by Gabriel et al. (1998) in connexin26-
defective mice. We found the highest levels of P-gp predom-
inantly in the apical membranes of the second syncytiotro-
phoblast layer, which is considered the “barrier” layer of the
rat choricallantoic placenta to maiernal blood (Melz et al,,
1978: Enders and Blankenship, 1999). Review on both hu-
man and rat placental histology and morphology has been
published recently by Enders and Blankenship (1999). This
localization of P-glycoprotein corresponds well with the func-
tion of the membrane. Continuous location of the P-gp in the
apical membrane of the syncytiotrophoblast layer II suggests
that P-gp is strategically located to face the incoming xeno-
biotics from the maternal blood before they enter fetal vessels
and other fetal tissues. Qur results also suggest that both
mdrie and mdrib genes encoding rat P-glycoprotein are
expressed in the rat-term placenta (Fig. 8). Our preliminary
results show that mbrld gene product could prevail over
mdrla, however, we are currently using real-time-RT-PCR
method to confirm the observation.

We conclude that our vesults support the hypothesis that
P-gp contributes to the barrier function of the placenta. In
addilion, P-gp was found to accelerate the feto-maternal
elimination of its substrates. Both these P-gp functions con-
tribute simultaneously to the protection of the fetus against
toxic injury. Consequently, P-gp inhibitors could increase the
amount of substrates cntering the fetus. Together, the
present study emphasizes the importance of assessing the
functional aclivity of P-gp in the human placental barrier
since this knowledge could have important toxicological and
therapeutic implications in pregnancy.
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Abstract

p-glycoprotein (P-gp) is a drug efflux transporter that limits the entry of various potentially toxic drugs and xenobiotics into the fetus
and is thus considered a placental protective mechanism. In this study, P-gp expression was investigated in the rat chorioallantoic placenta
gver the course of pregnancy. Three methods have been employed: real-time RT-PCR, western blotting and immunohistochemistry. The
expression of mdrla and mdr1b genes was demonstrated as early as on the 11th gestation day (gd) and increased with advancing gestation.
Western blotting analysis revealed the presence of P-gp in the rat placenta starting from gd 13 onwards. P-gp was localized in the developing
Libyrinth zone of the placenta on gd 13; from gd 15 up to the term P-gp was seen as a dot like continuous line in the syncytiotrophoblast
fayers. Qur data confirm the presence of P-gp in the rat chorioallantoic placenta starting soon after its development, which may signify the
ivolvement of P-gp in transplacental pharmacokinetics during the whole period of placental maturing.

© 2004 Elsevier Inc. All rights reserved.

Keywords: P-glycoprotein: Multidrug resistance; Eflux transporter, Placenta, Rat. Trophoblast

|. Introduction

P-glycoprotein (P-gp) is an ATP-dependent membrane ef-
flux pump removing lipophilic drugs and xenobiotics out of
cells. It gained worldwide attention two decades ago for its
wole in the phenomenon of multidrug resistance (MDR) in
amor cells [1]. Since then, P-gp has been detected in a vari-
ety of other tissues including epithelial cells of the intestine
2], capillary endothelium of blood-brain [3] and blood-testis
bartier {4], and placental trophoblast [4]. Many in vitro and
n vivo studies have demonstrated high impact of P-gp on
drig pharmacokinetics in these organs (reviewed in [5-3]).

P-gp was found to be present in rodent [9] as well as
In human [4.10-13] placenta. In humans, P-gp is a protein
Product of single MDR! gene, whereas two genes (mdria
and mdr 1) encode for the transporter in rodents [8]. Rodent
mdr{a and mdy1b appear to be expressed in a tissue specific
manner; together they seem to be present in the same tissues
% the human P-gp [14]. Both mdr] genes were recently
found to be expressed in the rat placenta in concentrations
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exceeding those in liver and kidney, the major organs of
excretion [15].

Evidence for the protective role of P-gp to the developing
fetus was provided in experiments in mdrla deficient CF-1
mice [16]: fetuses of mdrla (—/~) mice were extremely sen-
sitive to teratogen isomer of avermectine, a P-gp substrate.
Employing mdria i=i16~ '~ double knockout mice, Smit
and coworkers demonstrated significantly higher transpla-
cental penetration of P-gp substrates digoxin, saquinavir and
paclitaxel in mdrla—/~/1b”/~ mice compared to the wild
type [17]. Using the method of dually perfused rat placenta
in situ, we have recently shown that P-gp limits the entry
of drugs from maternal to fetal circulation [18]. In a subse-
quent study, we described the ability of P-gp to accelerate
the feto-maternal elimination of model compounds [19]. Pla-
cental P-gp is therefore believed to operate as a protective
mechanism by limiting the entry of a variety of xenobiotics
into the fetus.

Little is known about the expression and function of pla-
cental P-gp over the course of pregnancy. Our previous
experiments proved the function of P-gp only in term pla-
centas, however, P-gp was found to be of a great impor-
tance in protecting the fetus from potential teratogens also
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earlier Stages of pregnancy [16.17]. Several publications
& - reported on the presence of P-gp in immature as well
‘:n developed human and rodent placenta. In humans, P-gp
cen detected in first trimester placenta by immunohis-

istry [11], the expression of MDR1 gene was demon-
grated by in situ hybridization using RNA probes [11] and
by RT-PCR [20]. With the application of mdr/ specific

robes, rat mdr1 genes were found to be expressed in the rat

-lacental labyrinth from the 12th to 20th day of pregnancy
’-9]_ However, none of the methods used in these studies al-
jowed for quantitative evaluation of P-gp expression at dif-
ferent stages of placental development. Furthermore, P-gp
a5 investigated mainly on mRNA but not on the more in-
formative protein level at early stages of pregnancy.

The aim of the present study was to examine placental
expression of P-gp on both mRNA and protein levels and to
illustrate possible changes in its expression over the course
of pregnancy. We took advantage of three techniques to study
p-gp expression in the rat chorioallantoic placenta from the
th to the term 22nd gestation day (gd): (1) we employed
real-time RT-PCR to compare the levels of mdrla and marib
wanscripts over the placenta maturing; (2) Western blotting
wes performed to compare the expression of P-gp on the
protein level; (3} immunohistochemical method was used to
visualize P-gp localization in the placenta during pregnancy.

3. Materials and methods
1l Animals

Female Wistar rats were used for all experimental
procedures. Pregnant rats were obtained from Biotest
{Konarovice, Czech Republic) and housed in the accredited
laboratory at the Faculty of Pharmacy, Charles University.
All experiments were approved by the Ethical Committee of
the Faculty, Animals were maintained on a 12-h light/dark
cycle at 18-20°C and provided rodent chow and water ad
libitumn. Gestation day {gd) 0 was established upon detec-
tion of coppulatory plug or sperm after overnight mating.
Placenta were collected from three dams on gd 11 and from
thiee dams on every day between gd 13 and gd 22. Four
to eight placenta were obtained from each dam. Randomly
selected placenta were dissected free of endometrium and
fetal membranes and either snap-frozen in liquid nitrogen
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and stored in —80°C for real-time RT-PCR and Western
blotting or fixed in paraformaldehyde for immunohisto-
chemical method.

2.2. Real-time RT-PCR

Total RNA was isolated from pre-weighted placenta
using TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s instructions. The concentration was calcu-
lated by Azgp measurement, RNA integrity was confirmed
by electrophoresis on 1% agarose gel.

First strand ¢cDNA was made from | pg of total RNA
with MMLV transcriptase (Finnzymes, Finland) using
oligo(dT)VN primer (Generi-Biotech, Czech Republic) and
porcine RNase inhibitor (TaKaRa, BIO, France). Sequences
of mRNAs for evaluated genes were obtained from NCBI
database. Primers for the target genes mdria and mdrib
and for p-2-microglobuline (b2m) as a housekeeping gene
(Table 1) were designed using the Vector NTI Suite software
(Informax, USA).

Primer specificity was determined by 3% agarose gel elec-
trophoresis of RT-PCR products, which resulted in a single
product of desired length. Since mdr/a and mdr{b have com-
mon reverse primer, specificity of amplification was verified
by restriction analysis. The lengths of restriction fragments
obtained from mdria and mdrlb amplicons after incubation
with Xmnl or Mbol enzymes corresponded with expected
sizes. Performing search in BLAST we found no sequence
similarities in rat genome. In addition, melting curve analy-
sis on Rotor-gene 2000 real-time cycler (Corbett Research,
Australia) was performed, which resulted in single product
specific temperatures—mdria 85.6°C, mdr1b 85.3 C,b2m
86.2°C.

Real-time PCR analysis was performed on Rotor-Gene
cycler. cDNA (10 ng reverse transcribed RNA) was amplified
with HotStar Taq polymerase (QIAGEN) under the follow-
ing conditions: 3mM MgClz, 0.2mM dNTP, 0.3 pM each
primer, 0.03 U/ul polymerase, SybrGreen | in 1:30,000 dilu-
tion; the temperature profile was 95 °C for 15 min; 40 times:
95°C for 20s, 55 °C for 30s, 72 °C for 40s; 83°C for 155;
melting curve program 70-90 "C. Thresheld cycle number
(C)) values were acquired at 83 °C, which is the tempera-
ture for primer—dimer melting. Each sample of cDNA was
amplified in quadruplicates. One of the samples, chosen as
the reference calibration sample (calibrator), was analyzed

Table |

Sequences and specifications of primers, used for real-ime RT-PCR quantification

Gene Accession number Sequence 5' — 3’ Product length (bp) Locahzation

mdriq AF257746 o cic aag tga aag gug cta ca (f) 329 2526-2854
age alt tet pra tgg tat ctg caa g ()

mdrih AY 082609 cpe tte taa tgt taa agy ggc tat g () 331 24892819
agc am fct gta tgg tat ctg caa ge ()

ﬂ'Z-MIcJUglobuline Y00441 tgc cat tea gaa aac tee cea (f) 303 64-336
tac atg tet cgg tec cag gig a (n

f forward; T, reverse.
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run. The calibrator was serially (five-fold) diluted
’fl - licates} to estimate the efficiency of the reaction. The
3 .mpmcessing of real-time amplification curves was per-
w'ces on Rotor-Gene 2000 software version 4.6 (Corbett
{m“arch Australia). C; and slopes of calibration curves
£ det;,nnined. The results were analyzed using Eq. (1)
d by Pfaffl [21]:

(E 4 )AC.Mr(calibrator—sample)
mdar

were
describe

(1

r2lio = ( Eb:m)ACihzm (calibrator—sample) *
shere Emdr and Boom are the real-time PCR efficiencies of
amplifications of target and housekeeping gene; AC, ,, re-
ively. ACy,, are the differencies between C, of ana-

sample and C; of calibrator for the target (mdr) gene
or houskeeping (b2m) gene, respectively.

Ratios of samples of the same gd were averaged, the result
qas expressed as a percentage of the value of gd 22.

3. Western blotting

Placentz were homogenized with Potter-Elvehjem ho-
mogenizator in ice-cold buffer (l1:1, w/v) containing
250mM sucrose, 10mM Tris, 5mM EDTA and protease
ihibitors leupeptin (10 pg/ml), pepstatin (10 pg/ml) and

" PMSF {1 mM), pH 7,4. Crude membrane fractions were ob-

wined through a differential centrifugation of homogenate
at 10,000 x g for 10min at 4°C and subsequent spin-
ning of the supematant at 36,000 x g for 70min at 4°C.
Protein content was determined in resuspended pelette by
bicinchonic acid assay (Pierce Chemicals, Rockford, USA).

Membrane fractions were mixed with 2x SDS sampie
buffer (1:1) without heating. Proteins (36 pg of protein per
line} were separated on 7% polyacrylamide SDS-PAGE
gel under constant current (30 mA) and subsequently elec-
motransferred (25 V) to nitrocellulose Hybond® membrane
{Amersham Pharmacia Biotech, Sweden). Unspecific bind-
ing sides were blocked by incubating the membrane in
3% blocking solution containing 3% BSA and 2% of
blocking agens (Amersham, Pharmacia Biotech, Sweden)
ind incubated in TBS-Tween 0.01% buffer with murine
mAb C219 (Signet Laboratories, Dedham, MA, USA) or
mAb MDR Ab-2, clone Ab-2/F4 (NeoMarkers, USA),
both diluted 1:500. Anti-mouse secondary horseradish
peroxidase-conjugated antibody (1:1000 dilution) and ECL
Western blotting detection kit (both Amersham Pharmacia
Biotech, Sweden) were used for chemiluminiscence detec-
fon of P-gp on FOMA® Blue Medical X-ray films (Foma
Bohiemia, Czech Republic).

Exposed fitms were scanned on flatbed scanner HP
3000 (Hewllett-Packard) and densitometrically analyzed
¥ith Lablmage® gel densitometric software version 2.62
Kaplan GmbH, Halle, Germany).

_The placenta were collected from altogether 33 dams and
Uvided into three groups (11 dams at different stages of
Pregnancy per group). To average variability in P-gp content

in all placenta of one mother, three or four randomly se-
lected placenta of the same dam were pooled and processed
together to obtain one sample. Each group formed a set of
11 samples containing placental homogenates of gd 11 and
gds 13-22. Each set of samples was processed together at
one time (i.e. homogenization, protein content determina-
tion and Western blotting analysis) in order to make com-
parisons across gestational time. Densities of P-gp bands in
each set were subsequently related to the density of the 22nd
gd band. The results were expressed as three different sets
of placental samples of gd 11 and gds 13-22,

2.4. Immumohisiochemisiry

Specimens of the placenta were fixed in 4% paraformalde-
hyde (pH 7.35) and then paraffin-embedded. Sections of
the placenta (thickness, 5pm) were dewaxed and rehy-
drated through a series of ethanel solutions. Endogenous
peroxidase activity was blocked with 3% HzO: in 50%
methanol solution for 15min. For heat-induced antigen
retrieval, the slides were boiled in 0.1 M Tris—HCI buffer,
pH 1.5, for 5min in a microwave oven at 750 W. Blocking
of nonspecific background staining was performed with
10% normal goat serum (Sigma Chemie, Steinheim, Ger-
many) in phosphate-buffered saline (PBS) solution (pH
7.4) for 30min. Slides were incubated with primary an-
tibody for P-gp (C219; Signet Laboratories) diluted 1:50
in PBS solution for 15-18h at 4 "C. After PBS rinses, the
slides were developed with the secondary goat anti-mouse
antibody (DAKO En Vision™, DAKOCytomation, Carpin-
teria, USA). Secondary antibodies were visualized with
diamincbenzidine (DAKOCytomation, Carpinteria, USA)
and hematoxylin counterstained. To eliminate background
staining, control slides were treated in the same manner, ex-
cept PBS solution was substituted for the primary antibody
to P-gp. Slides were examined using computer image anal-
ysis (light microscope Nikon Eclipse E200, Japan; digital
camera PixeLINK PL-A642, Vitana Corp., USA, LUCIA
software, version 4.71, Laboratory Imaging Prague, Czech
Republic).

3. Results
3.1. Expression of mdria and mdrib during pregnancy

The expression of mdr{ genes in placenta was studied by
real-time RT-PCR using relative expression analysis. The
levels of mdrlalb transcripts were compared to the expres-
sion of B-2-microglobuline. Using the mathematical methed
of Pfaffl [21] the efficiency of PCR was taken into account.
Averaged C, values are plotted in Fig. |A. The amplifica-
tion efficiencies of mdria, mdrlb and B-2-microglobuline
transcripts were 0,962, 0.924 and 0.894, respectively, The
equations and correlation coefficients (RY) of linear regres-
sion are shown in Fig. 1.
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samples from rat placenta of gd 11 and gd 13. The amount of 10ng of each cD

NA was amplified, the sample of gd 22 was used as a calibrator. Simailar

analysis was performed for f-2-microglobuline as a housekeeping gene. The C; values of quadruplicates were averaged and processed using Fq (1),

Significant differences in the expression pattern of both
genes (mdrla and mdrib) in the placental samples were
observed (Fig. 2). While the concentration of both mdria
and mdr1b transcripts increased from gd 11 up to the term,
the maximum expression was reached earlier in the case of
mdrla than mdrib (gd 19 and gd 22, respectively).

3.2, Western blot analysis of P-gp in placental membrane
fractions during pregnancy

In pifot experiments we observed a slight variability in
the P-gp expression among placenta of one dam (data not
shown). Therefore in subsequent experiments three or four
placenta from the same animal were pooled and analyzed
as one sample. Furthermore, our data showed no correlation
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Fig. 2. Relative expressions of mdrla and mdrib genes normalized to

the expression of g-2-microglobuline (b2m}. Plotted are the averages of
three measurements. The values are related to gd 22.

between P-gp expression and weight of the placenta (data
not shown).

No P-gp was detected in the placental samples of gd
11 either with C219 or with Ab-2/F4 monoclenal antibody
(Fig. 3). P-gp was detectable starting from gd 13 (slight sig-
nal observed in two out of three samples employing C219
antibody). P-gp was then found in all placental samples
from gd 14 to gd 22 of pregnancy. The monoclonal antibody
Ab-2/F4 detected P-gp in one of three samples of gd 14 and
in all samples from gd 15 to gd 22. Although the intensity
of P-gp expression was rather variable, the levels of P-gp
seemed to rise from gd 13 to gd 18 in all three sets of sam-
ples. The amount of P-gp on the 22nd day was lower than
that of gd 18 in the all three sets.

3.3, Immunohistochemical localization of P-gp during
chorioallantoic placenta maturing

The temporal expression pattern of P-gp in the developing
chorioallantoic placenta was investigated by immunchisto-
chemistry at the light microscopy level. No immunopositiv
staining for P-gp was found in spongiotrophoblast and tro-
phoblast invading the maternal blood vessels on gd 11 (data
not shown). P-gp was detected in the placenta from gd 13
when it occurred in some parts of the developing labyrinth
zone as a single continuous line along the interhemal mem-
brane between the matemal blood space and fetal capillaries
(Fig. 4A and B). On gd 15, similar pattern of P-gp labelling
was found in the labyrinth zone. At higher magnification,
P-gp positive labelling formed a dot like continuous line sit-
uated in the layers of the syncytiotrophoblast (trophoblast
layers II and I1I). From gd 16 up to the term the expres-
sion pattern of P-gp was the same as that on gd 15. The
cells of fetal capillaries in the labyrinth zone, spongiotro-
phoblast and secondary giant trophoblast of the junctional
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sne were without any immunoreactivity during the course
of pregnancy. {Fig. 4C-F).

4, Discussion

P-glycoprotein acts as a membrane efflux pump with
bwad substrate specifity. By removing xenobiotics out of
cells, P-gp plays a significant role in drug absorption and
disposition. The importance of P-gp in limiting the transpla-
cental penetration of many potentially toxic xenobiotics was
demonstrated by experiments in mice carrying distuption in
mdrl genes [16,17]. In our recent studies, we have demon-
strated the activity of P-gp in situ on dually perfused rat
lerm placenta, using several P-gp substrates and inhibitors
[18.19].

In the present study, we analyzed P-gp expression in the
fat chorioallantoic placenta during its maturing. The rat pla-
tenta is morphologically and histologically similar to the
human one, both of them are of hemochorial type. Definitive
features of the rat chorioallantoic placenta are well-presented
by day 12 of pregnancy (reviewed in [22]); by day 14, chori-
ovitelline placenta regresses and the chorioallantoic placenta
s considered to represent the primary unit of maternal-fetal
substrate exchange during the last third of pregnancy [23].
We analyzed P-gp expression in the rat placenta from gd 11
Up to the term (gd 22), which covers the whole period of
thorioallantoic placenta maturing.

The expression of mdria/b genes in rat placenta dur-
Mg the second half of pregnancy has already been reported
9]. These authors demonstrated the presence of mdr/ tran-
scripts between gestation days 12 and 20 using common

11 13 14 15 16 17 18 19 20 29 22

219 (B). Each row represents a set of samples processed in one tum, No P-

M. Novoma et al./ Reproductive Toxicology 18 (2004) 785-792 TRG

®

28]
[=]
o

-
o
=]

-
o
o

o
o]

Expession of P-gp (% of day 22)
o

11 13 14 15 16 17 18 19 20 21 22
Gestation day
(D)

P-gp
_-}

11. 13 14, 16. 18 20 22.

fig, 3. Expression of P-gp in the rat placenta between gd 11 and gd 22 as detected by Western blotting using monoclonal antibodies Ab-2/F4 (A) and
gp was detected on gd 11; first signal was found in two out of three samples
of pd 13 vsing C219. (C) and (D) show representative sets of samples with P-gp as a band of about 150kDa detected by Ab-2/F4 (C) and C219 (D)

RNA probes for both genes. In the present study, we ex-
amined the changes in mdr! levels employing the sensi-
tive real-time RT-PCR method using specific primers for
both mdrlalb isoforms. We found significant changes in
the amount of mdria and mdr1b transcripts over the course
of pregnancy and placental development. Both mdri genes
were detected as early as on gd 11; however, the levels of
midrla and mdrib transcripts observed on gd 11 were very
low. On gd 11, we could not detect P-gp on the protein level
by any of the employed immunochemical methods. There-
fore we suggest that there is only a negligible amount of
P-gp present in the rat cherioallantoic placenta in the early
stage of its development and maturing. Although the midr!
expression on gd 13 did not significantly differ from that
on gd 11, P-gp was already detectable employing the meth-
ods of immunohistochemical localization and Western blot
analysis. Our real-time PCR data indicate that the expres-
sion of both mdrla and mdrib genes tends to increase up
to the term reaching a maximum on gd 19 (mdrla) and on
the term 22nd day (mdrlb). Recently, Leazer and Klaassen
[15] observed the expression of mdrib in the rat placenta
on gd 21 to be nearly 2.5 times higher than on gd 18, which
correlates well with the results presented here. The differ-
ent patterns in expression of mdria and mdrib genes show
that they are not co-regulated during pregnancy and signify
that the expression of both genes probably underties differ-
ent regulation pathways. This suggestion is supported by the
recent data of Lee [24,25], who provided the evidence that
mdrla expression is transcriptionally regulated, whereas the
induction of mdrla is regulated post-transcriptionally.

Two different primary antibodies were employed to de-
tect P-gp in plasma membrane by Westem blotting. Mouse
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Fig. 4. Light microscopic immunohistochemical staining for P-gp in the rat placenia. (A, B) Placenta at gd 13; (C, D) placenta at gd 17: (E, F) placenta
at gd 22, (A) P-gp (arrow) was deccted in the developing labyrinth zone of the tat placenta from gd 13 (border between labyrinth and junctional zone:
blzck arrewheads, and junctional zone and maternal decidual tissue: white arrowheads). (B) Detail from the devcloping labyrinth zone with the positivity
for P-gp (arrow) within the syncytiotrophoblast, (C, E) P-gp was localized in the syncytiotrophoblast of the labyrinth zonc up to term and this locahzation
did not change during the course of pregnancy. (D, F) At higher magnification, intense staining for P-gp within the layers of syncytiotrophoblast 1s shown

(amows). Asterisks indicate fetal capillaries.

monoclonal C219 is known to detect one of intracellular
epitops of human P-gp [26], whereas Ab-2/F4 recognizes
specifically an extracellular epitop [27]. C219 binds to intra-
cellular epitop in all mdr isoforms including mdr2 [28] and
detects also sister of P-gp transporter (spgp or bsep) {29,30].
Ab-2/F4 is thought to detect the mdrl isoforms only [31].
None of the two antibodies is known to be specific for any
of P-gp isoforms. Ab-2/F4 thus detects total protein prod-
ucts of mdrla and mdrib genes, C219 antibody binds not
only to mdrla/b but also to a certain extent to the proteins
encoded by mdlr2 and spgp genes. We found that C219 was
flble to detect P-gp in some samples of gd 13, whereas no
immunoreactivity was observed with Ab-2/F4 monoclonal
antibody until gd 15 (apart from one sample of gd 14). No

signal was observed even when using higher concentration
of Ab-2/F4 antibody (data not presented). The positive signal
from C219 could thus reflect mdr2 or spgp expression in the
early stages of rat chorioallantoic placenta maturing. How-
ever, this seems unlikely since mdr2 and spgp (bsep) mRNA
expression in term rat placenta is only negligible [ {5]. There-
fore we suggest that these discrepancies are caused mainly
by a different affinity of the two monoclonal antibodies to the
distinct P-gp epitops. Considering the results obtained with
C219 menoclonal antibody we suggest that P-gp is present
in the rat placenta from gd 13. P-gp was further detected in
all placenta from gd 14 to gd 22, between gd 14 and gd 18
there was a tendency to increase in the intensity of P-gp sig-
nal. However, the concentration of P-gp was rather variable
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Although there are no reports on mutations
s that would correlate with P-gp expres-
sible Po[y-morphli:‘. expression of the genes _cgnnot
uded 8 an explanation for‘ the gbserved varu.ablhty. In
e geveral mutations causing single nucleotide poly-
2y (SNPs) in the MDR 1 gene were demonstrated to
histms e
jate with placental P-gp expression .32-.. Unusual de-
of variation in mdr] mRNA expression was observed
g lung parenchyma from pregnant and also nonpreg-
,m:n Spmgue—Dawley rats [33]. Since the variation was not
Jated t© biological parameters such as body weight,
¢, pregnancy of any type of medication, the authfyrs con-
uded this vanabm?y to be causec.i by l?olymorphlsm due
u p o dominant inherited factor, which stimulates mdr/ ex-
ion, The present study was designed that 3-4 randomly
selected placenta of one dam were pooled together to aver-

. the variability of P-gp expression among placenta of one
fam. However, the variability in P-gp expression observed
in western blots could be influenced by a polymorphic ex-
pression of mdri in placental samples and by their random
selection.

The rat chorioallantoic placenta is composed of two
distinct Zones: junctional and labyrinth ones, where the
Lbyrinth zone represents the main area of materno-fetal ex-
change. The rat placenta is hemotrichorial, which indicates
tat the trophoblast comprises of three layers: a discon-
unuous layer of cytotrophoblast (layer I) facing maternal
blood and two syncytiotrophoblast layers (layers 11 and I11).
Because of its fenestrations, layer I is not considered to
finction as a barrier for penetration of even high molec-
ylar weight substances, e.g. horseradish peroxidase (MW
40000) [34]. The apical membrane of layer I is responsible
for extraction of nutrients from maternal circulation and
forms the main “barrier” for drug penetration. The basal
membrane of layer III allows the release of transported
substance to the fetal compartment. Both of the membranes
thus express transporters, which are necessary for nutrient
rransfer [23,35.36]. The transport between these two layers
sallowed at least partly by gap junctions [36-38].

In human placenta, P-gp was found mainly in the surface
of trophoblast [13,16.39]. In rat placenta, the main expres-
sion of mdri genes, studied by in situ hybridization, was
thserved in the trophoblast of labyrinth zone [9]. We con-
fimed these results performing the immunohistochemical
siaining of P-gp with C219 antibody. Intensive immunore-
aclivity for P-gp was found in the developing labyrinth zone
ofplacenta. We report here that P-gp forms a dot like con-
linwous line in syncytiotrophoblast as early as on gd 13 and
that the expression patterns do not change until the term. No
signal for P-gp was found in the layer I and in the endothe-
lial cells of fetal capillaries in labyrinth or in spongiotro-

phoblast and secondary giant trophoblast of the junctional
2one at any stage of chorioallantoic placenta maturing.

As we previously demonstrated by western blot analysis
of the separated membrane fractions [19], P-gp in the term
Placenta seems to be predominantly localized in the apical

les.
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membrane of layer 1I. This supports the hypothesis that the
apical membrane of layer II represents the main structure in
limiting the xenobiotics transport across the placenta. These
data correlate with the localization of P-gp in the syncy-
tiotrophoblast found by immunohistochemistry and support
the hypothesis of the protective function of P-gp in the pla-
centa during the whole last third of rat pregnancy.

Apart from the transport and barrier role, mammalian pla-
centa has also endocrine functions including production of
steroid hormones and a variety of growth factors [40-42].
We can assume that the expression of placental P-gp on
both transcriptional and post-transcriptional levels underlies
some control from endogencus factors related to physiolog-
ical changes in pregnancy. Considering the observed Pgp
expression profile and the function of P-gp in rat term pla-
centa [18,19], we assume that P-gp could be involved in
transplacental drug transfer starting from gd 13. P-gp may
thus protect fetus from potentially harmful xenobiotics dur-
ing the whole last third of rat pregnancy, when chorioallan-
toic placenta is the primary unit in feto-maternal exchange.
However, P-gp expression does not necessarily have to cor-
relate with the transport activity of the protein. Furthermore,
some other mechanisms are involved in the protection of fe-
tus. There are metabolic enzymes present in the placenta and
fetus [43-45), which contributes to fetal protection by bio-
transformation of many xenobiotics. Additionally, P-gp has
been found in fetus in early stages of its development [46].

In summary, mdrl genes encoding P-gp are expressed in
the rat chorioallantoic placenta from the beginning of its es-
tablishment as early as on gd 11 and the level of transcripts
increases during placenta maturing up to the term. From gd
13, presence of P-gp can already be detected in the interhe-
mal barrier of the developing labyrinth zone. P-gp in the rat
placental syncytiotrophoblast shows an increasing expres-
sion from the half to the 18th day of pregnancy. Therefore,
if the presence of P-gp in the rat placenta is connected with
its efflux pump function, placental P-gp could participate in
fetal protection soon after the establishment of chorioallan-
toic placenta.
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SUMMARY

j. Breast cancer resistance protein (BCRP.ABCG2)is a drug
offlux transporter that is belicved to affect the drug disposition
of several dengs and xenobiotics. In the present study, we evaluated
the localization and functional expression of BCRP in the human
choriocarcinema celt line BeWo, an in vitro model of the human
trophoblast, and compared it with the expressien of P-glycoprotein
(MDR1. ABCB1) as the most widely studied placental trans-
gorer. Tn addition, the expression of BCRP at the mRNA level
was compared with that of DRI in the human term placenta.

2. Western blotting analysis revealed high endogenous
expression of BCRP protein in BeWo cells. Using indirect immuno-
fluorescence microscopy, we found that the BCRP transporter
appears to be localized predominantly at the apical plasma
membrane. Functional studies showed a significant effect of the
BCRP inhibitors GF120918 (5 smol/L) and Kol43 (1 pumol/L)
on mitoxantrone accumulation and, thus, confirmed effiux
activity of BCRP in Be'Wo cells.

3. Using absolute mRNA quantification with real-time reverse
transcription—polymerase chain reaction, we found high expression
of BCRP in BeWo celis. whereas no transcript of MDRJI (P-
glycoprotein), the most extensively studied drug transporter, was
detected.

4. In the human placenta, BCRP was localized predominantly
in the syncytiotraphoblast laver; however, immunopositivity for
the BXP-21 antibody was also observed in fetal vessels of the
chorionic villi. The numbeyr of BCRP transceripts in the human
term placenta was found to be more than 19-fold higher compared
with the expression of MDRI,

5. In conclusion, we suggest that BeWo cells could serve as a
shitable in vitro model to study trans-trophoblast transport of
BCRP substrates and that placental BCRP can play an import-
ant rele in preventing the accumulation of potentially toxic
Xenobiotics in the trophoblast cells.
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INTRODUCTION

Breast cancer resislance protein (BCRD, ABCG2) is the most
recently discovered drug transporter, befonging 10 the ATP-binding
cassetle (ABC) transporier superfamily.’ Several cylotoxic drugs
{e.g. mitoxantrone, metholrexate, topotecan), as well as fiuorescent
dyes (e.e. Hoechst 33342) and somne endogenous substiates, have
been found 10 be transported by BCRP? In addition to conferring
multidrug resistance 1o tumour cells, BURP has been shown to be
expressed in various physiological tissues. such as brain capillarics,
colon, small intestine, Hiver o placenta, where it is believed 1o aflect
the drug disposition of several drugs and xenobioties.” ?

In the human placenta, high expression of BCRP was originally
reported by AHikmets er al. using northern blotting.® Later. immuno-
histochemical swdics localized BCRP to the trophoblast, the
surface layer of placental chorionic villi."" The role of BCRP in
human placenta has not yet been fully elucidated. However., based on
considerable overlap in substrate specificity and tissue distribution
between BCRP and P-glycoprotein (P-gp; encoded by the multidrug
resistance gene MDRT). the best-described ABC transporter, BCRP
was suggested to coniribute to the protective function of the
placenta.””" It has been shown in mice that inhibition of Berpl by
GF120918, a dual inhibitor of BCRP and P-gp. increased passage
of wpotecan to the fetus when adiinistered to mdria/1b™ " inice.”
Therefore, it was suggested that placental BCRP may play a role in
transporling cytotoxic drugs, and possibly toxic xenobiotics, out of
the fetus. However. specific localization and the precise role of
BCRP in the placenta remain unknown.

Several methods have been introduced to assess the drug transport
activity of ¢fflux transporters." To cvaluate the transplacental pas-
sage of drugs, various technigques have been developed using
isoluted tissues or cells derived from human placenta.™ The BeWo
choricarcinoma cetl line was established as an in vitre modcl
to investigate trophoblast cell function.” Because BeWo cells display
morphological properties and biochemical marker enzymes
common Lo normal trophoblast, they have been used successfully Lo
study the transport and metabolism of endogenous substances such

ey ['Gw or glucose™ and have also been used in
g
J-22

as transferrin.
uptake studies involving a variety of membrane ransporters.
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BCRP expression in the cell line Belo

Using the BeWo cell maodel, lh-c ﬂnlcai‘(mal activity of P-gpr in the
poblast layer has been examined.™ In addition to confirming
:;pﬁmctional expression of P-gp in BeWo cells. these awthors
hasised some biochemical properties of the cells being similar
rimary cultures of normal human cylotrophoblast and suggested
p! the BeWo cell linc for investigations of the trans-trophoblast
usmfpon of nutrients and drugs. High endogenous expression of
:Ean has been lound previously in several chorocarcinoma cell
jines, including BeWo cells.™ More recently, Ee of o/, used a new
roach of small interfering RNA 1 knockdown BCRP and
abserved increased sensiivity of BeWo cells 1o mitoxantrone and
wpowcan.:’ However, precise charscterization ol the expression and
unction of the BCRP efflux transporter in the BeWo cell line, as
one of the i vitro maodels of the placenta. is still lacking.

The 2im of the present study was to elucidate, using quantitative
raldime Teverse transcription-polymerase chain reaction (RT-
PCR), immunoblolting and immunofluorescence microscopy, the
expression and localization of BCRP in the BeWo cell line and in
tuman placenta. The function of BCRP as a membrane ¢Mux pump
n BeWo cells was studied using a {luorescent BCRP substrate,
mitoxantrene and inhibitors for BCRP and P-gp transporters.
In addition, performing absolute guantification of mRNA using
eal-time RT-PCR. we were able o compare the expression of BCRP
with that of MDR 1. as the most widely studied placenial transporter,
in both the BeWo cell line and the human term placenta.

METHODS

Tissue samples and cel! cultare

Human placentas were obtained from five uncomplicated pregnancies #fler
delivery between 36 and 39 weeks gestation, All mothers were non-smokers
without any medication during pregnancy. The study was approved by the
¢thics committee of the Charles University in Prague. Faculy of Pharmacy:
informed consent was obtained from all mothers.

Specimens were dissected from the middie villous part of the placenta, snap
frozen in liquid nitrogen and stored at —757C. For immunohistochemistry. samples
were immersed in OCT embedding medivm (Leica, Wetzly, Germany). snap
frozen in liquid nitrogen-cooled 2-methylbutane and stored at -75°C

The BeWa cebts were purchased from the European Cell Culture Collee-
tion (ECACC: Salisbury, Wiltshire, UK), Cells were cultured in Ham’s F12
medium adjusted 1o contain 1.5 'L sodium bicarbonate and supplemented
with 10% fetal calf serum {FCS) and 2 mmol/L L-glutamine, The MDCKII
parent ccll line and BCRP-transduced MDCKIT subdine (MDCK1LBCRP),
which stably cxpresses human BCRP, have been described and characterized
elsewhere.?® The HCT-8 cells were purchased from the ECACC and were
Qultured in RPMI medium suppleniented with 10% horse serum (HS) and
I mmol/L sodium pyruvate {(NaP). The HepG2 cells were oblained from the
American Type Cell Collection (ATCC: LGC Promochem, Teddingtlon.
Middlesex, UK) and were grown m minimal essential medium (MEM)
supplemented with § mmol:'L NaP 0.1 mmoliL non-essential amino acids
and [0% FCS. AN cell lines were cultured under conditions of 37°C and
3% C0,95% humidity.

Quantitative real-time RT-PCR

Total RNA was 1selated from cwltured cells amd from frozen tissuc samples
using TriReagemt (Molecular Research Centre, Cincinnati, OH, LISA),
according to the manufacturer’s instructions. The RNA concentranions were
determined from ultraviolet (UV) absorbance at 260 nm, with measueemems
pertormed in triplicates. The purity of the isolated RNA was checked by the
LIV absorbance miio Asg /A, and RNA inteprity was confirmed by electro-
phoresis on a 1% agarosc gel. The cDNA was prepaved from | g exteacted
total RNA with MMLV transcriptase using oligo(dT),, VN nucleotides and
porcine RNase inhibiter. Reference sequences of mRNA for human BCRP
(GenBank aceession no. NMOGE27) and MDRI (GenBank accession no.
NMO0O0927} genes were obtained from the NCB! database (http:
www.ncbi.nih,gov). Specific primers and probes for the target human BCR?
and MDR1 (Table 1) were designed using Vector NTI Suite sofiware (Infor-
Max, Bethesda, MD, USA). Primer specificity was contirmed by agarose gel
¢lectrophoresis of RT-PCR products, which resufted in single product of the
desired fength (179 bp for BCRP; 122 bp for MDRT). For absolute quanti-
fication, pCR plasmids (Invitrogen, Paisley. UK) with subcloned PCR prod-
ucts for BCRP and AIDRI were used as PCR standards, Plasmids were
amplified using standard procedures. isolated with a Qiagen Plasmid Midi
Kit{Qiagen, Hilden, Germany} and sequenced on an ABI PRISM 310 DNA
sequencer (Applied Biosystems, Foster City. CA, USA). Real-time PCR
analysis was performed en an iCycler {Bio-Rad, Hercules, CA.L LISA). The
<DNA (25 ng transcribed RNA ) was amplified using Therme-Stare polymer-
ase (0,04 Li/ml; AB-gene. Lpsem, UK) under the following conditions:
6 mmolt. MgCly, 0.2 mmol/L dNTP, 0.1 amodil. dual-labelled probe and
0.8 pmoliL. of each primer for BCRP or 0.3 pwmol/L. of each primer for
MDR], The temperature profile was 93°C for 15 min and 40 repeats of a
cycle cousisting of 95°C for 15 s and 60°C for 45 s Standard curves were
generated from seven decimal dilutions of the corresponding pCR plasnud,
the number of copies ranged from 5,10 to 5,10 copiess23 pk reaction, The
anadysis of real-time amplification curves and subtraction of threshold (C1)
values was performed using iCyeler 1Q 3.0 softwire (Bio-Rad}: other cal-
culations were performed in Excel software (Microsoft, Seattle. WA, USAY.
The absolute number of cINA copies in cach somple was caleulated from
the calibration curve generated.

Western blotting analysis

The cell membrane fraction of plcental tissue was prepared as described
previously.” The whole cell lysate was prepared from subconfluent cultured
cells by scraping the cclls and dissolving the phosphate-buffered saline
(PBS)-washed cell pellet in ice-cold fysis bufter (30 mmol/L Tris, 1 wmol/L
ERTA, 2mmol L FGTA. 1 mmolL ditluothreitol (DT} 1% nonidet P-40
and 0.3% mercaptocthanol) containing protease mhibitors. Lysates were
centrifuged at 10000 g for 10 min ar 4°C. Samples (1{H} pg protem) were
subjected to sodium dodecyl sulphate—polyacrylamide gel electrophoresis
and clectrotransferred w polyvinglidene difluoride (PYDE) Hybond-P”
membrane {Amersham Biosciences, Uppsala, Sweden). Afier blocking of
non-specitic binding sites in 3% non-fat dry milk (= blocking bufter),
membranes were incubated with BXP-21 antibedy {1 : 1000 in 1"4 blocking
buffer: evernight at 4°C). lncubation with correspending secondary anti-
mouse horseradish peroxidase-conjugated antibody was used for recognition
of the primary antibody (1 : 2000 in 1% blocking buffer: 60 min at room
temperature), tollowed by enhanced chemiluminiscence detection with an

Table | Gene-specific pelymerase chain reaction primers and dual-labelled probes

Forward primer Probe Reverse primer Locahzation
Gene sequence sequence SeqUence on mRNA
MDRI  TGCTCAGACAGGATGTGAGTTG  ATGACCCTAAAAACACCACTGGAGCATTGA  AATTACAGCAAGCCTGGAACC 2805 2926
BCRP  GCCGTGGAACTCTTTGTGGTAG  ACATCAGCGGATACTACAGAGTGTCATCTT  GCCTTTGGCTTCAATCCTAACA 1534 4712
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Jvanced Western blotting detection Kit (Amersham Biosciences). The
gt A o5 Were subsequently exposed to FOMA™ Blue Medical Xoray films

bﬂnBOhcmia, Hradee Kralove, Czech Republic). To quantify the bands
FoMA r. exposed films were scammed on a tatbed scanner (HP 5400¢;
n_P;;ckard, Houston. TX, USA} and analysed densitometrically with
ge® gc! densitometric software verston 2.62 (Kaplan, Halle, Germany),

of in
Hewle

{blme

Cellular uptake experiments

BeWo. MDCKI and MDCKI-BCRP cells were seeded omo F2-well
cufure plates and incubated tor 2 days to reach at least 73% contluency. Prior
o the experiment, the cell culture medivm was removed and each well was

hed Twice with PBS. Celis were then pre-incubated i OPTI-MEM
E fum (Gibco Invitrogen. Paisley. UK) without inhibitor or m the presence
of 5 pmol/L GF120918. 1 umoliL Ko 143 or 1 pmoliL PSCS33 at 37°C in
(95 CO, for 60 min. After the pre-incubation period. the fiuorescent substrate
\ogantrone was added at a Anal concentration of 20 pmol/L: uptake was
ormed at 37°C in 3% CO, for 60 min, Accumulation was arrested by
pt cooling on ice and washing the cells wirh ice-cold PBS twice. Cells
were trypsinized in ice~cold phenol red-free trypsindFIDDTA solution and
resuspended in PBS with 2.5% [FCS. Mitoxantrone Auorescence in the cells
was detected by flow cyrometry using a FACSCalibur cytometer (Beckton
pickinson. Franklin Lakes. NJ. USA) equipped with a 633 nm red diodi lager
and 670 nm bandpass filter. Flow cytometry data were processed and ana-
using WinMDI ver. 2.8 software (Purdue University, West Latayete.
IN, USA). The mean channel number for each histogram was used as the
measure of fluorescence for the calculation of uptake values.

i

[ndirect immunofluorescence microscopy

The BeWo, MK and MDCKIT-BCRP cells were seeded onto glass coverslips
{13 mn in diameter; 510 x 10° cellsfcoverslip) and cuitured overight, For
placental alkaline phosphatase (PLAP} detection. the polarized BeWo cells
were washed with PBS (PBS containing | mmoVL CaCl. and | mmol/L
MgCl) and cooled and rabbit antihuman PLAP antibody (1 : 100 0 PBS
containing 0% goat serum) was bound at 4°C for 60 min to selectively label
theapical membrave. Cells were then washed with PBS . fixed with 4% s para-
formaldelyd (30 myin at room temperamre). gquenched with 50 mnil/L
NH,C! and permeabifized with 0.1% Triton X-100 in PBS. All subsequent
meubation steps were performed at room temperature. Non-specific binding
sites were blocked with 10% woat serum in PBS (blocking buffer). Cells were
then washed and incubated with BXP-2[ antibody (1 : 100 in blocking
buffer} for | h. Atter washing the cells with PBS. primary antibodies were
detected using # mixture of the corresponding fluorcscent secondary anii-
bedies: goat Alexa 488 anti-tabbit antibody (1 : 1000 in blocking butfer) and
oAt Alexa 568 unti-mouse andibody (1 1000 in blocking buifer: Molecular
Probes, Eugene, OR, USA). Nuclei weve stined with Hoechst 33342 dye
{0.5 pgimL in PBS for 10 min). Negative contrals were ebtained by omitting
the primary antibody. Cells were mounted in Mowiol and viewed under a
Zeiss Axioscope IMOT (Carl Zeiss, Jena. Germany). Acquisition of images
was performed using the Axiocam video camera and Axiovision 3.1 software
{Car] Zeiss Vision. Munich, Germany). Images were processed ideatically
using Adobe Photoshop 6.0 sofiware (Adobe, San Jose, CA. USA).

Immunohistochemistry

Sections (5 6 um) were cut from frozen placenta samiples on a cryostat amd
Mlaced on gelatin-coated slides. Sections were air dricd and slides were then
fixed for 20 min in cold acctone at -20°C. Endogenous peroxidase activity
was blocked with 0, 3% hydrogen peroxide in PBS for 15 min. Afier blocking
of nan-specific binding sites with 0% nomal goal serum in PBS solution
(PH 7.4) tor 30 min, slides were ncubated with privary anti-human BORP
antibody (BXP-21) diluted 1 : 100 in 5% bovine scrum atbumin (BSA) solu-
tion in PBS for | h at room temperature. After a PBS rinse, slides were devel-
oped with biotinylated goat anti-mouse 1gG amtibody. Antibody reactivity
was detected using Vectastain, horseradish peroxidase-conjugated avidin-biotin
complexes ( Vector Laboratorics. Budlingame, CA. USA) and developed with

M Ceckova et al.

diaminobenzidine tetrahydrochloride as a substrate and haematoxylin coun-
terstined. To distingyish background stuining, control slides were reated in
the same manner, except that 5% BSA in PBS solution was substituted for
the primary antibody. Slides were examined using computer image analysis
with a light microscope Nikon Eclipse E200 (Nikon Insteeh. Kawasaki
Japan), digital camera PixeLINK PL-A642 (Vitana. Ottawa, Canada) and
LUCIA software, version 4.82 (Laboratory Imaging, Prague, Czech Republic).

Materials

Mitoxantrone hydrochloride was purchased from Pliva-Lachema {Birno,
Czech Republich. The Ke 143 was kindly provided by Dr Alfred Schinkels
Jaboratory (The Netherlands Cancer Institute, Amsterdam, The Netherlands)
and GF120918 was purchased from GSK (Greenford, England). Cell culture
reagents were supplied cither by Sigma-Aldrich (8t Louis, MO. USA) or by
Gibeo BRL Life Technologies {(Rockvile, MD, USA) The MMLV reverse
transcriptase was purchased from Finnzymes (Isspoo. Fnland) and oligofd 1), VN,
primers and dual-labelled probes BHQI-FAM for real-time RT-PCR were
synthesised in eneri-Biotech (Hradec Kralove, Czech Republic). Porcine
1ENase inhibitor was purchased from TaKaRa BIO (Osu. Japan), The mouse
monoclonal anti-human BCRP antibody BXP-21 and the rabbit polyclonal
anti-human PLAP antbody were supplied by Signet Laboratories (Dedham,
MA. USA). The secondary HRP-conjugated anti-mouse antibody was pur-
chased from Amersham Pharmacia Biotech, For inmunchistochemistry. the
secondary goat anti-mouse antibody (DAKO [n Vision™) and diamino-
benzidine were purchased from DAKOCytomation (Carpinteria, CA, USA)
Hoechst 33342 dye (bisbenzimide) was purchased from Sigma-Aldrich and
Mowiol 4 -88 was supplied by Calbiochem-Novabiochem (La Jolla, CA, USA).

Data analysis

Statistical analysis of differences between two sets of data was performed
using Students unpaived. two-tailed rtest, Data ave expressed as the
mean £ SD. P < 0.05 was considered statistically significant.

RESULTS

Quantification of BCRP and MDR! mRNA in BeWo cells
and in the homan placenta

To evaluate BCRP and MDR/! cxpression at the mRNA level in
BeWo cells and in hwman term placenas, we used absolute guanti-
fication using real-time RT-PCR. The BCRP was found 1o be
expressed in BcWo cells as well as in human term placenta. Sur-
prisingly, the level of BCRP transcripts in human placenta was
approximately 10-lold higher than that of MORT (Table 2). The
amount of BCRP transeripts detected in BeWo cells was comparable
with that in transfected MDCKII-BCRP cells. However, no AMDR/
could be detected in BeWao celbs. even when a higher amoent (50 ng)
of reverse-transcribed total RNA was uscd (the detection limit of the
method was 1000 transcripts/] pg transcribed total RNA). Thas. the
data indicate that MDR/ is minimally expressed or even absent in
BeWo cells. Conversely. significant amounts of AMDRT mRNA tran-
seripts were confirmed in cell Hnes with recognized P-gp activity,
hepatocellular carcinoma HepG2 cells and in intestinal HCT-8 cell
Hae™ 2 (Table 2). In addition, BCRFP expression was also revealed
in these two cell lincs,

Western blotting analysis

The expression of BCRP at the protem level in BeWo cefls and in
human term placenta was conlinmed by immunodetection of BCRP
witl the BXP-21 antibody. The BCRP was recognized as an approximate
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Number of wanscripts per pg RVA

fable ?
ripts (109 Human term placenta® BeWo MDCRKU-BCRP Hep(2 HCT-8
Trans® Mean + SD Minimutn- maximum
Rf.’ 10441 16.2 7.6 128.1 626.7 T04.0 79.7 8.4
fﬁ)ﬂf 89% 25 63133 ND ND 7228 17.0
aesults are based on five term placenta samples from non-medicated. non-smoking mathers, The maximum and minimum values of cach wanseript are
slso gi\v’(.':ll.

ND. no ranscripts deteeted.

76 kDa—»

BCRP —™

B0 kDa—»

Fig. 1 Immunodetection of breast caneer resistance prosein {BCRPY, Protein
samples, 100 pg of whole cell lysate from MDCKII {negative control; lane
A}, MDCKII-BCRP (pesitive control; lanc B}, BeWo cells (Jane C) and
100 pg placental microsomal protein fraction (lane D) were separated on an
% polyacrylamide gel, Blots were detected with BXP-21 antibody.

70kDa band in BeWo cells, as well as in human term placenta and
in MDCKII-BCRP celis. No signal was observed in non-transfected
MDCKII parent cells {Fig. 1). The intensity of the BCRP signal in
mansfected MDCKII-BCRP cells was approximately sevenfold
lower than that of endogenous BCRP expression in BeWo cells, as
determined by densitometry analysis from three mdependent exper-
iments using Lablnage® sofiware.

Cellular uptake of mitoxantrone

To investigate the effiux function of BCRP in BeWo cells, we per-
formed uptake cxperiments with imitoxanirone, a commen substrate
of BCRP and MDR1.% The MDCKII-BCRP and MDCKII parent
eells were used in these experiments as a positive and negative
control, respectively. As expeeted. celiular accumulation of mitox-
antrone in MDCKI-BCRP cells was significantly increased in the
presence of dual BCRP and P-gp inhibitor (5 wmol/L GFI20918:
P<0.001) and the BCRP-sclective inhibitor Kol143 (F pnol/L;
P<0.001; sec Fig.2). Conversely, the P-gp blocker PSC333
{l Lmol’L) had no eifect on the amount of mitoxantrone accumu-
kted inn the transfected eells. No effect of either BCRP or P-gp inhibi-
lors was observed in parcnt MDCKIE cells.

Similar to the MDCKII-BCRP cell line, mitoxantrone accumula-
tion in BeWo celts was enhanced by 128%4 in the presence of 3 wmol/
L GF120918 (P < 0.01) compared with controls. At | pmolbiL.
Kol43 caused an even more pronounced eflect, incrensing mitox-
antrone accumulation by 163% (P < 0.001). Significantly increased

accumulation of mitoxantrone was also observed in the presence of

100]
A | dirde
E 80+ ey
2
[+ 1]
8 -
S 6@
)
o
2 4o
c
5
=
g 20

e

Mo inhibition GF120918 Ko143 PSC833

Fig.2 Cellular uplake of mitoxantrone in the MDCKI-BCRP cell line
measured by tlow cytometry, showing the accumulation of 20 pmoliL
mitoxantrone without any inhibitor ov in the presence of 3 umolL
GF120918, | pmoll Ko143 or | pmol/L PSC833. expressed as arbinary
units of mitoxantrone flnorescence. Data are median sample fluorescence.
with error bars indicating the standard deviation of at least three experimients.
%P 0,001 compared with control.

1 pmol/L. PSCE33 (P < 0,01}, confirming certain efffux activity of
P-gp in BeWo cells {Fig. 3).

Localization of BCRP in the plasma membrane

Immunofluorescence micrascopy was used to determine the subcel-
lular localization of BCRP in BeWo and MDCKI-BCRP cells. For
comparison, detection of a bona fide plasma membrane protein,
namely PLAP, was included in these experiments. Because MDCKI
cells do not express PLAP, this antibody was omutted in both the
parcnt and transtected cell lines. Rabbit anti-PLAP antibody was
bound 10 the polarized cells at 4°C before performing fixation and
permeabilization, therefore only (he apical nembrane of cells was
accessible 10 the antibody. Thus, PLAP was detected exclusively at
the apical, microvillons membrane of BeWo cells (Fig. 41). After
permeabilization, both membranes (apical and basolateral) were
accessible for detection of BCRP with BXP-21 antibody. According
to our observations, the cxpression pattern for BCRP was found to
be similar to that of apical plasma membrane-bound PLAP. There-
fore. BCRP appears 1o be localized at the apical membrane of BeWo
cells (Fig. de). Inagreement with the results of western blotting anal-
ysis (sce Fig. 1), the fluorescence intensity of the BCRP staiing in
BeWo cells was considerably higher than that of MDCKII-BCRP
cells (Fig. da). The specificity of the ami-BCRP antibody wax con-
firmed by the absence of any fluorescence staining in non-transfected
MDCKI1 cefls (Fig. 4c¢).
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Fig-3 Cellular uptake of mitoxantvonc in BeWo cells measured by flow cytometry. () Representative histograms show accumulanion of 20 pmok L
jocantrane without inhibitors (shaded) and in the presence of 3 pmol'L GF120918 {dashed linck, 1 pmoliL Kol43 (solid line) and | pmol'L PSC833
doited line). (B) Accumulation of mitoxantrone is expressed as arbitrary wnits of mitoxantrone Auorescence. Data are median sample fluorescence. with error

| jars indicating the standard deviation of at least thrce experiments. **P < 0.01, ***P = 0.001 compared with eentrol,
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Fig.d  Indivect mmunofuorescence micrascopy of BeWo, MDCKIE-BCRI and MDCRI cells. Non-permeabilized polarized BeWo cells (- g) were incubared
With rabbit anti-placental alkaline phosphatase (PLAP) amibody. Subsequently, cells were fixed, permeabilized and examined for breast cancer resistance
Protzin (BCRP) expression using anti-BCRP antibody (BXP-21), The M DCKH-BCRP cells (a.b) and MDCKIL parent cells {cal) were used as positve and
f[egativc controls for the specificity of BXP-21 antibody. respectively. Nuclei were stained with Hoeehst dye (b.dg). Images were taken at the same exposure
fime and processed identically 1n Adobe Photoshop software (Adobe. San Jose. CA. USA) o allow for comparison of staining intensities, Breast cancer
resistance protein was found at the cell surface of MDCKI-BCRP cells tay: no staining was present in MDCKIL cells (¢). In BeWo cells, PLAP was found
exclusively at the apicat. microvitlous membrane (f): BCRP shows a simifar expression pattern. indicative of apical localization of the transporter (e).
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mmunohiswchem istry show-
e localization of breast cancer
ignw protein (BCRP) in human
yrm placentd- Breast cancer resistance
in expression (arrows) was detected
pxp-2! antibody in the syneytio-
Jast layer of the free Fetal vill

jabj and in stem fera! villi (). More-
aner, positivity for BCRP is clearly
Jisible capillaries (arrowheads) in the
fee tetal villi (b and in small vessels
(‘,mwhear.ls) in stem villi (¢}, No
BCRP staiting 1S visibe I negative

'\ corols where primary antibody was

anitted {d).

s |

|mmunohistochemical detection of BCRP in human
placenta

Immunohistochemistry performed on fixed placental sections
of four non-medicated term placentas confirmed strong BCRP
expression in the syncytiotrophoblast layer in fetal villi. Moreover,
intense staining of BXP-21 amtibody was also visible in the
endotheliuny of small blood vessels in stewn villi. Weaker positivity
was observed in some fetal capillaries in the free villi (sec
Fig. 5).

DISCUSSION

The data [rom the current study demonstrate that the BCRP trans-
porter is functiowally present in the human choriocarcinoma cell fme
BeWo, an 1 vitre model of human placenal wophoblast. As already
revezled by Bailey-Dell er @f.™ using wesiorn blotting, high endo-
genous cxpression of BCRP can be lound in human chorlocarcinoma
tell lines, including BeWo cells. In the present study, we have dem-
onstrated high endogenous cxpression of BCRP in BeWo cells at
the mRNA and protein levels. The amount of BCRP mRNA tran-
seripts found in BeWo cells was approximately 6.10" uanscripts/
I ng reverse-transeribed total RNA, which is comparable with that
of MDCKII-BCRP cells (Table 2). However. at the protein level, the
expression of BCRP in BeWo cells was approximately sevenfold
hgher compared with MDCKI-BCRP cells. We assume that this
discrepancy may be caused by different post-transeriptional modi-
fieation miechanisms in the eanine cells compared with the human
cell line,

Using indirect immunofluerescence microscopy, we further inves-
ligated the subcellular localization of BCRP on subconfluent BeWo
vells culiured on coverslips; under these conditions, cells exhibiy

BCRP expression in the coll line BeWo 63

polarity and polarized sorting.** Furthennore, we confirmed the
polarity of the cells by staining of the tight junction associated pro-
tein Z0-1 (data not shown). The expression of BCRP was compared
with that of PLAP This enzyme is used as an apical membrane
marker to follow the isolation and purification of placental brush bor-
der membrancs™ ™ and is cxpressed predominantly at the apical
mentbrane of polarized celis.”? However, basolateral membranc
lacalization of PLAP in BeWo cclls and in placental syneytiotro-
phoblast has also been reported.™ In the present experiments, we
ensured that only apically localized PLAP was labclled. Expression
of BCRP was then examined afier permeabifization, when both
membranes. apical and basolateral. were accessible for BXP-21 anti-
boedy. Because the cxpression pattern of BCRP was similar to that
of PLAP it appears that BCRP is expressed at the apical plasma
membrane of BeWo cclis (Fig. Je).

The fanctional activity of BCRP in the BeWo cell line was demon-
strated by uptake experiments using mitoxantrene as a flugrescent
substrate for both BCRP and P-gp. Mitoxantrone uptake was 2.3-
fold higher in the presence of GF120918 (5 pumol/1.), a dual inhibitor
of BCRP ind P-gp.” and even higher accumulation (2.6-fold) was
observed n the presence of the BCRP-specilic inhibitor Kol43
{1 pmol/L). Because Ko143 is considered to be a specific BCRP
inhibitor with only negligible affinity for P-gp.” it scems plavsible
that the increase in mitoxantrone accumulation is caused predomi-
nantly by inhibition of the eflux activity of BCRP. Qur resulls cor-
respond with those found in IGROV 1/T8 cells™ and can be explained
by a different affinity and potency of GFI20918 and Ko 143 towards
the BCRP transporter. In context with the finding of BCRP being
localized predominantly on the apical membrane of BeWo cells, it
is obvious that BCRP substrates are pumped out of the cells in the
basolateral-apical direction. Because the apical membrane of BeWo
celis corresponds with the maternal side of the placentad trophoblast.
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e e activity could predict the enhanced transport of BCRP sub-
es from the fetal to the maternal compartment.
slﬁI‘ {he prescnt study, we demonstraied the expression of BCRPmRNA
o BncWU cells and in human term placenta to be considerably higher
than that of MDR i: the gene cllf:().dlng for P-gg?. P-Glym')protcm Wi
chosen for compa:-:;snn because it is the most “f'!dc Iy. studied plafzcmal
transporter”” that has alsa been described in the BeWo cell
fine. ' Both BCRP and MDR were found l(.l be expressed in the
puman term placenta, with the number of BCRP transcripts being
one order higher than that of ADRI. Surprisingly. we could not
gentify any MDR I wwanscript in BeWo cells in contrast with the clear
Jetection of MDR1 in hepatoma Hep(G2 cells and intestinal HCT-8
colls. which are well known Lo functionally express P-gp.* ¥ Based
onthe detection limit of our quantitative real-time RT-PCR system,
e expression of MDR T in BeWo cells was at least three orders lower
han that of BCRF These data correspond well with recently pub-
lished observations ol Atkinson ¢f al. 2Vwho found no MDRT mRNA
in BeWo cells obtained from the ECACC and observed only a very
funt signal for P-gp using western blotting. n contrasl, functional
expression of P-gp in the BeWo cell line has recently been demon-
smated by two independent groups.™* This discrepancy may be
explained by different expression of transporters ameng particular
clones of BeWo cells. as suggested by Atkinson et al.”

Using immunohistochemical detection with BXP-21 antibody. we
observed predominamt expression of placental BCRP in the syncy-
riotrophoblast layer of chorenic villi, conlirming the daia of Litman
¢tal and Maliepaard ez of* In addition, immunoreactivity of BXP-
1 antibody on placental cryosections was observed in [eial vessels
of the placental villi, which has not been reported before. Possible
expression o BCRP in fewal vessels would correspond with the gen-
eral belief that BCRP is expressed in the venous and capillary
endothelium.® However. the potential role of BCRP in the fetal ves-
sels of the placenta remains to be elucidated.

To conclude. in the present study we demonstrated high expres-
sion of BCRP in the choriocarcinoma BeWo cell line at the mRNA
and protein levels, The transporter was localized predominantly to
the apical plasma membrane and showed intensive cffiux activity
m the mitoxantrone-uptake study. Surprisingly, expression of
BCRP in BeWo cells was at least three orders higher than that of
DRI, Therefore, caution should e taken when evaluating
placental transport of P-gp subsirates using the BeWo cell line
model. Furthermore, the considerably higher cxpression of BCRP
comparcd with AR/ in the human placenta indicates that BCRP
could have at least as important & role as P-gp in this tissue, or even
be the main ABC transporter of the placenta. Localization of pla-
cental BCRP predoniinantly in the syncytiotrophoeblast layer and the
apically localized expression of BCRP in the plasma membranc of
BeWo cells suggest that placental BCRP can play a signilicant role
in preventing accumulation of potentially toxic xenabiotics in tro-
phoblast cells. Based on our findings, the BeWo cell line seems o
be a suitable in vise model to stdy rans-trophoblast transport of
BCRP substrates.
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ABSTRACT

Breast cancer resistance protein (BCRP/ABCG2) is a member of the ABC transporter
family that recognizes variety of chemically unrelated compounds. Its expression has been
revealed in many mammal tissues including placenta. The purpose of this study was to
describe its role in transplacental pharmacokinetics using rat placental HRP-1 cell line and
dually perfused rat placenta. In HRP-1 cells, expression of Berp, but not of P-glycoprotein,
was revealed at mRNA and protein levels. Cell accumulation studies confirmed Berp-
dependent uptake of BODIPY FL prazosin. In the placental perfusion studies, a
pharmacokinetic model was applied to distinguish between passive and Bcrp-mediated
transplacental passage of cimetidine as a model substrate. Berp was shown to act in a
concentration dependent manner and to hinder maternal-to-fetal transport of the drug.
Fetal-to-maternal clearance of cimetidine was found to be 25 times higher than that in the
opposite direction; this asymmetry was partly eliminated by BCRP inhibitors (2 pM
fumitremorgin C or 2 puM GF120918) and completely abolished at high cimetidine
concentrations (1 mM). When fetal perfusate was recirculated, Berp was found to actively
remove cimetidine from the fetal compartment to the maternal one even against
concentration gradient and establish a two-fold maternal-to-fetal concentration ratio. Based
on our results, we propose a two-level defensive role of Berp in placenta: the transporter (1)
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reduces passage of its substrates from mother to fetus but also (ii) removes the drug
already present in the fetal circulation.

INTRODUCTION

placenta is an organ that brings maternal and fetal blood circulations to proximity,
allowing mutual interchange of nutrients and waste products. On the other hand, placenta
forms a barrier to protect fetus against harmful endo- and exogenous compounds from
maternal circulation. As a barrier, placenta had for long been supposed to present only a
mechanical  obstruction formed by fetal endothelia, basal membranes and
syncytiotrophoblast. However, over the last two decades, variety of metabolizing enzymes
and drug efflux transporters of the ATP-binding cassette (ABC) transporter family have
been localized in placental trophoblast (Marin et al., 2004). These proteins are believed to
strengthen, in an active and capacity limited manner, placental barrier role and help in
protection of the fetus.

Drug efflux transporters of the ABC family are membrane-embedded proteins that limit
intracellular concentration of substrates by pumping them out of cell through an active,
energy dependent mechanism (Schinkel and Jonker, 2003). The most intensively studied
drug efflux transporters to date have been P-glycoprotein (ABCBI), breast cancer
resistance protein (ABCG2) and multidrug resistance-associated proteins 1 and 2 (ABCC1,
ABCC?2), all of which were found to be responsible for the phenomenon of multidrug
resistance in cancer therapy (Fischer et al., 2005). In addition, due to their extensive
distribution in non-tumorous tissues and wide substrate specificity, these proteins
significantly affect body disposition of many clinically used drugs. With respect to
expression, regulation, function and clinical relevance, the best described of placental ABC
transporters to date is P-glycoprotein (Ceckova-Novotna et al., 2006).

Breast cancer resistance protein (BCRP) is the youngest member of this transporter
superfamily (Doyle et al., 1998). Its expression has been assessed in many tissues and cells
including blood-brain barrier, placenta, intestine, various tumors and side population of
stem cells (Staud and Pavek, 2005). Since its tissue distribution and substrate specificity
overlaps noticeably with that of P-glycoprotein (P-gp), it is generally believed that these
transporters share similar role in protecting pharmacological sanctuaries such as brain and
fetus.

Considerable levels of BCRP/Berp expression have been detected in placentas of various
species. In humans, placental BCRP expression was found to be approximately 10-times
higher than that of P-gp (Ceckova et al., 2006). Given the expression pattern and the broad
range of substrates including exogenous (drugs, toxins) and endogenous (steroid
conjugates, porphyrins) compounds (Staud and Pavek, 2005), it is reasonable to assume
that BCRP will be an important component of the placental barrier. Kolwankar et al
(Kolwankar et al., 2005) confirmed BCRP function in microvillous membrane vesicles of
the human placenta. In addition, we have recently described BCRP expression, localization
and function in an in vifro placental model, BeWo cell line (Ceckova et al., 2006). The
only functional in vivo experiments proposing Berp activity in the placenta were performed
by Jonker et al in transgenic mice (Jonker et al., 2002; Jonker et al., 2000). Nevertheless,
transport activity of this efflux protein and its role in transplacental pharmacokinetics has
not been fully evaluated to date.
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Due to technical constraints and ethical issues, direct investigation of placental drug
transfer under in vivo conditions in human is not feasible; therefore, several alternative
experimental methods have been developed to assess potential risk that drugs in maternal
circulation present to fetus (Sastry, 1999). Among these, cell cultures and perfused
placentas of various species are widely employed models for mechanistic studies to
describe transplacental pharmacokinetics, including transport mechanisms and
biotransformation. The dually perfused rat placenta, in particular, is a well established
model that has been successfully employed to investigate placental physiology and
pharmacology (Kertschanska et al., 2000; Stulc et al., 1995). In our earlier studies, we
employed this experimental model to evaluate functional activity of P-gp in the rat
placenta (Pavek et al., 2001; Pavek et al., 2003).

In this study, we investigated Berp activity both in vitro, using HRP-1 rat placental cell
line, and in situ in dually perfused rat term placenta. A pharmacokinetic model was applied
to distinguish between passive and Berp-mediated placental transport of cimetidine as a
model compound. We provide evidence for striking asymmetry between maternal-to-fetal
and fetal-to-maternal transport of cimetidine. This difference is partly lowered by addition
of BCRP inhibitors and completely abolished at high substrate concentrations. In addition,
using closed perfusion system on the fetal side of the placenta, we are the first to
demonstrate that Berp not only limits maternal-to-fetal passage of cimetidine but, despite
being localized on the maternal-facing side, it also actively removes the drug from the fetal
circulation against concentration gradient.

MATERIALS and METHODS

Reagents and chemicals

Cimetidine and radiolabelled [N-methyl-’H]Cimetidine were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and from Amersham Biosciences (GE Healthcare Life
Science, Little Chalfont, UK), respectively. BODIPY FL prazosin, a common BCRP and
P-gp substrate, was from Molecular Probes (Karlsruhe, Germany). Specific BCRP
inhibitors, Ko143 and fumitremorgin C, were donated by Dr. Alfred Schinkel (The
Netherlands Cancer Institute, Amsterdam, The Netherlands) or purchased from Alexis
(Lausen, Switzerland), respectively. Specific P-gp inhibitors, PSC833 and cyclosporine,
were kind gifts from Dr. Andrysek (Ivax Pharmaceuticals, Opava, Czech Republic). Dual
BCRP and P-gp inhibitor, GF120918, was from GSK (Greenford, England). All other
compounds were reagent grade.

Cell cultures

For in vifro accumulation studies, HRP-1 rat trophoblast cells (Soares et al., 1987),
received as a generous gift from Dr. Michael Soares at the University of Kansas Medical
Center, were employed. They were maintained in RPMI-1640 culture medium
supplemented with 10% fetal bovine serum, 100 units/ml of penicillin, 100 pg/ml of
streptomycin, 1 mM sodium pyruvate and 50 pM B-mercaptoethanol. Cells from passages
15-25 were used in experiments described herein.
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Animals

All experiments were approved by the Ethical Committee of the Faculty of Pharmacy
(Hradec Kralove, Charles University in Prague) and were carried out in accordance with
the Guide for the Care and Use of Laboratory Animals, 1996 and the European Convention
for the protection of vertebrate animals used for experimental and other scientific purposes,
Strasbourg, 1986. Pregnant Wistar rats were purchased from Biotest Ltd. (Konarovice,
Czech Republic) and were maintained in 12/12-h day/night standard conditions with water
and pellets ad libitum. Experiments were performed on day 21 of gestation. Fasted rats
were anesthetized with pentobarbital (Nembutal, Abbott Laboratories, North Chicago, IL}
in a dose of 40 mg/kg administered into the tail vein.

RNA isolation and RT-PCR analysis

Placentas and kidney as a positive control (Tanaka et al., 2005) were collected on day 21 of
gestation from 5 rats. Five randomly selected placentas from each animal were dissected
free of maternal tissues and fetal membranes. Immediately after dissection, the organs were
frozen in liquid nitrogen and stored at -70°C until analysis. RNA izolation and reverse
transcription were performed as described in our previous study (Novotna et al., 2004).
Sequences of mRNAs for target genes were obtained from NCBI database; primers for
mdria, mdrib and bcrp genes were designed using the Vector NTI Suite software
(Informax, Bethesda, MD, USA) and are given in Table 1.

Product length

Gene  Accession number Sequence 5'—3° (bp) Localization
mdrla  AF25746  Ceclcaasigaaagsggctaca(h 329 2526-2854
age att tct gta tgg tat ctg caa gc (r)
mdrlh  Avog2ge9  CEctctaatsttaaassggetats (D 331 2489-2819
agc att tct gta tgg tat ctg caa ge (r)
Berp NMIgi3g]  Ccaclegaa tgc aaa ata gag (1) 188 1340-1527

cct cat agg tag taa gic aga cac a (r)
Table 1. Sequences and specifications of primers used in RT-PCR

RT-PCR analysis was performed on iCycler iQ (Bio-Rad, Hercules, CA, USA). cDNA was
amplified with HotStart Taq polymerase under the following conditions: 3mM MgCl» ,
0.2mM dNTP, 0.03 U/pl polymerase, SybrGreen I in 1:100,000 dilution, 0.3 pM each
primer; the temperature profile was 95°C for 14 min; 50 times: 95°C for 15s, 60°C for 20s,
72°C for 20s, 72°C for 5 min; melting curve program 72-95°C. Each sample of cDNA was
amplified in duplicates. The PCR products were separated by electrophoresis on 2%
agarose gel in the presence of ethidium bromide and visualized under ultraviolet light and
compared with low molecular weight DNA ladder (25-766bp) (New England BioLabs,
Herts, UK).

Waestern blot analysis

Cell membrane fraction of placental tissue and the whole cell lysate were prepared as
described previously (Ceckova et al., 2006; Novotna et al., 2004). Protein contents were
determined by BCA™ Protein Assay Detection Kit (Pierce, Rockford, IL, USA). Samples
containing 100 pg of cell lysate protein or 40 pg of tissue cell membrane were subjected to
electrophoresis on 8% SDS-polyacrylamide gels and subsequently electrotransferred onto
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Hybond-ECL membrane (GE Healthcare, Chalfont St. Giles, UK). After blocking in 5 %
non-fat dry milk blocking buffer the membranes were probed with mouse monoclonal anti-
p-gp antibody C219 (Signet Laboratories, Dedham MA, USA) and rabbit polyclonal
anti-ABCG?2 antibody M-70 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:500 in
1 % blocking buffer; o/n at 4°C). Incubation with corresponding secondary horseradish
peroxidase-conjugated antibody (anti-rabbit: 1:2000 in 1 % blocking buffer, anti-mouse
1:1000; 60 min at RT) was used for recognition of the primary antibodies. Inmunoreactive
proteins were visualized on FOMA® Blue Medical X-ray films (FOMA Bohemia, Hradec
Kralove, Czech Republic) by ECL Advance Western blotting detection system (GE
Healthcare, Chalfont St. Giles, UK).

Immunohistochemical localization of Berp in the rat term placenta

Preparations of the rat placental tissue were performed as described previously (Pavek et
al., 2003). The antigen (Bcrp) was unmasked by heating the specimens in sodium citrate
buffer (pH 6.0) in a microwave oven at 750W. Slides were incubated with a polyclonal
primary antibody for BCRP (M-70; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
diluted 1:10 in BSA (bovine serum aibumine) for 15 to 18 h at 4°C. Subsequently, the
slides were developed with a secondary antibody — goat anti-rabbit IgG conjugated to
peroxidase-labelled polymer (DAKO EnVision™, Carpinteria, USA) for 30 minutes. The
reaction was visualized using diaminobenzidine (DAB substrate-chromogen solution,
DAKO, Carpinteria, USA) and the sections were counterstained by hematoxylin. Slides
were examined using computer image analysis (light microscope Nikon Eclipse E200,
Japan; digital firewire camera PixeLINK PL-A642, Vitana Corp. Ottawa, Canada; LUCIA
software, version 4.82, Laboratory Imaging, Prague, Czech Republic). Specificity of the
immunostaining was assessed by staining with nonimmune isotype-matched
immunoglobulins.

Cellular uptake experiments

HRP-1 cells were seeded on 24-well culture plates (1x10° per well) 2 days prior to
experiment. Cell culture medium was removed and cells were washed twice with 500 pl
pre-warmed PBS. Cells were then preincubated in OPTI-MEM medium with or without
inhibitor (1 pM GF120918, 1 uM Kol43, 25 pM verapamil or 1 pM PSC833) at 37°C in
5% CO, for 60 min before fluorescent substrate, BODIPY FL prazosin (500 nM), was
added. Accumulation was allowed for 2 h at 37°C and was arrested by prompt cooling on
ice and removal of medium. Cells were washed with ice-cold PBS, lyzed in 1% SDS and
fluorescence was measured after 24 hours (Genios Plus, Tecan, Austria). Fluorescence of
each well was related to protein content as assessed by BCA™ Protein Assay Detection
Kit.

Dual perfusion of the rat placenta

The method of dually perfused rat placenta was used as described previously (Pavek et al.,
2003). Briefly, one uterine horn was excised and allowed to dive in the heated Ringer
saline. A catheter was inserted into the uterine artery proximal to the blood vessel
supplying a selected placenta and connected with the peristaltic pump. Krebs® perfusion
liquid containing 1 % albumin was brought from the maternal reservoir at a rate of 1
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ml/min. The uterine vein, including the anastomoses to other fetuses, was ligated behind
the perfused placenta and cut so that maternal solution could leave the perfused placenta.
The selected fetus was separated from the neighboring ones by ligatures. The umbilical
artery was catheterized using 24-gauge catheter and connected with the tubing by which
the fetal perfusion liquid from the fetal reservoir was supplied at a rate of 0.5 ml/min. The
umbilical vein was catheterized in a similar manner and the selected fetus was removed.
Before the start of each experiment, the fetal vein effluent was collected into preweighted
glass vials to check a possible leakage of perfusion solutions from the placenta. In the case
of leakage, the experiment was terminated. Cimetidine was added to the maternal (in
maternal-to-fetal studies) or fetal (in fetal-to-maternal studies) reservoir immediately after
successful surgery followed by approximately 10 min stabilization period before sample
collection started. Fetal effluent was sampled into pre-weighted vials in 5-minute intervals.
Maternal and fetal perfusion pressures were monitored continuously throughout the
perfusion experiments. At the end of experiment, placenta was perfused with radioactivity-
free buffer, dissolved in tissue solubilizer (Solvable, PerkinElmer, Boston, MA) and its
radioactivity measured in order to detect tissue-bound cimetidine.

Effect of cimetidine inflow concentrations and BCRP inhibitors on

transplacental clearance

To investigate the effect of cimetidine concentrations on maternal-to-fetal and fetal-to-
maternal clearances, cimetidine and [*H]cimetidine as a tracer were added to the
corresponding reservoir in the following range of concentrations: 0.005, 0.1, 1, 30, 100 or
1000 pM. The fetal effluent samples were collected in six consecutive 5-min intervals and
analyzed for [*H]cimetidine. Transplacental clearance of cimetidine was calculated for
every concentration from all measured intervals as described bellow.

To study the effect of BCRP and P-gp inhibitors, fumitremorgin C (2 uM), GF120918
(2 uM), cyclosporine (10 uM) or verapamil (25 pM) was added to the maternal reservoir in
the 10" minute of perfusion. Subsequently, transplacental clearance of cimetidine in the
period of 0-10 min (without inhibitor) was compared with that in 20-30 min (with
inhibitor), leaving the mid-interval of 10-20 min as a stabilization period to achieve a new
steady-state after addition of inhibitor. This experimental setup allows for direct
observations of inhibitor effect in one animal at different substrate concentrations, reducing
possible interindividual variability.

Pharmacokinetic analysis of efflux transport activity in the placenta

Organ clearance concept was applied to mathematically describe maternal-to-fetal and
fetal-to-maternal transport of cimetidine. Averaged data from the intervals of 0-10 minute
(control) and 20-30 minute (inhibitor) of placental perfusions were used for the following
calculations.

Total maternal-to-fetal transplacental clearance (Climg) of cimetidine normalized to
placenta weight was calculated according to equation 1.

Cs - O |
C .w (M

ma P

Clef =

68




Y

where Cpv is the concentration of cimetidine in the umbilical vein effluent, Qr is the
umbilical flow rate, Cp, is the concentration of cimetidine in the maternal reservoir and w,,
is the wet weight of the placenta.

In fetal-to-maternal studies, the ability of the placenta to remove cimetidine from the

fetal circulation was expressed as extraction ratio (ER) using equation 2:

ER= ——(Cf"c “s) )
Ja

where Cp, is the concentration of cimetidine in the fetal reservoir entering the perfused

placenta via the umbilical artery. Total fetal-to-maternal clearance normalized to placenta

weight (Cly4m) was calculated according to equation 3.

ERQ,
Cl?ﬁn = (3)
Wo

To distinguish between passive and active components of the transplacental movement, the
following concept was applied (Fig. 1). Assuming the total transplacental passage of
cimetidine being a function of passive diffusion and efflux activity of BCRP, the total
transplacental clearance in maternal-to-fetal (Clrns) and fetal-to-maternal (Clym) direction
is described by equations 4 and 5, respectively:

Cl,,=Cl,,—Cl g,

n €

Cly, =ClL, +Cl . .

where Clyq is clearance of passive diffusion and Clemyy expresses the efflux activity of the
transporter. Since Clemyy is @ capacity-limited (non-linear) process, it can be expressed in
terms of Michaelis-Menten kinetics:

C))

nt

V

max

Km + Cma(fa)

Cl o =

(6)
where Vo is the maximal velocity of the transport, K, is the concentration at which half
the maximal velocity is reached and Cpary is substrate concentration in maternal (Cy,) or
fetal (Cy,) circulation.

In maternal-to-fetal studies, adding Clemuy into (4) yields the following equation which was
used to fit clearance vs inflow concentration data:

Vmax
Clef = Clpd - ﬁc— N

ma
In analogy, when the effect of fetal inflow concentrations on fetal-to-maternal clearance
was investigated, data were fitted by the following equation:

Vmax
Clyy = Clyy + K +C. ®)
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Radioactivity remaining in the placental tissue after perfusion was less than 0.4 + 0.06 %
of the infused dose in both maternal-to-fetal and fetal-to-maternal studies, regardless of
total cimetidine concentration. Therefore, it was ignored in pharmacokinetic modeling.
Data were fitted using reciprocal weighting and the numerical module of SAAM I
(SAAM Institute, Seattle, WA, USA).

| I .. Clearance of passive
| > J diffusion (Cl,q)

Capacity limited
(= clearance (Cl yy)
=' Vm'lx
Clone =% _sCrm
“ m + et fir
i
=
v
&
Maternal | 8 Fetal
circulation [~ circulation

Total transplacental clearance: Cly = Clpg = Clemux

4 Vo
L= ——ax Cl. =Cl ,+ max
CIT"!’ Clpd Km + Cmu " " Km + Cfu

(If C >> K,, then Cly = Clg)

Figure 1. Schematic depiction of pharmacokinetic analysis applied in this study to evaluate efflux transporter
activity in the placenta. This mode] assumes two processes being involved in the transplacental passage: (i)
passive diffusion governed by Fick’s law (depending mainly on drug’s physical-chemical properties,
concentration gradient, protein binding and membrane area and thickness) here described as Clearance of
passive diffusion (Cl,y) and (i) saturable efflux process governed by the rules of Michaelis-Menten non-
linear kinetics here described as Capacity limited clearance (Clg,y). Depending on the direction of substrate
movement, these two events add up (in fetal-to-maternal direction) or subtract (in maternal-to-fetal direction)
to obtain the value of total transplacental clearance (Cly). If substrate concentration largely exceeds the
Michaelis-Menten constant (C>>K,,), then total placental clearance equals to clearance of passive diffusion.
Clyne is total transplacental clearance in maternal-to-fetal direction; Clrp, is total transplacental clearance in
fetal-to-maternal direction.

Statistical analysis

For each group of placental perfusion experiments, the number of animals was n > 4.
Cellular uptake and transport studies are based on n = 4. Student’s t-test or ANOVA
analyses were used where appropriate to assess statistical significance. Differences of
p<0.05 were considered statistically significant.
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RESULTS

Expression of Berp and P-gp in rat placenta and HRP-1 cells

Using RT-PCR and Western blot analyses, we investigated the expression of Berp and P-
gp in the rat placenta and HRP-1 cell line and compared it with kidney as a positive control
(Tanaka et al., 2005). The PCR products were separated on 2% agarose gel in the presence
of ethidium bromide and compared with low molecular weight DNA ladder (25-766bp).
The bands corresponding to 329, 331 and 188 bp for mdrla, mdrlb and Berp, respectively,
were visualized under the ultraviolet light (Fig. 2A). Expression of Bcrp was clearly
detected in rat kidney, placenta and HRP-1 cell line samples. In contrast, expression of
both mdrila and mdrib (coding for P-gp) was detected only in rat kidney and placenta but
not in HRP-1 cell line. Similarly, application of polyclonal anti-Abcg2 antibody M-70
revealed significant levels of Berp in the rat placenta, kidneys and HRP-1 cells. Using
C219 monoclonal antibody we confirmed the expression of P-gp in the rat placenta and
kidneys only while no signal for P-gp was detected in HRP-1 cell lysate (Fig. 2B). This
pattern of Berp/P-gp expression in rat placental HRP-1 cell line is very similar to what has
recently been detected in human choriocarcinoma cell line BeWo (Atkinson et al., 2003;
Ceckova et al., 2006; Evseenko et al., 2005).
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Figure 2. A - mRNA expression of the rat breast cancer resistance protein (Berp) and P-glycoprotein (Mdria
and Mdrtb) in rat kidney, placenta and HRP-1 rat placental cell line. B - Western blot immunoanalysis of
protein expression of the rat breast cancer resistance protein (Berp) and P-glycoprotein (P-gp) in the rat
placenta and kidney and in the HRP-1 rat trophoblast celi line. Kidneys and placentas were randomly
sampled from 5 female rats and independently processed as described in Experimental Procedures; two
representative samples are shown for each tissue.




Immunohistochemical localization of Berp in the rat term placenta

Localization of Berp expression in the rat term placenta was investigated by
immunohistochemistry at the light microscopy level. Four different rat placentas (gestation
day 21) were used for the experiments. The rat placenta is composed of two
morphologically different zones, the junctional zone and the labyrinth zone. Berp was
detected in the inner layers of the syncytiotrophoblast (layer II and III} of the labyrinth
zone only (Fig. 3). No Berp staining was visible in either layer I or the fetal capillaries.
This expression pattern of Berp in the rat term placenta closely resembles that of P-gp
described in our earlier studies (Novotna et al., 2004; Pavek et al., 2003). Our findings
correspond well with the general perception of the labyrinth being the area of materno-fetal
exchange.

Fig. 3
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Figure 3. Immunohistochemical localization of Berp in the labyrinth of rat term placenta.
Immunohistochemical staining was performed with the monoclonal antibody M-70 (1:10 dilution). (A)
Strong reactivity for Berp is visible in the inner layers of syncytiotrophoblast (brown color). The fetal
capillaries of the syncytiotrophoblast do not reveal any positivity. For negative control (B) the slides were
treated in the same manner, except non-immune isotype-matched immunoglobulins were substituted for the
primary antibody to Berp. F - fetal capillaries, M — maternal blood (hematoxylin counterstained; scale bar,
50 pm; magnification 400x)

Berp efflux activity in HRP-1 cell line

To investigate Berp and/or P-gp activity in HRP-1 placental cells, BODIPY FL prazosin
(500nM) as a common substrate of BCRP and P-gp was added to the cells and the effect of
Berp and/or P-gp inhibitors was observed. In agreement with gene expression data, only
BCRP specific inhibitor, Ko143 (1 pM), and dual BCRP and P-gp inhibitor, GF120918 (1
uM), increased BODIPY FL prazosin accumulation by more than 100% (p<0.01). In
contrary, P-gp specific inhibitors, PSC833 (1 pM) and verapamil (25 uM) did not affect
BODIPY FL prazosin accumulation suggesting undetectable activity of P-gp in the HRP-1
cell line (Fig. 4).
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Figure 4. Uptake of common BCRP and P-gp substrate, BODIPY FL prazosin, by rat placental HRP-1 celis.
BODIPY FL prazosin was added to cells without inhibitor (control) or in the presence of BCRP or P-gp
inhibitors. Both GF120918 and Kol143 (BCRP inhibitors) significantly increased accumulation of BODIPY
FL prazosin in the cells. P-gp sefective inhibitors (PSC 833 and verapamil) had no effect on BODIPY FL
prazosin accumulation. Data are presented as means + SD of four experiments. ** p<0.01 compared with
control.

Consistency of perfusion experiments

To determine a steady-state period suitable for inhibitor studies in both maternal-to-fetal
and fetal-to-maternal experiments, placenta was first perfused with 0.1 pM cimetidine for
50 minutes. If no inhibitor was added, we observed steady clearances for the whole period.
When a BCRP inhibitor was added to the maternal perfusate in the 10" minute of
perfusion, it took about 5-10 minutes to achieve a new steady-state (data not shown).
Therefore, to evaluate the effect of inhibitor on cimetidine transplacental passage, samples
from 0-10 min interval of perfusion were averaged and compared to those collected in 20-
30 min interval,

Effect of BCRP and P-gp inhibitors on transplacental passage of cimetidine

To test interactions of cimetidine with placental Berp or P-gp, dual and/or specific
inhibitors of these transporters were added to maternal reservoir. Addition of BCRP
inhibitors, GF120918 (2 uM) or fumitremorgin C (2 uM), caused significant change in
transplacental clearance of cimetidine (Fig. 5). Interaction of cimetidine with human P-gp
has recently been ruled out using MDR1-transfected MDCKII and LLC-PK1 cell lines
(Pavek et al., 2005). To exclude any confounding effects of rat P-gp in transplacental
passage of cimetidine, P-gp inhibitors, cyclosporine (10 uM) or verapamil (25 uM), were
tested. Although these compounds increased maternal-to-fetal clearance of rhodamine123,
a P-gp substrate, in our previous study (Pavek et al., 2003), they did not interfere with
transport of cimetidine. Therefore, transplacental passage of cimetidine does not seem to
be affected by P-gp and cimetidine can be used as a marker compound to functionally
analyze efflux activity of Berp in the rat placenta. Inhibitory effect observed after addition
of GF120918 may be ascribed to Berp blockade only, although we cannot exclude possible
contribution of other, yet unidentified GF-sensitive cimetidine transporter.

73




0.060 ]
*¥ LS

£ 0.050 ]
-
= 5
28
E = 00407
s £
& E i

B _
3 s 0.030
S e
- &
EE 0.020
2 o
§ D010

0.000 T T T T
G, Ce, % G, o
N % K Y %,
Gy % (N by Yo
7 s, () P
d;f ?, “ 74
2 @, P 2,
“ “% o T,
/g Of Ay, '1?)
° 7
“y
7

Figure 5. Effect of Berp and P-gp inhibitors on maternal-to-fetal clearance of cimetidine. Cimetidine and
[*H]cimetidine tracer were added to the maternal compartment in a concentration of 0.1 uM, its radioactivity
was measured in fetal venous outflow, and total transplacental clearance was calculated by eq. 1. Inhibitor
was added to the maternal perfusate in the 10" min. Only BCRP inhibitors, GF120918 and fumitremorgin C,
affected transplacental clearance of cimetidine while P-gp inhibitors, cyclosporine and verapamil, had no
significant effect. Data are presented as means = SD of at least four experiments. ** p<0.05 compared with
control.

Effect of inflow cimetidine concentrations on transplacental clearance

Cimetidine was infused to maternal or fetal side of the placenta in concentrations of 0.005,
0.1, 1, 30, 100, and 1000 pM. In both maternal-to-fetal and fetal-to-maternal transport
studies, increase in cimetidine concentration caused significant change in transplacental
clearance, confirming non-linearity of the process and involvement of a capacity-limited
mechanism (Figs. 6 and 7). Furthermore, addition of a BCRP inhibitor significantly
affected clearances at lower cimetidine concentrations while at concentrations above 30
1M, inhibitor was rather ineffective.

Fitting experimental data with equations 7 and 8 provided pharmacokinetic parameters
describing passive and Berp-mediated transplacental passage of cimetidine (Table 2). It is
evident, that passive movement across the placenta (described by Clpg) is independent of
direction and of inhibitor used. On the other hand, capacity limited clearance (Clemyy) is a
concentration- and inhibitor-dependent parameter. At substrate concentrations largely
exceeding the Michaelis-Menten constant (C>>K,;,) the transporter is saturated, the non-
linear fraction of equations 7 and 8 approaches zero and both equations are reduced to
linear processes only (Cly = Cl,g); under these conditions, transplacental pharmacokinetics
is beyond any quantifiable effect of efflux transporter and is governed exclusively by
passive diffusion. This has been experimentally achieved in both maternal-to-fetal and
fetal-to-maternal studies when cimetidine concentration was increased to 1 mM.
Furthermore, since addition of inhibitor caused no change in transplacental clearance of 1
mM cimetidine (see Figs. 6 and 7), it is reasonable to assume that at high substrate
concentrations, drug-drug interactions will have no effect on penetration of BCRP
substrates through placenta.
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Comparing maternal-to-fetal and fetal-to-maternal clearances revealed great asymmetry in
favor of fetal-to-maternal direction. This was most evident at low cimetidine
concentrations (0.005 uM), where fetal-to-maternal clearance was almost 25 times higher
than that in the opposite direction (Fig. 8). At a concentration of 1 mM, however, both
maternal-to-fetal and fetal-to-maternal clearances of cimetidine reached identical values of
0.042 ml/min/g confirming saturation of Berp and limited role of its efflux activity. This
experimental value corresponds well with the calculated clearance of passive diffusion
(Clpg ~ 0.041 - 0.043 ml/min/g), see Table 2.
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Figure 6. Transport of cimetidine across the dually perfused rat placenta in maternal-to-fetal direction.
Cimetidine with [*H]cimetidine tracer were added to the maternal reservoir, its radioactivity was measured in
fetal venous outflow, and total transplacental clearance was calculated by eq. 1. Changes of clearance with
increasing cimetidine concentration confirm non-linearity of the event and involvement of a saturable
mechanism. Inhibitor (2 uM GF120918) was added to block Berp activity. At the highest cimetidine
concentration tested (1 mM), clearance reached the value of 0.042 ml/min/g and inhibitor activity was
negligible. Experimental values are presented as means + SD of at least four experiments; the lines represent
the best fit of these data to eq. 7. Note the sigmoid shape of the lines with the lower plateau delineating
combined effect of passive clearance and efflux activity of Berp and the upper plateau representing clearance
of passive diffusion alone. m - cimetidine without inhibitor, o -~ cimetidine with GF120918
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Figure 7. Transport of cimetidine across the dually perfused rat placenta in fetal-to-maternal direction.
Cimetidine with [*H]cimetidine tracer were added to the fetal reservoir, its radioactivity was measured in
fetal venous outflow, and total transplacental clearance was calculated by eq. 3. Changes of clearance with
increasing cimetidine concentration confirm non-linearity of the event and involvement of a saturable
mechanism. Inhibitor (2 puM GF120918) was added to block Berp activity. As in maternal-to-fetal transport,
at the highest cimetidine concentration tested (I mM), clearances reached the value of 0.042 ml/min/g and
inhibitor activity was negligible. Experimental values are presented as means + SD of at least four
experiments; the lines represent the best fit of these data to eq. 8. Note the sigmoid shape of the lines with the
upper plateau delineating combined effect of passive clearance and efflux activity of Berp and the lower
plateau representing clearance of passive diffusion alone. w - cimetidine without inhibitor, o — cimetidine
with GFi20918
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Figure 8. Ratio of clearances between fetal-to-maternal (fm} and maternal-to-fetal (mf) directions.
Cimetidine with [*H]cimetidine tracer were added to the maternal or fetal compartment, its radioactivity was
measured in fetal venous outflow, and total transplacental clearances were calculated by eq. 1 or 3,
respectively. At low substrate concentrations (0.005 pM), Berp efflux activity caused almost 25-times higher
clearance in fetal-to-maternal direction. At high substrate concentrations (1000 puM)}, however, this ratio
equalized. Numbers in parenthesis show ratio of fm to mf clearance.
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Maternal-to-fetal transport Fetal-to-maternal transport

- control inhibitor control inhibitor
" Clgs(mifmin/g) 0.041 0.043 0.042 0.042
™ Vmax (nMol/minfa) 0.014 0.00057 7.14 247
T Ka (M) 0.80 0.028 16.7 ] 8.71

Table 2. Pharmacokinetic parameters of transplacental passage of cimetidine. Pharmacokinetic parameters
were obtained by fitting experimental data with equations 7 and 8. Cl g4 — transplacental clearance occurring
by passive diffusion; V,, — maximal velocity of Berp mediated transport; K, - concentration of cimetidine
at which half the maximal velocity is reached. GF120918 (2 uM) added to the maternal compartment was
used as an inhibitor.

Berp transports cimetidine from fetus to mother against concentration

gradient

To investigate the capability of Berp to remove its substrate from fetal circulation, both
maternal and fetal sides of the placenta were infused with equal concentrations of
cimetidine and after 10 minute stabilization period, the fetal perfusion liquid (10 ml) was
recirculated for 60 min. Samples (200 ul) of fetal perfusate were collected every 10
minutes from the fetal reservoir and [*H]cimetidine concentration was detected. This
experimental setup assures steady concentration on the maternal side of the placenta and
enables investigations of maternal/fetal concentration ratio. At a low drug concentration (5
nM), cimetidine in the fetal circulation steadily decreased and stabilized after about 40 min
of perfusion. Fetal to maternal concentration ratio reached a value of 0.49 towards the end
of the experiment. Decrease in fetal cimetidine was blocked by co-infused inhibitors
(GF120918 or fumitremorgin C), see Fig. 9A. at a high cimetidine concentration (1 mM),
maternal and fetal concentrations remained unchanged throughout the perfusion period
with fetal/maternal concentration ratio close to 1 (Fig. 9B). These findings demonstrate the
potency of placental Berp to remove, in a capacity-limited manner, its substrate from fetal
compartment and to establish a concentration gradient between maternal and fetal
circulations.

|
|
|
|
|
|
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Figure 9. Elimination of cimetidine from the fetal circulation by placentai Berp. Cimetidine and
[*H]cimetidine tracer were added to both maternal (closed symbol) and fetal (open symbols) circulations at
equal concentrations. Fetal perfusate (10 mi) was recirculated and sampled for 60 minutes. At low cimetidine
concentrations of 5 nM (A), fetal cimetidine decreased from 5 nM down to 2.4 nM and stabilized after 40
min of perfusion. This decrease was inhibited by both BCRP inhibitors, GF120918 (2 pM) and
fumitremorgin C (2 uM). At high cimetidine concentrations of | mM (B) no decrease in fetal compartment
was observed suggesting saturation of the transporter. Data are presented as means + SD of three
experiments.

# - maternal cimetidine concentration

[ - fetal cimetidine concentration with GF120918

O - fetal cimetidine concentration with fumitremorgin C

£ — fetal cimetidine concentration without inhibitor
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DISCUSSION

Detailed knowledge of transplacental Kinetics of drugs is essential with respect to fetal
safety, fetal medication and drug-drug interactions during pregnancy. Apart from physical-
chemical properties, placental passage of many drugs is controlled by interactions with
biotransformation enzymes and/or efflux transporters. It is widely believed that enzymes
and drug efflux transporters form an active component of the placental barrier that helps
protect fetus against maternal toxins (Marin et al., 2004). In addition, it seems plausible,
that these proteins may, to at least some extent, actively metabolize/transport compounds
already present in the fetal circulation. Using rat placental perfusion, we have previously
demonstrated that 11p-hydroxysteroid dehydrogenase type 2 metabolizes both maternal
and fetal corticosterone with a comparable potency (Staud et al., 2006). Similarly, P-gp has
been confirmed to favor fetal-to-maternal transport of its substrates in perfused rat (Pavek
et al., 2003) or human placenta (Molsa et al., 2005; Sudhakaran et al., 2005). In the present
study, we focused on functional analysis of the latest of ABC drug efflux transporters,
Berp, using dually perfused rat term placenta and rat placenta-derived cell line, HRP-1.

To date, only few studies have reported on BCRP activity in placenta and these are mainly
based on in vitro models. Very recently, Kolwankar et al (Kolwankar et al., 2005)
employed placental microvillous membrane vesicles to confirm BCRP function in the
human placenta. Subsequently, we have described BCRP expression, localization and
function in an in vitro placental model, BeWo cell line (Ceckova et al., 2006). Here we
used rat placental HRP-1 cell line derived from placental labyrinth region at midgestation
(Soares et al., 1987). This cell line has previously been employed to study several aspects
of placental physiology (Morris Buus and Boockfor, 2004; Shi et al., 1997; Soares et al.,
1989), metabolism (Xu et al., 2005) or nutrient transport (Novak et al., 2001; Zhou et al.,
2003). To our knowledge, however, no studies have been performed so far to investigate
expression and/or activity of ABC drug efflux transporters in this in vifro model. Berp
expression was revealed at both mRNA and protein levels. Surprisingly, we did not detect
any expression of mdrla or mdrib genes coding for rat P-gp, neither did we find any
signal by Western blotting. Consistent with gene and protein expression results, uptake
studies revealed only Berp activity, while P-gp did not affect cell accumulation of
BODIPY FL prazosin. These data are similar to what has previously been observed in
human choriocarcinoma cell line BeWo (Atkinson et al., 2003; Ceckova et al., 2006;
Evseenko et al., 2005) where only BCRP was found to be functionally expressed, while P-
gp activity was negligible. Lack of expression and function of P-gp in the HRP-1 cell line
makes this model inappropriate to investigate the transplacental transport of P-gp
substrates. On the other hand, it may well serve as a tool to study Berp role in
transplacental pharmacokinetics as its efflux activity will not interfere with that of P-gp.

The only functional in vivo studies on BCRP activity in the placenta so far have been
performed by Jonker et al in transgenic mice (Jonker et al., 2002; Jonker et al., 2000).
Using GF120918 as a BCRP inhibitor in P-gp-deficient mice, these authors revealed
twofold higher transport of topotecan to fetuses, suggesting Berp as a maternal-fetal barrier
to passage of xenobiotics across the placenta (Jonker et al., 2000). In a subsequent study in
Berpl™ mice, two-fold higher ratio of fetal topotecan concentration to maternal plasma
concentration was observed compared with Berpl' ™ fetuses (Jonker et al., 2002).
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However, comprehensive evaluation of BCRP role in transplacental pharmacokinetics is
still lacking.
In the present study, cimetidine was infused to maternal or fetal side of dually perfused rat
placenta in various concentrations to evaluate the role of Berp in maternal-to-fetal and
fetal-to-maternal transport. Cimetidine has been chosen as a model substrate for its
convenient properties: it is a BCRP substrate which is not recognized by human P-gp
(Pavek et al., 2005), it weakly binds to plasma proteins, and its biotransformation by
placental enzymes is negligible (Schenker et al., 1987). In addition, cimetidine passive
diffusion through biological membranes is delayed by its physical-chemical properties as
shown in transepithelial passage (Pavek et al., 2005) or placental transport (Ching et al.,
1987; Schenker et al., 1987); this seems to be an important feature to study substrate
interactions with an efflux transporter (Eytan et al., 1996; Lentz et al., 2000).
At low cimetidine concentrations (0.005 pM), fetal-to-maternal clearance was 25-fold
higher than clearance in the opposite direction. These findings confirm that Berp causes
asymmetry in transplacental clearances by returning substrates coming from maternal side
and facilitating transport of drugs from fetus to mother. Comparing Michaelis-Menten
constants, we found K, for fetal-to-maternal direction 20 times higher than that for
maternal-to-fetal direction. We assume this difference is caused by polarized localization
of Berp on the maternal side of the placenta (Litman et al., 2002); as a result, a compound
administered to the fetal circulation needs to pass through fetal tissues to reach the
transporter. This suggests that much higher cimetidine concentrations are needed to
saturate Berp transporter during fetal-to-maternal passage than in the opposite direction.
The localization of Berp on the apical, maternal-facing membrane of the rat placenta
observed in this study is identical with that of P-gp (Novotna et al., 2004; Pavek et al.,
2003) and suggests that the transporter is important in preventing entry of potential toxins
into the fetal compartment. This assumption has been functionaily validated in this paper
using perfused placenta. Furthermore, we bring evidence that, despite its maternal-facing
localization, Berp can also actively remove drugs already present in the fetal compartment
and establish a pronounced maternal/fetal concentration gradient. To investigate this
i potential, both maternal and fetal sides of the placenta were perfused with equal
concentrations of cimetidine and fetal perfusate was re-circulated. Under this setup, we
observed significant difference between maternal and fetal cimetidine concentrations as
| soon as 10 minutes after initiation of the experiment, confirming that Berp can actively
remove its substrate from the fetal compartment. Since decrease in cimetidine
concentration continued even at later intervals (dropping by more than 50 % within 60
minutes of perfusion), it is evident that Berp can transport this compound from fetus even
against concentration gradient.
Interestingly, several studies on cimetidine placental transfer were published two decades
ago with intriguing results. When investigated in the dually perfused human placenta, two
papers concluded that transport of cimetidine occurred by passive diffusion and was rather
slow (Ching et al., 1987; Schenker et al., 1987). Moreover, when studied in sheep, large
cimetidine gradient between mother and fetus was observed (Mihaly et al., 1983). In a
follow-up study, the authors concluded that an active transporter from the fetal to the
maternal circulation is responsible for this discrepancy (Ching et al., 1985). Since all the
above mentioned studies were performed in the “pre-efflux-transporter era”, possible role
of a drug efflux transporter in the transplacental pharmacokinetics of cimetidine could not

80

._



have been presumed. Nevertheless, our present findings suggest that BCRP is the
transporter responsible for limited maternal-to-fetal passage and large maternal/fetal
concentration ratio of the compound.

Regarding BCRP expression in human tissues, relatively high mRNA levels were observed
in placenta, liver and small intestine with lower expression in the kidney, heart and brain
(Doyle et al., 1998). In rodents, on the other hand, different mRNA distribution pattern was
indicated by Tanaka et al (Tanaka et al., 2005) who found high expression levels in kidney,
small and large intestine while lower levels were found in other tissues including brain and
placenta. Based on these observations, the authors suggested limited importance of
placental Berp in rodents (Tanaka et al., 2005). In contrast, functional role of placental
Berp has been proposed in mice by Jonker et al (Jonker et al., 2002; Jonker et al., 2000)
and thoroughly assessed in the rat placenta in our study. Therefore, mRNA expression
levels do not have to necessarily correlate with transport potency of the protein since there
is a number of other factors that will determine its functional activity, such as
posttranscriptional/ posttranslational modifications in protein expression as well as
strategic localization of BCRP along the maternal interface.

In conclusion, we provide evidence for functional expression of Berp in the rat placenta.
Based on our findings, we propose a two-level defensive role of placental BCRP: the
transporter (i) reduces passage of its substrates from mother to fetus but also (ii) removes
the drug already present in the fetal circulation even against concentration gradient. Given
the broad range of BCRP substrates, including exogenous and endogenous compounds,
BCRP seems to be an important component of the placental barrier playing a significant
role in protection and detoxication of the fetus.
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ABSTRACT

Contrast-enhanced Magnetic Resonance Imaging (CE-MRI) is a valuable technique for the
diagnosis of liver diseases. Gadocoletic acid trisodium salt (B22956/1) is a new contrast
agent showing high biliary excretion and thus potentially advantageous in hepatobiliary
imaging. The aim of the study was to investigate the molecular mechanisms of hepatic
transport of B22956 in a cellular model of hepatic tumor. B22956 ion uptake was
measured in tumoral (HepG2) and non-tumoral (Chang liver) hepatic cell lines. Absolute
quantitative real-time RT-PCR analyses, using cloned PCR products as standards, were
performed on total RNA of HepG2, Chang liver cells and normal liver to evaluate the
transcription of twelve transport genes: OATP-A, OATP-B, OATP-C, QATP-D, OATP-E,
OQATP-8, OAT2, QAT3, OCTI, NTCP, PEPT-1, PEPT-2. B22956 transport was more
efficient in Chang liver than in HepG2 cells. and was inhibited by CCK-8, a specific
substrate of OATP-8. Real-time RT-PCR analyses revealed different transcription profiles
in the tumoral and non-tumoral cell lines. Compared to normal liver, the expression of
OQATP-C, OATP-D and OATP-8 was greatly repressed in HepG2 cells, while OATP-B and
OATs expression was either maintained or increased. On the contrary, in Chang liver cells,
OAT genes were undetectable, while the expression of O4TP-D, OATP-E and OA TP-8 was
similar to normal liver. Transport studies and gene expression analyses indicated that
B22956 ion is a good substrate to the liver specific OATP-8, reported to be poorly
expressed or absent in human liver tumors. Therefore, B22956 ion may be helpful in
detecting hepatic neoplastic lesions by CE-MRI.

INTRODUCTION

Magnetic Resonance Imaging (MRI) produces high-resolution three-dimensional maps
delineating morphological features of the tissues analyzed. Differential contrast in soft
tissues depends on endogenous differences in water content, relaxation time and/or
diffusion characteristics of the specimen of interest.

The specificity of MRI can be further increased by using exogenous contrast agents such as
the Gadolinium chelates (Artemov, 2003). The development of molecular targeted MRI
contrast agents directed to specific tissue entities could dramatically expand the range of
MRI applications (Lorusso ef al., 2005). Due to the intrinsically low sensitivity of MRI,
high local concentrations of the contrast agents at the target site are required to evoke
effective MR contrast, and this means that the contrast agent should recognize targeted
cells with high affinity and sensitivity (Weinmann ef al., 2003). Several compounds have
been studied as potential paramagnetic contrast agents for MRI in liver and only few of
them are in the late-phase clinical trials or have received marketing authorization. These
agents include water soluble paramagnetic chelates with specific uptake in the hepatocytes,
such as Teslascan® (Mangafodipir trisodium, MnDPDP, GE Healthcare, Chalfont St. Giles,
UK), MultiHance® (Gadobenate dimeglumine, Gd-BOPTA, Bracco Imaging SpA, Milan,
Italy), and Primovist® (Gadoxetic acid disodium, Gd-EOB-DTPA, Schering AG,
Germany) (Weinmann ef al., 2003). These three agents are characterized by a rather high
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a hepatic uptake followed by rapid biliary excretion, although the primary route of
elimination of these compounds is renal.
Recently, Gadocoletic acid trisodium salt or B22956/1 (Bracco Imaging SpA, Milan,

‘ Italy), a new gadolinium based MR contrast agent, has been formulated to be used as a
blood pool agent (Cavagna ef al., 2002). The compound is a derivative of gadopentetate to
which a bile acid-like lateral chain has been linked with the intent to increase the binding
to the plasma proteins and thus assuring a long permanence in the circulation.
Pharmacological studies in animal models and in healthy human volunteers have shown
that, differently from Gd-BOPTA and Gd-EOB-DTPA, the biliary excretion is the primary
route of elimination of the contrastographically active moiety B22956 ion (La Noce ef al.,
2002).
Recent studies also indicated that the ATP dependent transporter MRP2 (ABCC2),
localized on the canalicular membrane domain of hepatocytes, is responsible for the
presence of B22956 ion in bile, while the ubiquitarious basolateral transporter MRP1
(ABCC1) could be involved in contrasting urinary elimination (Lorusso ef al., 2002).
Until now no data have been produced on the mechanism for the basolateral hepatic uptake
of this compound. Nevertheless its bile acid-like molecular structure leads to hypothesize
that B22956 ion is a potential substrate for the basolateral organic anion fransporting
polypeptides (OATPs) of the liver (Meier and Stieger, 2002), and that these proteins are
responsible for a specific hepatic clearance.
Organic anion transporting polypeptides (OATPs) are a family of transport proteins, which
are expressed in multiple tissues and involved in the intake or elimination from the body of
a wide range of structurally unrelated compounds. Several members of this family have
been largely studied for their role in the hepatic clearance of albumin-bound substrates,
ranging from endogenous bile acids and estrogens to many exogenous amphipathic drugs
(Hagenbuch and Meier, 2003). It has been demonstrated that Gd-EOB-DTPA is substrate
to the rat Oatpl, but not the human OATP-A (van Montfoort ef al., 1999), while
contrasting evidences have been presented for Gd-BOPTA (Planchamp ef al., 2005;
Planchamp e al., 2004; Pastor ef al., 2003; Pascolo et al., 1999). The latter Gd-complex is
not a substrate for human OATP-A and linear transport kinetics have been proposed in rat
liver plasma membrane vesicles (Pascolo ef al., 1999). More recent studies provided
indirect evidence on a role of OATP in the hepatic transport of this contrast agent (Pastor
ei al., 2003; Planchamp ef al., 2004; Planchamp et al., 2005).
The most important OATPs of the human liver are OATP-C (also called human Liver
Specific Transporter, hLST) and OATP-8, while OATP-A, the first OATP cloned from
human liver, seems to be expressed at much lower extent (Jung et al., 2001; Hagenbuch
and Meier, 2003). OATP-C has been reported to be down regulated during neoplastic
transformation in the liver (Kinoshita and Miyata, 2002), and it was also shown that
OATP-C and OATP-8 are not expressed in HepG2 cell line, which is a widely used model
of human hepatic carcinoma (Cui ef al., 2003).
In the present study we report on the assessment of transport studies for B22956 ion in two
human liver derived cell lines: HepG2 used as a model of hepatocellular carcinoma, and
Chang liver, used as model of non-tumor liver cells (Seow ef al., 2001b; Seow et al.,
2001a; Wirth ef al., 1995). Absolute quantitative RT-PCR analyses were also performed to
evaluate the effective expression of 12 drug transport genes (OATP-A, OATP-B, OATP-C,
OATP-D, OATP-E, OATP-8, OAT2, 0OAT3, OCTI, PEPT-1, PEPT-2, NTCP), mainly
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organic anion, cation and peptide transporters (van Montfoort ef al., 2003; van Montfoort
et al., 2001). The gene expression was assessed in the two cell lines and compared to
normal liver to understand the transporters potentially involved in the “in vivo™ targeting of
the contrast agent B22956 ion and to confirm the applicability of the cell models.

MATERIAL AND METHODS

Chemicals

B22956/1 is the trisodium salt of a derivative of gadopentetate and its chemical name
according to CAS is trisodium [(38,56,12a)-3-[[(4S)-4-[bis[2-[bis[(carboxy-
«O)methyl]amino-kN]ethylJamino-kN]-4-(carboxy-x0)-1-oxybutylJaminc]-12-
idroxycholan-24-oato(6-)] gadolinate (3-). In aqueous solution B22956/1 dissociates into
sodium ions and the contrastographically active component B22956 ion that will be
indicated as B22956 throughout the text. B22956 (or Gd-B22950) is the code name for the
Gadolinium complex with the ligand B22950.

["” Pm] Cl; in HCI was purchased from ICN (Irvine, CA, USA), and used to prepare stock
solutions of ['*7 Pm]-B22950 with a specific activity of 89.6 mCi/mmol as previously
described (Lorusso ef al., 2002). Labeled solutions of Gd-B22950 were obtained by adding
the appropriate amount of the solution of ['" Pm] complex to the solution of the
corresponding Gd-B22950. ['*" Pm] and Gd complexes were prepared as sodium salts. The
purity of each compound was assessed by HPLC and resulted greater than 99%. The [
Pm] labeled compound used for in vitro studies will be referred as labeled B22956
throughout the text.

[’H] taurocholate (specific activity 3.47 Ci/mmol) was obtained from NEN Life Science
(Boston, MA, USA). CCK-8 has been prepared by peptide synthesis as previously reported
(Accardo et al., 2004) and kindly supplied by Department of Chemistry IFM, University of
Torino, Torino, Italy. All other chemicals were of the highest purity commercially
available.

Uptake in cell cultures from human liver

HepG2 and Chang liver cell lines were obtained from Istituto Zooprofilattico Sperimentale
di Brescia (Italy). The two cell line were cultured in DMEM, with 10% (v/v) FBS and 1%
antibiotics (10,000 U/mL penicillin and 10 mg/mL streptomycin), under standard
conditions. The cells were routinely maintained in 75 cm?® Falcon flasks for 3 days, then
harvested by exposure to a solution of 0.25% trypsin and 0.02% EDTA, and transferred
onto 35 mm diameter Petri dishes at a density of 5 x 10° cells/cm’. The day after, the cells
were used for the uptake experiments. Media were from Celbio, Milan, Italy and plastic
from Falcon, Becton Dickinson, Franklin Lakes, NJ, USA.

All uptake studies were carried out at 37°C. Cells grown on dishes were washed once with
1.5 mL of fresh culture medium and uptake was initiated by the addition of 1.0 mL uptake
medium consisting of DMEM with 10 to 200 uM labeled compounds (labeled B22956 or
[’H] taurocholate). After incubation at different time intervals (from 0 to 180 minutes),
uptake was stopped by removing the uptake medium and then by immediately washing the
cells three times with 1.5 mL of ice-cold HANKS® solution (Sigma-Aldrich, Milan, Italy).
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Non specific transport (binding) was measured by incubation at 4°C or by short
incubations (20 sec) at room temperature.

The cells were then solubilized into 1 mL of 2% SDS/0.2 N NaOH, and 500 pL of the cell
lysate were added to 10 mL of scintillation liquid (Filtercount, Packard, Groningen, The
Netherlands), and radioactivity counted. Protein content was measured on an aliquot of the
cell lysate, using the bicinchoninic acid (BCA) protein assay (Sigma-Aldrich, Milan, Italy)
and the overall transport was expressed as pmol of substrate/mg prot.

Uptake studies were also performed by the addition to the transport media of OATP
substrates, such as bromosulphophthalein (BSP), taurocholate (all from Sigma-Aldrich,
Milan, Italy) and CCK-8.

RNA extraction and reverse transcription

Total RNA from cell cultures was extracted using TRI-Reagent (Sigma-Aldrich, Milan
Italy) following manufacturer instructions. The concentration of RNA and its purity was
measured spectrofotometrically and its integrity was checked by assessing the sharpness of
ribosomal RNA bands on a 1% agarose gel.

The total RNA from normal human liver tissue was purchased from Ambion (Cambridge,
UK) and 1pg of RNA was transcribed using iScript kit (Bio-Rad, Hercules, CA, USA)
following the instruction of manufacturer. The cDNA samples were stored at -20°C.

Primers and standards for real-time PCR analysis

Primers for real-time RT-PCR were designed using Vector NTI® Suite software (InforMax,
Frederick, MD, USA). One of the primers of each gene spans an exon-exon boundary to
avoid amplification of genome DNA. The primer sequences were submitted to BLAST
search to avoid amplification of other than desired sequences. The sequences, access codes
to reference sequences and other specifications of primers are given in Table 1. The
specificity of primers was checked by electrophoresis of PCR products on 3% agarose gel.
All PCR products migrated as a single band at the expected size. In each run the melting
curves of analyzed samples were compared to the melting curves of plasmid standards.

The pCR plasmids (pCR XL-TOPO or pCR 4Blunt-TOPO, Invitrogen, Carlsbad, CA,
USA) with inserted PCR products were prepared by using appropriate cloning Kits
(Invitrogen, Carlsbad, CA, USA) as previously reported (Ceckova, M., A. Libra, et al.
(2006). "Expression and functional activity of breast cancer resistance protein (berp,
abcg?) transporter in the human choriocarcinoma cell line bewo.” Clin Exp Pharmacol
Physiol 33(1-2): 58-65.) and used as standards for real-time PCR analysis. The cDNA from
HepG2 cell line served as the source for PCR amplification of OATP-B, OATP-E, OAT2,
OAT3, OCTI, PEPT-1 and NTCP transcripts. The ¢cDNA from Chang liver was used to
generate amplicons of OATP-8, OATP-C, OATP-D and PEPT-2 transcripts and PCR
products; the OATP-A amplicon was generated from normal human liver cDNA.
Successful cloning was tested by PCR by using specific primers for each insert and
following electrophoresis of PCR products on 3% agarose gel. The plasmids were isolated
from colonies carrying PCR positive plasmid for each gene using Qiagen Plasmid Midi Kit
(Qiagen, Hilden, Germany). Their concentration was determined by UV absorbance Azg
measurement and the quality assessed from UV absorbance Ajeo : Aago ratio. The plasmids
were then sequenced on ABI PRISM 310 DNA sequencer (Applied Biosystems, Foster
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City, CA, USA) and the sequences of inserts compared to the reference sequences from
NCBI database. All of the plasmids contained the inserts of desired sequence.
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Table 1. Genes and primers. The accessing numbers of RefSeq mRNA sequences and sequences of primers
used for real-time PCR analyses to evaluate the expression of transporter genes. *) More than one transcript
variant is available and the primers for these genes span common area for all transcript variants.

Real-time RT-PCR analysis

Real-time PCR was performed using iCycler (Bio-Rad, Hercules, CA, USA). For each
gene analyzed, 50 ng of reverse transcribed RNA was amplified using SybrGreen PCR
amplification master-mix (Bio-Rad, Hercules, CA, USA), following manufacturer
instructions. The temperature profile was: 95°C for 3 min; 50 times: 95°C for 15 sec, 60°C
for 15 sec, 72°C for 20 sec; melting curve program 72°C — 95°C. The calibration curves
for each gene amplification were obtained from series of decimally diluted plasmid
standards. All the calibration curves had the correlation coefficient = 0.99%. The
amplification efficiencies varied between 0.98 and 1.02. The triplicates of cDNA samples
were amplified along with the decimally diluted plasmids in quantities 5x10° - 50 copies in
one run of cycler for each gene. A non-template control for all genes was included in each
run. The quantities of transcripts in the samples were extrapolated from calibration curves.

Statistical analysis

Results are expressed as mean = SD of three assays per condition. Statistical analysis was
performed using ANOVA combined with Student’s two-tailed t test. Differences among
the conditions were considered significant at p<0.05.
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RESULTS

Characterization of taurocholate uptake

The transport kinetics of [*H] taurocholate in the two cell lines are shown in Figure 1.
When measured at 50 pM [°H] taurocholate, both Chang liver and HepG2 showed a rapid
initial uptake of the bile acid (Figure 1, panel A and panel C), with similar steady-state
levels after 10 minutes of incubation. The two cell lines showed similar [’H] taurocholate
transport in terms of time course and kinetic constants. The Michaelis-Menten constants
for [°H] taurocholate transport were obtained at 1 minute of incubation and calculated
using a mathematical fit according to the equation: V = ((Vmax * S/ (Km+ [S]) + Dc *
[S], in which Dc is the diffusive component of transport. In Chang liver cells (Figure 1,
pane! B) the apparent Km was 149.4 = 57.9 uM, the maximal uptake (Vmax) 97.3 + 32.9
pmol/mg prot/min. and the diffusive component was negligible (Dc was 0.0 + 0.05).
Similarly, in HepG2 cells (Figure 1, panel D) the Km was 174.6 + 48.1 uM and Vmax
194.5 + 55.0 pmol/mg prot/min; the diffusive component was also negligible (Dc was 0.0
+ 0.05). These data indicate the presence in both cell lines of one or more carrier mediated
mechanisms for [°H] taurocholate with comparable affinity and capacity. It should be
noted however that, in spite of a similar affinity, a significantly greater accumulation of the
bile acids was found in HepG2 (Vmax HepG2 > Vmax Chang liver cells, p = 0.02). The
transport of [PH] taurocholate measured in HepG2 is in a good agreement with what
previously reported (Lee et al., 2001).
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Figure 1. Characterization of I’H| taurocholate uptake in Chang liver cells (A and B) and HepG2 cells
(C and D). Panel A shows the time-course of taurocholate measured at a concentration of 50 uM in Chang
liver cells. Inset B represent the concentration dependence of transport measured for 1 minute of incubation.
Michaelis-Menten constants: Km = 149.4 = 57.9 pM; Vmax = 97.3 + 32.9 pmol/mg prot/min. Panel C shows
the time-course of taurocholate measured at a concentration of 50 pM in HepG2 cells. Inset D represent the
concentration dependence of transport measured for 1 minute of incubation. Michaelis-Menten constants:
Km = 174.6 + 48.1 yM; Vmax = 194.5 = 55.0 pmol/mg prot/min. Data are expressed as means + SD for three
different experiments, performed in triplicate.
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Characterization of B22956 uptake

The transport of B22956 in Chang liver and HepG2 cells was much slower than that of
taurocholate. As shown in Figure 2 (panels B and D), the accumulation of the contrast
agent increases linearly over the time in the first 60 minutes of incubation in both cell
lines. Since the uptake was linear in this time frame, incubation times of 15 and 20 minutes
were chosen to measure initial uptake in HepG2 and Chang liver cells respectively, and
various concentrations were tested in order to evaluate kinetic constants. In Chang liver
cells. B22956 uptake was saturative with a Km of 369 + 138 uM, while the Vmax was
3270 £ 440 pmol/mg prot/20 min (Figure 2, panel A). The uptake of the contrast agent was
also saturative in HepG2 cells (Figure 2, panel C) with an apparent affinity (Km value of
377 + 47 uM) similar to that found in Chang liver cells but a Vmax (704 + 41 pmol/mg
prot/15 min) significantly lower. The overall efficiency transport, expressed as the ratio
Vmax/Km was around 3.5 times higher in Chang than in HepG2 cells.

As shown in Table 2, B22956 transport experiments were performed in the presence of
organic anions known to be substrates for OATP transporters (Hagenbuch and Meier,
2003). When transport was evaluated at low B22956 concentration (50 nM), the presence
of equimolar concentration of either taurocholate or BSP reduced the uptake by 50% in
Chang liver cells, but not in HepG2 cells. Differently, the addition of CCK-8 (20 uM), the
OATP-8 substrate (Ismair et al., 2001), reduced by more than 80% B22956 uptake both in
Chang liver and HepG2 cells. To better define the inhibitory effect of taurocholate and
CCK-8, experiments were repeated at higher B22956 concentration (200 pM). In Chang
liver cells, low taurocholate concentrations (10 and 50 pM) reduced B22956 transport by
30-40%, while CCK-8 (20 and 50 puM) confirmed a strong inhibitory effect reducing
transport by 60% or more. CCK-8 but not taurocholate, was still effective in reducing the
contrast agent transport in HepG2, although the effect was rather weak with a decrease of
20-25% over the control.

The inhibition studies indicate that OATP proteins are involved in the B22956 transport in
both cell lines, with a crucial role of OATP-8 suggested by the consistent reduction
observed in the presence of low CCK-8 concentration, particularly in Chang liver cells. Of
notice was the observation that transport of 50 uM taurocholate was not inhibited by the
presence of B22956 (100 uM) and CCK-8 (20 pM), either in Chang liver or in HepG2
(data not shown), suggesting that several transporters contribute to the cell accumulation of
taurocholate or B22956 and points to partial sharing of different mechanisms.
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Figure 2. Characterization of B22956 transport in Chang liver cells (A and B) and HepG2 cells {C and
D). Panel A shows the saturation kinetic of B22956 uptake in Chang liver cells. Transport was measured at
different concentration after incubation of 20 minutes. Data were fitted by non linear regression and
Michaelis-Menten constants were calculated: Km = 369 + 138 pM; Vmax = 3270 + 0.440 pmol/mg prot/20
min. Inset B shows the time course. Chang liver cells were incubated with 200 uM of B22956 for the
indicated times. Panel C shows the saturation kinetic of B22956 uptake in HepG2 cells. Transport was
measured at different concentration after incubation of 20 minutes. Data were fitted by non linear regression
and Michaelis-Menten constants were calculated: Km = 704 + 4] pM; Vmax = 377 < 47 pmol/mg prot/20
min. Inset D represent the time course. HepG2 cells were incubated with 200 pM of B22956 for the indicated
times. Data are expressed as means + SD for three different experiments, performed in triplicate.
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B22956 at 50 pM

Chang liver HepG2
Inhibitor Total % Total %
(uM) pmol/mg prot/20 min  remaining pmol/mg prot/15 min  remaining
None 202+ 15 100% 653 £ 8.1 100%
Taurocholate (50 pM) 101.7+13.4 50.3% 61.8+73 94.6%
BSP (50 uM) 90.1 £12.1 44.6% 58.2+6.6 89.1%
CCK-8 (20 pM) 399x5.5 19.7% 11.9£17.5 18.2%
B22956 at 200 nM
Chang liver HepG2
Inhibitor Total % Total %
(uM) pmol/mg prot/20 min  remaining pmol/mg prot/15 min  remaining
None 980.8 £ 79.1 100% 258.8+353 100%
Taurocholate (10 pM) 673.5+224 68.7% 251.1+£20.4 97.0%
Taurocholate (50 pM) 591.2+18.9 60.2% 240.1+£32.2 96.6%
CCK-8 (20 uM) 3922 £21.8 40.0% 208.4 £20.3 80.7%
CCK-8 (50 uM) 3325+ 17.5 34.0% 1934+ 15.3 74.7%

Table 2. Inhibition studies on B22956 uptake. The transport of B22956 was measured at a concentration of
50 or 200 pM, in the presence or in the absence of various OATP substrates.
Results are reported for the experiments conducted in the two hepatic cell lines.

Quantitative RT-PCR analyses

To determine which transporters may mediate B22956 transport in Chang liver and HepG2
cells and which may account for the different accumulation, we tested for the presence of
various organic anion transporter transcripts from OATP family (namely OATP-4, QOATP-
B, OATP-C, OATP-D, OATP-8, OATP-E) and OAT family (OAT2, OAT3), which are
reported to be expressed in liver cells (Hagenbuch and Meier, 2003). To better understand
the pharmacological meaning of the data, transporters other than organic anion transporting
polypeptides were aiso analyzed. In particular we assessed the expression of the sodium
dependent taurocholate co-transporter NTCP, the organic cation transporter OCT1/ and the
peptide transporters PEPT-/ and PEPT-2 (van Montfoort ef al., 2003). The expressions of
the selected transporters were analyzed in Chang liver and HepG2 cells, and compared to
the levels found in a human liver tissue from a healthy donor.

The results shown in Figure 3 represent a comparison of the gene expression of the
different genes in both cell lines, expressed as log units of transcripts per pg of total RNA.
The data indicate that HepG2 and Chang liver cells express the almost the same amount of
OATP-E, PEPT-2, and the liver specific OATP-C genes. Significantly higher expression of
OATP-B was observed in HepG2 cells as compared to Chang liver cells (see Table 3).
Conversely, the transcripts of OATP-D and OATP-8 were more abundant in Chang liver
cell, while the expression of O4TP-A has not been detected in any cell line. The transcripts
for OAT2, PEPT-1, NTCP and OAT3 were detected only in HepG2 cells (see Table 3).




Real-time PCR analysis confirmed the expression of all the observed genes in normal
human liver, with the exception of OAT3 (Figure 3). Differently from what reported in cell
lines (Lee ef al., 2001) and similarly to what reported in tissues (Briz ef al., 2003), OATP-
A was significantly expressed in normal liver. This seems to indicate that OATP-A could
be not specific of the hepatocyte, but most probably of other less abundant cell types in
liver. The other investigated OATPs were expressed at high and quite comparable levels.
This is particularly true for the so called liver-specific OATP-C that is found at the greatest
expression level, second only to that registered for OCT].

As shown in Figure 3, HepG2 cells mimic the expression profile of the normal liver in a
larger number of transporters than Chang liver cells. In line with previous reports (Lee ef
al., 2001), HepG2 cells do not express significant levels of OATP-C and OATP-8, two
hepatospecific transporters that seem to be greatly repressed in liver tumors (Cui et al.,
2003).

The expression of OATP-B, OATP-E, OAT2, OCTI, NTCP, PEPT-] and PEPT-2 is
maintained in HepG2 cells with detectable OAT3.

The Chang liver cells resemble normal liver in the expression of a lower number of
transporters and of particular interest is the maintained expression of OATP-8, OA TP-E
and OATP-D. This kind of cells misses completely the expression of OATs and NTCP
genes.

Gene iHepGZT Chang liver Human Normal Liver |
'LogN |S.D. [LogN  S.D. |LogN S.D.

OATP-A N.D. N.D. 265  0.08
OATP-B 535 005 283 | 020 | 618 0.0
OATP-C 200 036 238 | 015 643 002
(OATP-D 167 | 045 594 011 463 | 0.02
OATP-E 6.19 002 597 007 528 0.02
OATP-8 | 251 022 406 | 0.03 508 0.00
0AT? 399 008 ND. 604 | 008
OATS3 199 | 0.79 ~N.D. N.D.
NTCP 299 | 0.32 N.D. 4.77 0.04
OCTI 412 002 ] 412 | 010 669 000
PEPT-I | 316 | 008 |  ND. | 434 | 003
PEPT-2 449 1004 | 408 | 005 376 | 009

Table 3. Real time RT-PCR analyses and transporters expression. The log of number of transcripts of
selected genes in | pg of RNA from HepG2 cells, Chang liver cells and human Jiver tissue. Measures were
made at least in triplicate and repeated in three or more total RNA extracts from the cell lines and one iotal
RNA extract from human liver.
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Figure 3. Comparison of transporter genes expression. Panel A: Number of transporter gene transcripts in
HepG2 and Chang liver cells. Panet B: Number of transporter gene transcripts in liver tissue and HepG2
cells. Panel C: Number of transporter gene transcripts in liver tissue and Chang liver cells. The numbers of
transcripts were normalized to the total RNA amount. The data are plotted as log of transcript number per |
ng of RNA. The transversal dotted lines indicate equal expression in the cell line.




DISCUSSION

Pharmacological studies of new and old drugs take great advantage of the actual genetic
knowledge on the cell membrane transport mechanisms, particularly in liver, kidney and
physiological barriers such as blood brain barrier and placenta. This is the case of the
contrast media for Magnetic Resonance Imaging (MRI), which is a class of diagnostics
formulated to remain in the blood stream for the sufficient time interval to acquire images,
to not accumulate in organs and to be rapidly cleared by kidney or, in specific cases, by
liver (Lorusso ef al., 2005). When studying liver specific MRI contrast agents, biochemical
and pharmacological studies were useful to demonstrate that two media {Gd-BOPTA and
Gd-EOB.DTPA) that are currently used in clinical practice are substrates to the known
canalicular transport system MRP2 (ABCC2) (de Haen er al., 1996). While the biliary
excretion of Gd-BOPTA and Gd-EOB.DTPA in rats ranges from 50 to 70% of the
administered dose (Lorusso ef al., 2005), in humans the biliary excretion of the two
contrast agents is much lower (Lorusso et al., 2005). The reasons for such great differences
may be explained considering that the hepatic clearance of a drug is conditioned by the
uptake mechanisms driving the passage of the compounds from blood into the hepatocytes.
This reasoning is supported by the evidence that Gd-EOB.DTPA is substrate to the rat
Oatpl, but not the nearest human orthologue OATP-A (Pascolo ef al., 1999).

Previous studies indicated that B22956/1 is also a potential hepatospecific contrast agent,
since its biliary excretion is much higher than that of Gd-EOB.DTPA and Gd-BOPTA,
although mainly mediated by the ABCC2 transporter (Lorusso ef al., 2002). No data has
been produced until now on the basolateral uptake mechanism in liver for this compound.
In this study we demonstrate that B22956 is substrate to OATP proteins and in particular
OATP-8 is involved in the hepatic accumulation of the compound. Since the lateral chain
of this new Gd complex derived from the DTPA backbone is a bile acid, it was important
to compare transport kinetics of B22956 with those of taurocholate. The present results
demonstrate that these two anions share only some transport mechanisms, possibly those
mediated by the OATPs.

The transport kinetics of taurocholate were similar in HepG2 and Chang liver cells. and
comparable with those previously described (Lee ef al., 2001). The taurocholate uptake in
HepG2 cells seems to be mainly related to the OATP-E as suggested by the high transcript
levels and high affinity to taurocholate (Hagenbuch and Meier, 2003), although the
additional role of the very low expressed OATP-8 and of the relevant 0472 (Ugele ef al.,
2003) must be considered. The OATP-B involvement is excluded because taurocholate is
not substrate to this transporter (Meier and Stieger, 2002). The role of NTCP should also
be marginal considering the low transcript levels and, more important, previous studies
demonstrating the absence of NTCP protein expression in HepG2 cells (Lee ef al., 2001;
Kullak-Ublick er al., 1996; Glasova et al., 2002). In Chang liver cells the taurocholate
uptake is similar to that found in HepG2 cells. From the quantitative analyses of the
transcripts of the different transporters in Chang liver cells, it can be concluded that OATs
and NTCP proteins do not contribute to taurocholate accumulation as these proteins are
absent. On the contrary, OATP-D, OATP-E and OATP-8 are present and may all
potentially contribute to the uptake of the bile acid.

The characteristics of the B22956 uptake are different in the two cell lines. While the
apparent Km values of the kinetics were comparable, the Vmax found in Chang liver cells
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was significantly higher than in HepG2 cells (3270 = 440 pmol/mg prot/20 min vs. 704 +
41 pmol/mg prot/15 min, respectively). The inhibition studies (Table 2) clearly indicate
that the molecular mechanisms involved are different with only a partial overlap with those
accounting for the transport of taurocholate. Taurocholate was effective in inhibiting
B22956 uptake in Chang liver cells while it was ineffective in HepG2 cells. In addition, the
transport of B22956 in HepG2 was not inhibited by BSP, while the cholephilic anion
showed a clear inhibition in Chang liver cells. The uptake at low concentrations of B22956
in HepG2 was affected by CCK-8, a high affinity substrate for OATP-8. In Chang liver
cells, OATP-8 expression was 40 times higher than in HepG2. This difference may explain
why CCK-8 inhibits B22956 uptake by 60% at a CCK-8:B22956 ratio of 1:10 (Table 3).
Differently from HepG2 cells, in Chang liver cells also taurocholate inhibited B22956
uptake, its effect evident both at low and high concentrations of the contrast agent, with the
maximum at equimolar concentration. Since taurocholate is transported with different
affinities by various OATPs (Kullak-Ublick et al., 2000), it is not surprising that, on the
other side, B22956 was unable to inhibit taurocholate uptake (data not shown).

Taken together, these data show that B22956 is transported by OATP-8 with a relatively
high affinity, as demonstrated by the inhibition studies. Other transporters such as OATP-
D and OATP-E seem to be involved in Chang liver cells, although with lower affinity. In
HepG2 cells, the low expression of OATP-8 seems sufficient to account for B22956
transport; OATP-B and OAT2 are other transporters that could be considered for their
additional role.

These results may have a great practical relevance considering that the compound B22956
is an MRI contrast agent already in the process to be used in human diagnostic.
Demonstrating that B22956 is taken up by hepatic cells by carrier mediated systems and
that differently expressed transporters correspond to a different accumulation, points to a
possible use of the contrast agent to discriminate diseased from healthy cells. Particularly,
it has been reported that OATP-C and OATP-8 expression is greatly repressed in hepatic
tumors. Since QATP-8, which is almost exclusively expressed in the liver (Ismair e/ al.,
2001), is involved in the hepatic accumulation of B22956, it may be expected that hepatic
tumors have a lower accumulation of this contrast agent.

HepG2 and Chang liver cells are the most often used models of hepatic cells. While Chang
liver cells are considered an in vitro model of non malignant liver, HepG2 cells are widely
used cellular system for well differentiated hepatocarcinoma. No comparison has been
reported so far in terms of drug accumulation and expression of basolateral transporters on
different cellular models for liver disease. In the present study we report the comparison of
the uptake and the expressions at RNA level of different transport proteins to better
characterize the two widely used cell lines.

As shown in Figure 3, Chang liver cells retain a high levels of expression of only some
OATPs, but loose or greatly reduce the expression of OAT2, NTCP and PEPT-1, which are
reported to be abundant in normal liver (Alcorn er al., 2002). The analysis on HepG2 cells
suggests that during tumorogenesis not only OATP-8 and OATP-C are repressed, as
already reported (Cui et al., 2003), but also OATP-D and NTCP expression may be
affected. Quite surprisingly OATs expression is maintained and possibly increased as
compared to normal liver. All these results are likely to be useful for therapeutic
considerations on various families of drugs.
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Membranové transportéry maji vedle enzymu podstatny vliv na pohyb léCiva
vorganismu. Spektrum a mira exprese transportéri a jejich lokalizace na
cytoplazmatickych ~ membranach  buné¢k  pak  ovliviiuje  prubéh zakladnich
farmakokinetickych d&jii absorpce, distribuce, metabolismu a exkrece l€€iva.

Tématicky je mozno plivodni prace, které jsou soudasti této dizertace, rozdélit do dvou
oblasti podle organty, jejichZ transportni procesy byly studovany. Prvni &ytii puvodni prace
se zabyvaji expresi, lokalizaci a funk&ni aktivitou efluxnich transportéra P-gp a BCRP,
v lidské a potkani placent® a v bunitné linii BeWo odvozené od placentarniho
choriokarcinomu. V posledni praci byly studovany transportéry, které jsou zapojeny do
vychytavani MRI diagnostické latky B22956/1 v bunéénych liniich HepG2 a Chang Liver
pouZivané jako modely pro studium jaterniho transportu.

V prvni praci byla potvrzena funkéni exprese P-gp (4bcbI) v placenté potkana na konci
biezosti. V této studii byla pomoci dudlni perfize potkana in situ prokdzana funkce P-gp
v omezeni prestupu lé&iv do plodu a déle jeho schopnost aktivné pumpovat své substraty
z krve plodu zpét do cirkulace matky.

Protoze viak nebylo ziejmé, zda je P-gp pfitomen (a muze tak plnit svou ochrannou
roli) v placenté po celou dobu bfezosti experimentalniho zvifete a zda se jeho exprese
v priibéhu dozravani placenty méni, byla v ndvaznosti na pfedchozi studii zkoumana
piitomnost P-gp v placenté v prubéhu bfezosti potkana. Na mRNA urovni byla exprese
obou genu kédujicich potkani P-gp, Abchla a Abcblb, studovana pomoci relativni
kvantifikace metodou real-time RT-PCR a vztaZena k expresi housekeepingového genu
beta-2-mikroglobulinu. Pomoci Western-blottingu byl pak P-gp detekovan rovnéz na
proteinové trovni. Imunohistochemickd metoda byla pouZita pro sledovani exprese a
predevsim lokalizace P-gp v placenté v prib&hu biezosti potkana.

Nase studie prokazala piitomnost mRNA transkriptd obou genu kédujicich P-gp jiZ
v 11.dni gestace. V této dob& jiz kon&l vyvoj chorioallantoické placenty potkana a
placenta zagina plnit svoji transportni funkci. B&éhem dal3iho dozravéni placenty se exprese
obou genu dale zvysovala. Pomoci Western-blottingu byl P-gp detekovan od 13. az do
konecného 22. dne biezosti potkana. Imunohistochemicka analyza potvrdila pfitomnost
placentdrniho P-gp jiz ve 13. dni biezosti, kdy byl P-gp lokalizovan ve vyvijejici se
labyrintové zoné placenty. Od 15. dne aZ do konce biezosti byla jiz imunopozitivita pro
P-gp pozorovéna ve vrstvé trofoblastu. Nase data tak naznaCuji, Ze P-gp je ptitomen
v trofoblastu placenty brzy po jejim vzniku a miZe tak pravdépodobné plnit svou ulohu

v transplacentarni farmakokinetice po celou dobu btezosti potkana.
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V nadi dal$i praci jsme se zaméfili na studium teprve nedavno objeveného lékového
efluxniho transportéru BCRP kédovaného genem ABCG2. Jeho lokalizace a funkéni
exprese byla sledovana na placentarni linii BeWo, ktera je pouZivana jako in vitro model
trofoblastu. Na tdrovni mRNA transkriptu pro BCRP jsme prokazali vyraznou endogenni
expresi tohoto transportéru v BeWo buiikach, stejné jako v lidské termindlni placenté.
Ptitomnost BCRP byla déle potvrzena na proteinové Grovni v BeWo bunééné linii 1 v
lidské placent¢ imunodetekci pomoci Western blottingu s pouZitim monoklondlni
protilatky BXP-21. Funk&ni akumulaéni studie prokazala vyznamnou aktivitu BCRP
v od&erpavani svych substrath ven zbun&€k. Pomoci nepfimé imunofluorescencni
mikroskopie jsme dale studovali subceluldrni lokalizaci BCRP v BeWo burikach.
Lokalizace tohoto transportéru byla patrna pfedevsim na mikrovilézni apikalni membrang,
ktera odpovidala té strané vrstvy trofoblastu, jeZ je v pfimém kontaktu s matefskou krvi.
ProtoZe BeWo buiiky piedstavuji model trofoblastu, zda se byt pravdépodobné, Zze BCRP
je schopen odZerpavat své substraty ve fetomaternalnim sméru ven z bunék této vrstvy.
Imunochistochemick4 lokalizace BCRP v lidské placenté potvrdila vyraznou expresi BCRP
pravé ve vrstvé trofoblastu, pfestoze imunopozitivita pro BCRP byla patrnd i
v endotelovych buiikach fetélnich cév. Uvedena data tak naznaduji, Ze BCRP, podobné
jako P-gp, pumpuje lé¢iva a xenobiotika zp&t do krevniho ob&hu matky a pravdépodobné
tak poskytuje ochranu plodu pied potencialng toxickym ucinkem téchto latek. Uvedené
poznatky ziskané in vitro jsme posléze sledovali na in situ perfundované placenté potkana,
kdy jsme funkéni aktivitu placentarniho BCRP prokazali pomoci modelového substratu
cimetidinu.

Na transkripéni Grovni jsme déale pomoci absolutni kvantifikace porovndvali hladiny
exprese genl pro BCRP (ABCG2) a P-gp (ABCBI) v lidské placenté. Polet transkriptu
ABCG?2 vice nez desetinasobné pievySoval pocet transkriptu ABCB]. Na ziklad¢ téchto
vysledkli se domnivame, Z¢ BCRP je pfinejmensim stejné duleZitym, ne-li dileZii€jsim
1ékovym transportérem v placenté jako P-gp.

Cilem posledni prace, ktera byla vypracovana na zékladé mezinarodni spoluprace mezi
Centro studi fegato, University of Trieste a Farmaceutickou fakultou, bylo studium
molekuldrnich mechanisma jaterniho transportu diagnostika B22956/1 pro magnetickou
rezonanci na jaternich bun&nych modelech. B22956/1 je nova kontrasini latka pro
magnetickou rezonanci, kterda vykazuje znagnou bilidrni exkreci a proto se zda byt

vhodnou latkou pro hepatobilidrni zobrazeni. Jeji transportni vlastnosti jsme srovnavali
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s taurocholatem, jako typickym zastupcem endogennich litek, které podléhaji biliarni
exkreci.

Kinetika transportu byla sledovana pomoci vychytavacich (,,uptake®) experimentd na
bunéénych liniich Chang Liver a HepG2, které jsou povaZovany za in vitro bunétné
modely nenidorovych a nadorovych jaternich bun€k. Tyto pokusy ndm ukazaly, Ze
transportni parametry taurocholatu byly velmi podobné v obou bunéénych liniich, zatimco
B22956/1 je vychytavan 3,5 krat G¢inn&ji do Chang Liver bun&k neZz do HepG2 bunék.

V obou burikich byla pozorovana inhibice vychytavani B22956/1 v piitomnosti
cholecystokininu-8 (CCK8), specifického inhibitoru transportéru OATP-8 (SLCO1B3),
atkoli tento efekt byl u HepG2 bun&k patrny pouze pii nizké koncentraci B22956/1.
Inhibiéni studie dale ukazaly, Ze transport B22956/1 do Chang Liver bun¢k je inhibovan
taurocholatem i bromsulfoftaleinem narozdil od transportu v HepG2 bunkach, na které tyto
inhibitory nemély vliv.

Vzhledem k tomu, Ze neni zndmo, jaké transportéry se podili na vychytavani B22956/1,
provedli jsme absolutni kvantitativni real-time RT-PCR analyzu exprese genu pro
transportéry OATP-A, OATP-B, OATP-C, OATP-D, OATP-E, OATP-8, OATZ2, OAT3,
OCT]1, NTCP, PEPT-1, PEPT-2 v liniich HepG2 a Chang Liver a ve zdravé jaterni tkani.
Vysledky ukézaly, Ze ve srovnani s jaterni tkani byla v HepG2 buiikach sniZena exprese
transportéri QATP-C (SLCIBI), OATP-D (SLCO341) a OATP-8 (SLCOIB3), zatimco
exprese OATP-B (SLCO2BI), OAT2 (SLC2247) a OAT3 (SLC2248) byla podobna nebo
zvyiena. Naopak v Chang Liver buiikdch transkripty OAT2 (SLC2247) a OAT3
(SLC2248) detekovany vibec a hladina OATP-D (SLCO341), OATP-E (SLCO4A4I) a
OATP-8 (SLCO1B3) byla podobna jako v jatrech.

Z vysledki inhibi¢nich experimentt usuzujeme, Zze OATP-8 (SLCOI1B3) lze pokladat za
transportér, ktery se podili z velké vétdiny na vychytadvani B22956/1. V Chang liver
buiikach by dale mohly byt do vychytavani zapojeny transportéry OATP-D (SLCO341) a
OATP-E (SLCO4A1), aviak s mnohem mensi afinitou. Z vysledki na HepG2 burikach je
vidét, e OATP-8 se podili na transportu i pfes jeho nizkou expresi a Ze do transportu by
mohly byt zapojeny i OATP-B (SLCO2B1) a OAT2 (SLC2247). Vzhledem k tomu, Ze
OATP-8 (SLCOIB3) je transportér exprimovany vyhradné v jatrech a jeho exprese je
znaéné potlatena v jaternich nadorech, dalo by se ofekavat, Ze kontrastni latka B22956/1
bude akumulovana v jaternich nadorech mén& a proto by mohla byt uZiteCnym

diagnostikem pro rozli$eni nadorové a zdravé jaterni tkané.




Together with enzymes membrane transporters have substantial influence on movement
and fate of drugs in the organism. Their spectrum, expression extent and localization on
cytoplasmic membranes have an effect on basic pharmacokinetic processes of absorption,
distribution, metabolism and excretion (ADME).

Thematically, this thesis can be split into two fields according to the organs whose
transport processes were investigated. The first four original studies deal with the role of
efflux transporters P-glycoprotein and BCRP in human and rat placenta and in BeWo celi
line derived from human choriocarcinoma. In the last study transporters that could
participate in B22956/1 uptake in liver or in cell line derived from liver were investigated.

In the first study the functional expression of P-glycoprotein (4bch) in the rat placenta
was confirmed at the end of pregnancy. By use of in vivo dually perfused rat placenta the
ability of P-gp to actively pump its substrates from the fetal blood back to the maternal
circulation was demonstrated.

At the mRNA level the expression of both genes coding for P-gp, 4bchla and AbchbIb,
was investigated using relative quantification by real-time RT-PCR method and compared
to expression of a housekeeping gene beta-2-microglobulin. Using of Western blotting the
placental P-gp was detected at the protein level. Immunohistochemistry was employed to
localize P-gp in rat placenta.

Our study revealed the presence of mRNA transcripts of both genes encoding P-gp as
soon as on the 11th day of gestation, which corresponds with the day when the definitive
features of chorioallantoic rat placenta are well-presented and the organ begins to fulfill its
physiological roles. The expression of both genes further increased up to the term. By
means of Western-blotting, P-gp was detected from the 13th up to the 22nd day of
pregnancy. Immunochistochemical analysis confirmed the presence of P-gp in the
developing labyrinth zone of placenta of 13th gestation day; starting from 15th gestation
day up to the term immunopositivity for P-gp was observed in the trophoblast layer. Our
data thus indicate that P-gp is expressed in the placenta soon after its development and,
therefore, can play a role in transplacental pharmacokinetics during the whole period of
pregnancy.

In our subsequent study we aimed to examine the recently discovered BCRP drug efflux
transporter encoded by ABCG2 gene. Its localization and functional expression was studied
employing human placental cell line BeWo as an in vitro model of placental barrier. At the

level of mRNA transcripts we revealed a high endogenous expression of the transporter in
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BeWo cells, as well as in human term placenta. The presence of BCRP was further
confirmed in BeWo cells and in human term placenta using Western blotting with BXP-21
monoclonal antibody. Functional accumulation studies with mitoxantrone (a substrate of P-
gp and BCRP) and inhibitors of BCRP and P-gp demonstrated significant activity of BCRP
in pumping its substrates out of the cells. Employing indirect immunofluorescence
microscopy, we further studied the subcellular localization of BCRP in BeWo cells. BCRP
appears to be localized predominantly at the microvillous apical membrane of the cells,
which corresponds to the part of trophoblast layer that is in direct contact with maternal
blood. Since BeWo cells represent a model for trophoblast cells it seems plausible that
BCRP is able to pump its substrates out of the trophoblast layer the feto-maternal direction.
Imunohistochemical localization of BCRP in the human placenta confirmed high
expression in the trophoblast layer, however, the immunopositivity for BCRP was also
apparent in the endothelial cells of fetal vessels. The above data indicate that BCRP seems
to provide (similarly to P-gp) protective role to fetus while pumping potentially toxic drugs
and xenobiotics back to the maternal circulation. These findings were further confirmed in
experiments on in situ perfused rat placenta in which functional activity of placental BCRP
was described using cimetidine as a model substrate.

Using absolute quantitative real-time RT-PCR we futher studied the expression levels of
ABCG2 (coding for BCRP) and ABCB! (coding for P-gp) in mature human placenta.
Surprisingly, the number of 4BCG2 transcripts exceeded ten times the number of ABCB/
transcripts ten times. On the basis of these results we assume that BCRP is at least as
important drug transporter as P-gp.

The aim of the last study, which was carried out on the basis of international
cooperation between Centro Studi Fegato, University of Trieste and Department of
Pharmacology and Toxicology of our faculty, was to investigate the molecular mechanisms
of hepatic transport of MRI contrast agent B22956/1 in hepatic cellular models.
Gadocoletic acid trisodium salt (B22956/1) is a new contrast agent showing high biliary
excretion and thus is potentially advantageous in hepatobiliary imaging. The transport
parameters of this agent were compared with taurocholate, as a typical endogenous
compound that is excreted into the bile.

Uptake experiments were performed in Chang Liver and HepG2 cell lines that are
considered as in vitro models of tumoral and non-tumoral cells. These experiments showed
that transport parameters of taurocholate are very similar in both cell lines, while B22956/1

is taken up 3,5 times quicker by Chang Liver cells than by HepG2 cells.
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Inhibition studies further demonstrated that the uptake of B22956/1 into Chang Liver
cells is inhibited by taurocholate and bromosulphophthalein in contrast to HepG2 cells,
which were not influenced by these inhibitors. In addition the uptake of B22956/1 into
Chang Liver cells was greatly inhibited by cholecystokinin-8 (CKK8), which is specific
inhibitor of OATP-8 (SLCO1B3) transporter.

Because no information is available about transport proteins involved in uptake
mechanisms of B22956/1 in liver, we have performed absolute quantitative real-time RT-
PCR analysis PCR in cell lines HepG2 and Chang Liver and healthy human liver tissue to
evaluate the expression genes for: OATP-A, OATP-B, OATP-C, OATP-D, OATP-E,
OATP-8, OAT2, OAT3, OCT1, NTCP, PEPT-1, PEPT-2. The results have shown that
compared to normal liver, the expression of OATP-C (SLCiB1), OATP-D (SLCO3Al)
and OATP-8 (SLCO1B3) was greatly repressed in HepG2 cells, while expression of
OATP-B (SLCO2B1), OAT2 (SLC22A7) a OAT3 (SLC22A8) was either maintained or
increased. On the contrary, in Chang liver cells, transcripts of OAT2 (SLC22A7) and
OAT3 (SLC22A8) were undetectable, while the expression of OATP-D (SLCO3A4]),
OATP-E (SLCO4A1) and OATP-8 (SLCO1B3) was similar to normal liver.

We conclude that B22956 is transported by OATP-8 (SLCO1B3) with a relatively high
affinity as demonstrated by the inhibition studies. Other transporters such as OATP-D
(SLCO3A41) and OATP-E (SLCO4AT) seem to be involved in Chang liver cells, although
with lower affinity. In HepG2 cells, the relatively low expression of OATP-8 (SLCO!B3)
seems to be sufficient to account for B22956 transport; OATP-B (SLCO2BJ) and OAT2
(SLC22A47) are other transporters that could also be involved in the process. Considering
that OATP-8 (SLCOIB3) is a transporter expressed exclusively in the liver and its
expression is greatly repressed in liver tumors, it may be assumed that B22956/1 will be
accumulated with lower extent into hepatic tumors and, therefore, it could serve as a useful

diagnostic agent for discrimination between tumoral and intact liver tissue.
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