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11B-HSD
ABC
BCRP
CYP450
GK
MDR
MRP
NBD
P-gp
RT-PCR

TMB

11B-hydroxysteroid dehydrogenéaza

"ATP binding cassette” - skupina transportéra vazajicich ATP
"breast cancer resistance protein"

cytochrom P450

glukokortikoidy

"multidrug resistance protein”

"multidrug resistance related protein™

"nucleotide binding domain™ - nukleotidy vazajici doména
P-glykoprotein

"reverse transcription - polymerase chain reaction” - reverzni
transkripce - polymerazova fetézova reakce

"transmembrane domain" - transmembranova doména
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1. Struktura a funkce placenty

Placenta je specificky organ majici tvar disku s charakteristickou lobularni
strukturou, ktery privadi do tésné blizkosti krevni obéh matky a plodu a zaroven
vytvaii mezi obéma krevnimi fe¢isti bariéru tak, Ze nedochazi ke vzajemnému miSeni
krve. Placenta plni celou fadu vitalnich funkci, které jsou nezbytné pro spravny
vyvoj plodu. Jedna se ptfedevSim 0 zajiSténi pifisunu Zivin a kysliku a soucasnou
exkreci zplodin metabolismu. Vedle transportu latek probiha v placenté syntéza celé
fady hormoni, enzymu, regulacnich faktorti a signalnich molekul, které vyznamné
ovliviyji celkovy prubéh téhotenstvi.

Zékladni struktura lidské placenty (Obr. 1) vznika jak z matefské tkané -
decidua bazalis, tak z tkané plodové - chorion frondosum. Zrala placenta je funkéné
rozdélena na 20 - 40 kotyledonti oddélenych od sebe septy vybihajicimi z decidua
bazalis. V kazdém z kotyledonl se nachazi tzv. choriové klky (Obr. 2, A) tvoiené
pojivovou tkéani a hustou siti kapilar, ve kterych proudi krev plodu pfivadéna a
odvadéna pupecnikovymi cévami. Povrch choriovych klki je pokryt vrstvou
trofoblastu, ktery je v pfimém kontaktu s matefskou krvi ptivadénou spiralnimi

arteriemi (Panigel, 1986; Enders and Blankenship, 1999).

intervilézni prostor

Obr. 1 Schématické zndzornéni struktury placenty. Prevzato a upraveno z:
www.biog1105-1106.0rg.
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Podle poctu bunéénych vrstev tvoticich bariéru mezi matefskou a fetalni krvi
lze sav¢i placenty klasifikovat do tii skupin: a) typ hemochoridlni (¢lovek, potkan,
kralik), b) typ endotheliochoridlni (kocka, pes) a ¢) typ epiteliochoridlni (ovce, prase,
kan). V lidské, hemochorialni, placenté tvoii bariéru oddé€lujici krevni fe¢isté matky
a plodu dvé bunécné vrstvy: trofoblast a endotel fetalnich kapilar (Obr. 2, B). Na
zacatku vyvoje placenty tvori trofoblast predev§im mitoticky aktivni jednobunécny
cytotrofoblast, ktery pozdéji fuzuje v mnohojaderny syncytiotrofoblast - hlavni
slozku placentarni bariéry. Se vznikem syncytiotrofoblastu je spojeno i postupné
zmenSovani tloustky placentarni bariéry z pocatecnich 50 - 100 um az na pouhych 4

- 5 um v pozdnich stadiich t€hotenstvi.

Pojivova

artérie zZily Plodové tkan

\é kapilary

Placentarni
bariéra

Endotel
plodovych
kapilar

Cytotrofoblast

Plodové kapilary Syncytiotrofoblast

Obr. 2 Schématické zndazornéni placentarni bariéry. A — choriovy kik a sit’ fetdlnich
kapildar, B — vlastni placentarni bariéra. Prevzato a upraveno z: www. medical-

dictionary.thefreedictionary.com

Plazmatickda membrana syncytiotrofoblastu je polarizovana. Na apikalni
membrang (orientované na matetskou stranu) vytvaii tzv. kartd¢ovy lem s mnozstvim
mikroklkd, které jsou omyvany matefskou krvi. KartaCovy lem vyrazné zvétSuje
absorp¢ni povrch trofoblastu. Bazalni membrana (orientovana na plodovou Stranu)
tyto mikroklky postrada. Polarizace syncytiotrofoblastu je ddle umocnéna rozdilnou
distribuci proteinti, predevSim enzymu, receptort a transportnich proteini, na obou

stranach membrany (Syme et al., 2004; Ganapathy and Prasad, 2005).
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2. Ochranna funkce placenty

Jednou z vyznamnych fyziologickych funkci placenty je ochrana plodu proti
potencialné toxickym latkam pfitomnym v mateifské krvi. Vedle polutantt, toxini ¢i
navykovych latek, jsou to predevSim léCiva, kterd jsou casto behem téhotenstvi
podavana za tucelem terapie matky (infekéni onemocnéni, hypertenze, diabetes
mellitus, epilepsie apod.) nebo plodu (antivirotika — omezeni ptenosu HIV, fetalni
tachykardie aj.). Pfevazna vétSina latek prochazi ptes placentarni bariéru prostou
diftzi na zéklad¢ koncentracniho gradientu. Faktory, které limituji rychlost tohoto
priichodu jsou predevsim: fyzikalné-chemické vlastnosti dané molekuly (molekulova
hmotnost, lipofilita, ndboj, interakce s plazmatickymi bilkovinami) a vlastnosti
placentdrni bariéry (pritok krve placentou, velikost absorpcniho povrchu, tloustka
bariéry, pH). Molekuly cizorodych latek mohou byt také rozpoznavany jako
substraty nékterych membranovych prenaseci pro endogenni latky lokalizovanych
na membranach syncytiotrofoblastu a endotelu fetdlnich kapilar. Transport témito
pfenaSeci probihd bud’ usnadnénou diftizi nebo aktivnim transportem za spotieby
energie (Ganapathy and Prasad, 2005).

Ochrannou funkci placenty zajistuje existence placentarni bariéry, ktera je
tvofena dvéma hlavnimi slozkami - mechanickou a aktivni. Podstatou mechanické
bariéry v hemochoridlni placenté jsou dv€ bunétné vrstvy oddélujici krevni fecisté
matky a plodu - mnohojaderny syncytiotrofoblast a endotel fetalnich kapilar.
Podobné, jako je tomu v jinych fyziologickych bariérach (napf. hemato-testikularni,
hemato-mozkova apod.) jsou i v placenté tyto bunééné vrstvy organizovany tak, ze
umoziuji pouze intracelularni prichod latek z jednoho kompartmentu do druhého. V
placenté tak kazda latka pfi transportu z krve matky do krve plodu musi piekonat
nejprve apikalni a bazalni membranu syncytiotrofoblastu a nasledné endotel kapilar
(Obr. 2, B).

Aktivni slozka placentarni bariéry je realizovana dvéma hlavnimi
mechanismy: a) aktivitou efluxnich lékovych transportéra a b) aktivitou
biotransformacénich enzymi lokalizovanych v placentarni bariéfe. Prvni z
uvedenych mechanismli ma pravdépodobné z hlediska ochrany plodu pifevazujici
vyznam, nicménég, i relativné bohatd metabolickd aktivita probihajici v placenté

zfejm¢é znacné ovliviiuje prichod fady exogennich i endogennich latek pfies
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placentarni bariéru. Studium aktivni sloZky ochranné placentdrni bariéry bylo
hlavnim cilem této disertacni prace, proto budou tyto mechanismy podrobné&ji

popsany v nasledujicich kapitolach.

2.1. Efluxni ABC transportéry

Efluxni ABC (ATP Binding Cassette) transportéry patii mezi membranové
transportni proteiny, které aktivné, za spotieby ATP, "pumpuji" substraty smérem
ven z bunky proti koncentraénimu gradientu (eflux). Do dnesni doby bylo u ¢lovéka
popsano a klasifikovano 49 ABC transportéru. Vyskytuji se v fadé tkani (mozek,
varlata, placenta, jatra, stievni epitel, ledviny apod.) (Langmann et al., 2003), kde
modulaci absorpce, distribuce a exkrece Siroké $kaly latek (produkty metabolismu,
toxiny, léciva, endogenni lipidy, nukleotidy, steroidni latky) plni piedevSim
ochrannou a detoxikaé¢ni funkci (Bodo et al., 2003; Leslie et al., 2005). U nékterych z
téchto transportérii byla navic popsana souvislost s fenoménem tzv. mnohocetné
1ékové rezistence predevsim vii€i cytotoxickym latkdm uzivanym v 1é¢bé rakoviny
(Nooter and Stoter, 1996; Kuo, 2007; Sharom, 2008).

Zakladni struktura efluxnich transportérii je vzdy stejnd. Tvoii ji rizny pocet
transmembranovych domén (TMD), znichz kazda se sklada z Sesti
transmembranovych segmentli, a nukleotidy vazajicich domén (NBD),
nachazejicich se na N- nebo C-konci molekuly proteinu (Obr. 3). Podle po¢tu domén
mohou byt efluxni transportéry klasifikovany bud’ jako ,,plné* transportéry, tvofené
dvéma az ttemi TMD a dvéma NBD, nebo jako ,,polo-“ transportéry, které tvofi
pouze jedna TMD a jedna NBD (Hyde et al., 1990). Transportéry z druhé zminéné
skupiny se skladaji v homo- ¢i heterodimery, tak aby byl vytvoren funkéni
transportér. Geny kodujici ABC transportéry jsou podle podobnosti ve struktuie
genu, poradi domén a homologie TMD a NBD klasifikovany do sedmi podrodin (A —
G) (Dean and Allikmets, 2001; Dean et al., 2001) (ptehledné informace na:
http://nutrigene.4t.com/human.abc.htm). Do  skupiny = ABC  transportéru,
oznacovanych jako lékové efluxni transportéry se v soucasné dobé¢ tadi P-
glykoprotein (ABCB1, P-gp, MDRL1), skupina tzv. ,,multidrug rezistance-
associated proteins“ (ABCC1-6, ABCC10-12; MRP 1-9) a ,breast cancer
resistance protein“ (ABCG2, BCRP) (Obr. 3). V soucasné dob¢ se piedpoklada, ze

10
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vvvvvv

transportéry budou proto podrobnéji popsany v nasledujicim textu.

P-glycoprotein ‘ ¢ o VA® 7 7 -

BCRP

Obr 3. Zakladni struktura ABC transportérii tvorena riiznym poctem TMD a NBD.
Prevzato z prehledové publikace autori Schinkel a Jonker (Schinkel and Jonker,
2003).

2.1.1. P-glykoprotein

P-glykoprotein (P-gp) je prvnim objevenym lékovym transportérem a do
dnesni doby 1 nejlépe prostudovanym. U cCloveka se vyskytuji dvé varianty P-gp:
MDR1 a MDR3, u hlodavct jsou to varianty tfi: mdrla, mdrlb a mdr2, pticemz
pouze geny MDR1, mdrla a mdrlb koéduji protein, ktery se chova jako 1ékovy
efluxni transportér. Molekula P-gp o velikosti 170 kDa se sklada ze dvou TMD,
kazdou z nich tvofi Sest transmembranovych segmenti a jedna NBD (Obr. 3).
Charakteristickou vlastnosti P-gp je schopnost transportovat Sirokou Skalu chemicky
a strukturné odlisnych latek. Substraty P-gp jsou ptfedevS§im neutralni ¢i mirné

bazické latky o molekulové hmotnosti 200 - 1800 Da (Tab. 1). Ackoliv byly popsany

11
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i endogenni substraty P-gp (Huang et al., 1998; King et al., 2001; Raggers et al.,
2001), ptedpoklada se, ze hlavni fyziologickou funkci tohoto transportéru je ochrana
bunék, tkani a organi pied potencialné Skodlivymi latkami z vnéjsiho prostiedi
(Ganapathy et al., 2000).

Dosavadni poznatky o expresi, lokalizaci a funkci P-gp V placenté jsou
prehledné shrnuty v &lanku M. Cec¢kové a kol. (Ceckova-Novotna et al., 2006). V
placenté ¢lovéka byl P-gp detekovan ve vrstvé syncytiotrofoblastu na trovni mRNA
i proteinu (Cordon-Cardo et al., 1989; Bremer et al., 1992), zatimco v endotelu
kapilar choriovych klk nebyla pfitomnost P-gp potvrzena. Stejné tak, byla exprese
P-gp prokazana i v placenté potkana (Leazer and Klaassen, 2003; Pavek et al., 2003).
Imunohistochemické studie prokazaly lokalizaci P-gp vyhradné na apikdalni
membrané kartaGového lemu syncytiotrofoblastu (MacFarland et al., 1994). Tato
lokalizace je piihodna pro plnéni ochranné funkce P-gp, Ktera vyplyva z aktivniho
transportu cizorodych latek smérem ven z plodu. Aktivita placentarniho P-gp byla
poprvé ovéfena na membranovych vezikulech piipravenych z trofoblastu lidské
placenty (Nakamura et al., 1997). Funk¢ni aktivita P-gp v placenté byla nasledné
prokazana také v primarni kultufe lidského trofoblastu a BeWo bunécné linii
odvozené z choriokarcinomu placenty V in-vitro studiich vyuzivajicich substraty a
inhibitory P-gp (Ushigome et al., 2000; Utoguchi et al., 2000). Na polarizovanych
BeWo buikéach rostoucich v monovrstvé bylo navic jasné demonstrovéno, Ze
transport digoxinu, vinblastinu a vinkristinu (substrati P-gp) je vyrazngjsi ve sméru z
bazolateralni strany na stranu apikalni (Ushigome et al., 2000).

Rozdilna distribuce xenobiotik na obou strandch placentarni bariéry
zpiisobend aktivitou P-gp byla popsana také ve studiich s perfundovanou lidskou
placentou in-vitro (Sudhakaran et al., 2005; Nekhayeva et al., 2006; Nanovskaya et
al., 2008). Na zvifecich modelech geneticky modifikovanych mdrla/b deficientnich
mysi, postradajicich funkéni P-gp, byl jednozna¢né demonstrovan vyznam tohoto
transportéru V ochrané plodu pied potencialné toxickymi a teratogennimi latkami in-
vivo (Lankas et al., 1998; Smit et al., 1999). Konec¢né, s vyuzitim techniky dualni
perflze placenty potkana in-situ byl pfimo prokazan vliv aktivity placentarniho P-gp
na farmakokinetiku cyklosporinu (Pavek et al., 2001) a rhodaminu 123 (Pavek et al.,
2003).

12
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2.1.2. BCRP

Na rozdil od P-gp, byl BCRP objeven relativné nedavno. Poprvé byl
detekovan v bunééné linii MCF-7 jako transportér zpusobujici rezistenci bunék vuci
mitoxantronu a daunorubicinu (Doyle et al., 1998), odtud byl odvozen i jeho nazev —
,breast cancer resistance protein“. BCRP transportér je kddovan pouze jednim
genem jak u Cloveka, tak u hlodavei (ABCG2/abcg?2). Molekulu proteinu o velikosti
cca 75 kDa tvofi pouze jedna TMD a jedna NBD, BCRP je tak typicky ,,polo*“-
transportér. Podobné jako P-gp je BCRP schopny pfenaset Sirokou $kalu strukturné
riznorodych latek. Pozoruhodny je ¢asteény piekryv v substratové specifité s P-gp
(Tab. 1), nicméné oproti P-gp je BCRP schopen transportovat také kladné i zaporné
nabité molekuly, organické anionty a sulfatové konjugaty.

Vysoka exprese mRNA BCRP v nenadorové tkani byla poprvé detekovana
pravé Vv placenté ¢lovéka (Allikmets et al., 1998) a pozdé&ji i v fadé dalSich tkani
(Maliepaard et al., 2001). Vysledky praci zabyvajicich se zménami exprese BCRP
Vv pribchu zrani placenty se znacné€ rozchazi, zda se ale, Ze nejvyssi hladiny BCRP
Vv placenté jsou ve stiedni fazi gravidity a ke konci pozvolna klesaji (Yasuda et al.,
2005; Meyer zu Schwabedissen et al., 2006; Cygalova et al., 2008). V placenté je
BCRP lokalizovan na apikalni membrané trofoblastu a jeho tloha pravdépodobné
spociva, podobné jako u P-gp, v omezeni prichodu cizorodych latek pies placentarni
bariéru. Kromé& toho je Vv posledni dobé diskutovana i fyziologicka role BCRP
Vv regulaci syntézy estrogeni v placenté (Grube et al., 2007) a ochrané trofoblastu
pted apoptdzou (Evseenko et al., 2007a; Evseenko et al., 2007Db).

Aktivita placentarniho BCRP byla studovana jak na Grovni in-vitro tak in-
vivo. V membranovych vezikulach izolovanych z lidské placenty byla potvrzena
transportni aktivita BCRP s vyuzitim mitoxantronu a glyburidu a inhibitoru BCRP -
novobiocinu (Kolwankar et al., 2005; Gedeon et al., 2008). Funkéni aktivita BCRP
byla potvrzena také s vyuzitim primarni kultury placentarniho trofoblastu (Evseenko
et al., 2006) a BeWo bunééné linie (Ceckova et al., 2006). Ve studiich sledujicich
vliv. BCRP na farmakokinetiku prichodu substratt BCRP nitrofurantoinu a
glyburidu pfes placentu byl s ispéchem vyuzit in-vivo model Bcrpl deficientnich
mysi (Zhang et al., 2007; Zhou et al., 2008) a in-vitro dualni perfuze lidské placenty

(Kraemer et al.,, 2006). Vnasi laboratofi jsme prokazali vliv BCRP na

13
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farmakokinetiku modelovych substrati in-situ s vyuzitim dualné¢ perfundované

placenty potkana (Staud et al., 2006b) — podrobné;ji v oddilu IV. této prace.

14
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Tabulka 1 Vybrané substraty a inhibitory transportéri P-gp a BCRP.

P-glykoprotein BCRP

Substraty Inhibitory Substraty Inhibitory
Cytostatika valspodar (PSC 833) Cytostatika GF120918
vinblastin, vinkristin GF120918 mitoxantron, bisantren, | Fumitremorgin C a
paklitaxel, docetaxel LY-335979 BBR-390 jeho analoga
doxorubicin, MS-209 metotrexat gefitinib (Iressa,
daunorubicin, R-101933 topotekan, irinotekan, ZD1839)
epirubicin tariquidar (XR-9576) diflomotekan, SN-38 imatinib (ST1571,
bisantren, mitoxantron | mitotan (NSC-38721) azidothymidin Gleevec)

etoposid, teniposid
aktinomycin D
metotrexat
topotekan

HIV proteizové
inhibitory
sakvinavir, ritonavir,
nelfinavir, indinavir,
lopinavir, amprenavir

Imunosupresiva
cyklosporin A, FK506

Antibiotika
erytromycin,
valinomycin,
gramicidin B,
tetracyklin, ofloxacin

H,-antihistaminika
cimetidin

Antiemetika
domperidon,
ondansetron

Antiarytmika
digoxin, verapamil

Antiepileptika
fenytoin

Kortikoidy
dexametazon,
hydrokortizon,
kortikosteron,
triamcinolon

Jiné
Rhodamin 123
Hoechst 33342

NB-506, J-107088
Cl11033

imatinib
flavopyridol

Antivirotika
lamivudin

H,-antihistaminika
cimetidin

Endogenni substraty
estron-3-sulfat,
17pB-estradiolsulfat,
17B-estradiol 17-(B-glu
kuronid)

kyselina listova
protoporfyrin 1X
(PPIX)

Jiné
BODIPY-prazosin
Hoechst 33342

biricodar (VX-710)
EKI-785

Cl1033

UCN-01

novobiocin

estron
diethylstilbestrol
tamoxifen a derivaty
(TAG-11, TAG0139)
reserpin

tryprostatin A
flavonoidy (chrysin,
biochanin)

ritonavir

saquinavir

nelfinavir
omeprazol

taxany (ortataxel,
tRA96023)

* Zpracovano a upraveno dle (Schinkel and Jonker, 2003; Hoffmann and Kroemer,
2004; Mao and Unadkat, 2005; Staud and Pavek, 2005).
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2.2. Biotransformaé¢ni enzymy

Béhem intrauteriniho Zivota probiha v placenté bohatd enzymatickd aktivita,
ktera se podili na ochrané plodu pted zvysenou expozici vici rizikovym latkam
pritomnym v matetské krvi. Ackoliv placentdrni metabolicky systém a substratové
spektrum jsou v porovnani s jaterni tkani vyrazné redukované (tvoti cca 10% jaterni
aktivity), v placent¢ byla prokazana piitomnost fady enzymi I a II. faze
metabolismu. N¢které enzymy katalyzuji metabolismus endogennich latek, jiné
rozeznavaji jako substraty i pestrou Skalu xenobiotik. Tyto enzymy tvoii spolu s
transportnimi proteiny aktivni sloZzku ochranné placentarni bariéry (Marin et al.,
2004; Syme et al., 2004).

Enzymy cytochromu P450 (CYP450) jsou soucasti komplexniho
enzymatického systému, ktery zajiStuje oxidativni metabolismus endogennich i
exogennich latek. Funkén€ mohou byt enzymy CYP450 rozdéleny do dvou skupin:
a) enzymy CYP5 - 27 se uplatiuji v syntéze endogennich molekul, b) enzymy z
rodiny CYP1 - 4 jsou zodpovédné za metabolismus xenobiotik. V placenté tvofi
pfevaznou vétsinu enzymi CYP450 enzymy katalyzujici metabolismus endogennich
steroidnich molekul (pfedev$im aromataza - CYP19). Xenobiotika-metabolizujici
CYP450 jsou zde zastoupeny minoritné piedev§im enzymy: CYP1Al, CYP2E1,
CYP2F1, CYP3A4, CYP3A5, CYP3A7 a CYP4B1 (Hakkola et al., 1996a; Hakkola
et al., 1996b). Vedle CYP450 byla v placenté popsana exprese a aktivita fady
enzymi II. faze metabolismu, které katalyzuji = konjugac¢ni reakce:
glukuronyltransferaza, N-acetyltransferaza, glutathion-S-transferaza, sulfotransferaza
a epoxid hydrolaza (Syme et al., 2004). Do jaké miry maji tyto enzymy vyznam
Vv ochranné funkci placenty vsak dodnes neni zcela jasné.

Vyznamnou slozkou aktivni placentarni bariéry je enzym 11p-hydroxysteroid
dehydrogenaza (11B-HSD) zajistujici biotransformaci endogennich steroidd,
predevsim glukokortikoidti (GK). Je dobfe znamo, ze GK maji zasadni vliv na
dozravéani organti plodu, rist a nacasovani doby porodu. Na druhou stranu, vysoké
hladiny GK v krvi plodu mohou zpusobit riistovou retardaci (intra-uterine growth
retardation) a nasledné zvysené riziko vyskytu metabolickych a kardiovaskularnich
chorob v dospélosti. V této souvislosti se dokonce cCasto hovoii o jevu tzv.
"prenatalniho programovani" (viz. ptehledové ¢lanky (Seckl, 2004; Seckl and

Holmes, 2007)). Pro normalni pribéh téhotenstvi a zdravy vyvoj jedince je proto
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nezbytnou nutnosti velmi presna regulace hladin GK v krvi plodu. Z tohoto pohledu
je placentarni 11B-HSD povazovéna za kliCovy enzym, ktery reguluje prichod GK
pfes placentu a tim zajiStuje udrzeni optimalnich koncentraci GK, kterym je

vystaven vyvijejici se plod.

2.2.1. 11p-hydroxysteroid dehydrogendza

11B-HSD katalyzuje oxida¢né-redukéni déje spojené s preménou metabolicky
aktivnich steroidii (kortisol, kortiksteron) a jejich neaktivnich keto-derivati
(kortison, 11-dehydrokortikosteron). V soucasné dobé jsou znamy dva enzymy,
produkty dvou riznych gent, které maji dehydrogenazovou aktivitu. 113-HSD typu
1 (11p-HSD1) je NADP*/H dependentni enzym s Ky v mikromolarni oblasti.
Ackoliv 11B-HSD1 je schopna katalyzovat oxida¢né-redukéni reakci v obou
smérech, puisobi primarn¢ jako reduktaza, tzn. katalyzuje tvorbu aktivnich forem GK.
Oproti tomu, 11B-HSD typu 2 (11B-HSD2) je NAD" dependentni vysokoafinitni
enzym (K, v nanomolarni oblasti), ktery pusobi vyhradné jako dehydrogenaza a je
zodpovédny za inaktivaci aktivnich forem GK. V placenté byla popsana dvoji role
11B-HSD (Burton and Waddell, 1999). Za hlavni funkci se povazuje vytvareni
aktivni bariéry proti endogennim GK a udrzovani optimalnich hladin GK ve fetalni
krvi zajistujicich normalni vyvoj plodu. Kromé toho, 113-HSD vyznamné moduluje
ucinky steroidnich hormontli pfes glukokortikoidni a mineralokortikoidni receptor.
Tim ovliviiuje fadu bunéénych funkci v placenté, od diferenciace trofoblasu az po
syntézu peptidovych a steroidnich hormont.

Z hlediska ochranné funkce se ptedpoklada, Zze dominantni formou
placentarni bariéry je 11B-HSD2 se svoji dehydrogenazovou aktivitou. Tento
predpoklad potvrzuji i1 studie zabyvajici se expresi a aktivitou obou typt 11B3-HSD v
placenté. Zatimco ptritomnost 113-HSD2 byla potvrzena v placenté clovéka 1 potkana
na urovni mRNA 1 proteinu a v placentarni bariéfe lokalizovdna ve vrstvé
syncytiotrofoblastu, exprese 113-HSD1 byla v placent¢ ¢lovéka detekovana pouze v
endotelialnich bunkach a extraviloznim trofoblastu (Sun et al., 1997; Driver et al.,
2001; Staud et al., 2006a). Na druhou stranu, u jinych zivo¢isnych druht, napf. u
paviana ¢i potkana, byla potvrzena piitomnost 11B-HSD1 také v placentarnim

syncytiotrofoblastu (Burton et al., 1996; Pepe et al., 1996). Ve studiich sledujicich
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oxida¢né-redukéni aktivitu 11B-HSD v placentdch c¢lovéka 1 potkana byla
pozorovana pievazujici dehydrogendzova aktivita 11B-HSD2, kterd se navic
Vv pribéhu dozravani placenty zvySovala (Stewart and Krozowski, 1999). Nicméné,
vysledky téchto studii miize castecné zkreslovat fakt, Ze oxo-reduktazova aktivita
11B-HSD1 v placenté je jen obtizn¢ detekovatelnd diky jeji relativni nestabilité
(Burton and Waddell, 1999). Fyziologicky vyznam 11B-HSD1 v metabolismu GK
proto nelze zcela vyloucit.

Ze soucasnych poznatki vyplyva, ze exprese, potazmo aktivita, obou typt
placentarni 11B-HSD podléha vyznamnym druhové-specifickym rozdilim. Navic,
podobné jako u fady jinych enzymil, neni exprese a aktivita 113-HSD v placenté v
pribéhu gravidity stabilni, coz je pravdépodobné disledek tkanoveé specifické
regulace nejen endogennimi, ale i fadou exogennich latek, véetné 1é¢iv (Hardy et al.,
1999; Tremblay et al., 1999; Lanz et al., 2003; Suzuki et al., 2003; Atanasov et al.,
2005). S ohledem na zasadni vyznam, ktery ptedstavuje placentarni glukokortikoidni
bariéra pro vyvoj jedince, je nezbytné poznat a popsat vliv téchto latek na expresi a

funk¢ni aktivitu placentarni 11B-HSD.

3. Metody studia placentarni bariéry

Tehotné Zeny jsou denné vystavovany pusobeni rostouciho mnoZzstvi
cizorodych latek pochazejicich z ovzdusi, jidla, piti, 1éki apod. Uginky t&chto latek
na prib¢eh t€hotenstvi a vyvoj plodu nejsou v ptevazné vétsin€ pripadl znamy, stejné
jako kinetika jejich pruchodu pfes placentarni bariéru. Z etickych dévodu nelze
provadét studium rizik spojenych s piisobenim cizorodych latek pfimo na té¢hotnych
Zzenach. Omezené je také zafazovani gravidnich Zen do klinickych studii
vyhodnocujicich u¢inky jednotlivych lécivych latek. VétSina informaci je proto
ziskdvdna ze studii provaddénych na zvifecich modelech a/nebo s vyuzitim
alternativnich technik a modelt placentarni bariéry, které umoziuji sledovat
transport a metabolismus latek v placenté za fyziologickych ¢i experimentalnich
podminek (viz. podrobné piehledové clanky (Bourget et al., 1995; Sastry, 1999;
Vahakangas and Myllynen, 2006)). Tyto studie jsou provadény bud’ v podminkach

in-vivo, in-vitro nebo in-situ.
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3.1. Metody in-vivo

Rada in-vivo technik vyuzivd pro studium placentarni bariéry biezi
experimentalni zvirata. Na téchto modelech se sleduji potencialni teratogenni ucinky
testovanych latek, jejich vliv na fertilitu, rast, vznik malformaci a celkové preziti
plodu. Analyzou koncentraci testované latky v krvi a v jednotlivych organech lze
ziskat informace o distribuci latky v téle matky ¢i plodu. S vyuzitim radioaktivné
znacenych latek 1ze navic sledovat distribuci pomoci autoradiografie. Pro objasnéni
fyziologickych funkci vybranych transportérii ¢i metabolickych enzymt v placenté
se také vyuzivaji geneticky manipulovana experimentalni zvitata, nejcastéji mysi ¢i
potkani, postradajici gen kodujici vybrany protein. Na téchto modelech lze pak v
porovnani se zvifaty standardniho fenotypu sledovat rozdily v pribéhu gravidity a
vyvoji plodu.

U lidi je mozné odhadovat miru prichodu sledované molekuly do krve plodu
na zaklad¢ porovnani koncentraci v krvi matky a v pupeénikové krvi odebirané tésné
po porodu. Dalsi informace o rychlosti a sméru transportu molekul mohou byt
ziskany selektivnim odbérem a analyzou krve z pupecnikové arterie a zily. Tento
zpusob vSak neposkytuje komplexni informace, které by zohlediiovaly zmény
prachodu latek pies placentu napt. v priab&hu téhotenstvi, pti riznych patologickych

stavech nebo vlivem jiné medikace.

3.2. Metody in-vitro

Siroce roziifenym modelem materno-fetalni bariéry jsou in-vitro bun&éné
kultury odvozené z placentarniho trofoblastu lidského nebo zvifeciho plvodu.
Ackoliv data ziskana ze studii provadénych v podminkach in-vitro nereflektuji plné
fyziologické a biochemické zmény probihajici v placenté, poskytuji cenné informace
zejména pii provadéni pilotnich experimentl S novymi typy molekul. Navic mohou
¢astené nahradit zvifeci modely, ¢imZ vyznamné omezuji pocty experimentélnich
zvifat v jednotlivych studiich. Pro in-vitro experimenty se vyuzivaji jak primarni
kultury placentarniho trofoblastu tak nadorové bunééné linie, napiiklad BeWo, Jeg-3,
JAr, HRP-1 apod. Tyto builkky maji podobnou expresi transportnich proteinii a

metabolickych enzymi jako pivodni trofoblast a jsou proto vhodné pro sledovéani
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transportu a biotransformace latek v placentarni bariéfe. Pro tyto Ucely lze vytvofit
jednoduchy model placentarni bariéry kultivaci bun¢k v polarizované monovrstvé na
specidlnich membranach.

Transportni mechanismy uplatiiujici se v placenté 1ze v in-vitro podminkach
sledovat také spomoci membranovych vezikul izolovanych z placentarniho
trofoblastu. Ke studiu enzymatické aktivity a metabolismu latek v placenté se
vyzivaji placentarni mikrosomy, piipravené diferencialni centrifugaci placenty.
Vyhodou mikrosomti je moznost sledovat metabolickou aktivitu Vv placentach jak

Vv Casnych tak v pozdnich stadiich t¢hotenstvi.

3.3. Metody in-situ

Relativné naro¢na, avSak velmi cenna je metoda dualni perfuze lidské ¢i
zviteci placenty, vhodna pro piimé studium kinetiky prichodu latek ptes placentarni
bariéru. Tato technika umoziuje sledovat transport vybranych molekul v materno-
fetalnim sméru a také odhadnout velikost placentarni clearance dané latky jiz
ptitomné v cirkulaci plodu. S vyuzitim specifickych substratii ¢i inhibitori lze na
tomto modelu studovat vyznam jednotlivych transportnich proteini nebo
metabolickych enzymut v placentarni bariéfe a ochran¢ plodu pfed cizorodymi
latkami.

Extrapolace dat ziskanych z perfizi celych placent neni vzdy jednoznaéna.
Aktivita enzymil a transportnich proteind v lidské placenté na konci téhotenstvi
nemusi odpovidat stavu v prvnim ¢i druhém trimestru. Navic, béhem porodu dochazi
k poskozeni tkang, které mize ovlivnit funkénost celého systému. Pti perfuzich
zvifecich placent je zase nutné brat v tivahu mezidruhové odlisnosti ve struktuie
placentdrni bariéry. Na druhou stranu, nespornou vyhodou zvifecich modell je
moznost sledovat zmény v transportni a metabolické aktivité placentarni bariéry
zpusobené napiiklad prenatalni terapii vybranymi lékovymi induktory ¢i inhibitory,
coz u ¢loveka neni z etickych diivodi mozné.

V této disertacni praci byla ke studiu kinetiky transportu a metabolismu
vybranych molekul v placenté vyuzivana metoda dualni perfuze placenty potkana.

Tato technika bude proto podrobné&ji popsana v nasledujici kapitole.
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3.4. Dudlni perfiize placenty potkana

Metoda dualni perfuze placenty potkana je cenna technika umoziujici
studovat v podminkach in-situ aktivitu jednotlivych slozek placentarni bariéry a
jejich vliv na kinetiku transportu riznorodych latek pies placentu. Prichod substrati
transportnich proteini ¢i metabolickych enzymt pies placentu lze sledovat jak ve
sméru z matky do plodu (materno-fetalni) tak ve sméru opa¢ném (feto-maternalni).

Ve vsech studiich této prace byla dualni perfize provadéna u zvirat v 21. dnu
biezosti. Jednotlivé experimenty probihaly ve dvojim moZzném uspotadani. Pro
studium farmakokinetiky prichodu modelovych substrath pies placentu bylo pouzito
otevicené usporadani (Obr. 4), ve kterém byly ob¢ strany placenty (mateiska a
fetalni) perfundovany bez recirkulace. Sledovany substrat byl v tomto piipad¢ ptidan
do rezervoaru na matetské (materno-fetalni transport) ¢i plodové (feto-maternalni
transport) stran¢€ a analyzovan v danych ¢asovych intervalech ve vzorcich perfuzatu
vytékajiciho z pupetnikové cévy na stran¢ plodu. Pro studium schopnosti BCRP
transportéru eliminovat substrat z krve plodu proti koncentratnimu gradientu byl
pouzit polouzaviceny systém. V tomto uspoiadani byl do matetského i plodového
zasobniku ptidan substrat o stejné koncentraci, pticemz fetalni perfuzat byl po
uréitou dobu recirkulovan. Zmény v koncentraci substratu byly analyzovany ve

vzorcich sbiranych v danych ¢asovych intervalech z obou zasobnikd.
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Obr 4. Schématické usporadani dudlni perfiize placenty potkana v otevieném

usporadani bez recirkulace.

3.4.1. Farmakokinetickd analyza aktivity efluxnich transportérit v
placenté

Pro matematicky popis farmakokinetiky prichodu modelovych substrati
transportnich proteini jsme pouzili koncept placentarni clearance. Pro kalkulaci
celkové materno-fetalni (Clyy) a feto-maternani (Clyy) clearance normalizované k

hmotnosti placenty byly pouzity nasledujici matematické vztahy:

Clrny = Q1
Cma- Wp
ER _ Cfa . Cfv
Cfa
Clrm = ER-
Whp
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kde Cy je koncentrace substratu v perfuzatu sbiraném z pupecnikové zily, Qs rychlost
pritoku pupecnikovou arterii, Cy, koncentrace substratu v zasobniku na mateiské
strané, W, vaha placenty, ER extrakéni pomér znazornujici schopnost placenty
odstranovat substrat z cirkulace plodu a Ci koncentrace substratu v zasobniku na
plodové strané.

Pro rozliSeni mezi pfispévkem pasivni difize a aktivniho transportu na
celkovou placentarni clearance jsme vychazeli z tuvahy, Ze celkovy prachod
modelového substratu pies placentu je funkci pasivni difuze a aktivniho transportu.

Potom lze vyjadfit celkovou placentarni clearance nasledujicimi vztahy:

Clime = CIpd - Cleffiux

Clifm = Clpd + Cletiux

kde Cl,g je clearance pasivni difize a Clemuw vyjadiuje aktivitu efluxniho
transportéru.

Protoze aktivni transport prostfednictvim efluxniho transportéru je nelinearni
proces, po dosazeni hrani¢ni koncentrace substratu dojde k vysyceni transportéru a
celkova clearance se pak bude blizit clearance pasivni difuze. Kinetiku tohoto
nelinearniho dé&je lze popsat Michaelis-Mentenovou rovnici. Po jejim dosazeni do
vySe uvedenych vztahi jsme ziskali rovnice pro vyjadieni hodnot clearance v

zavislosti na koncentraci substratu:

Chrot = Clps ——2 ™
Km + Cma

Clrim = Clpd + V—max
Km + Cta

kde Vmax je maximalni rychlost transportu dané latky, Ky, koncentrace substratu pfi
které je dosazeno poloviny maximalni rychlosti transportu a Cmaga) j& koncentrace

V mateiské ¢i plodové krvi.
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3.4.2. Analyza aktivity 11f-hydroxysteroid dehydrogenazy v placenté

Pti hodnoceni metabolické aktivity 11B-hydroxysteroid dehydrogenazy typu
2 (11B-HSD2) v placenté potkana byl jako modelovy substrat pouzit kortikosteron.
Priichod kortikosteronu pies placentu byl sledovan v materno-fetalnim smeéru, jeho
metabolismus v placenté pak vyhodnocovan na zaklad¢ analyzy kortikosteronu a
jeho metabolith v perfuzatu sbiraném na fetalni strané v danych casovych
intervalech. Z naméfenych hodnot pak byla kalkulovana konverzni kapacita enzymu

11B-HSD2 (ECysg) podle nasledujiciho vztahu:

Cnm
Cs+Cn

EChsa =

kde C, je koncentrace metabolitu (11-dehydrokortikosteron) a Cs koncentrace

substratu (kortikosteron) ve vzorcich perfuzatu.
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4. Cile predkladané diserta¢ni prace:

Hlavnim cilem ptedkladané prace bylo studium role efluxnich transportérti a

biotransformacnich enzymit v detoxika¢ni funkci placenty. Jmenovité:

1. Studium exprese a transportni aktivity BCRP v bunééné linii HRP-1 a jeho

vlivu na intracelularni kumulaci farmak.

2. Studium exprese a transportni aktivity BCRP v placenté potkana, piedev§im

vlivu BCRP na farmakokinetiku prichodu 1é¢iv pies placentu.

3. Studium vlivu 11B-HSD na hladiny GK v krvi plodu v prubéhu biczosti

potkana.

4. Sledovani vlivu syntetickych GK podavanych matce na konci bfezosti na

funk¢ni expresi 11B-HSD v placenté potkana.

5. Podil prace doktorandky v predkladanych publikacich

U kapitoly 1V. je pfedkladatelka této disertatni prace prvni autorkou, v piipadé
kapitol I1. a I11. spoluautorkou.

V praci uvedené v Casti II. se autorka podilela na provadéni experimentii s dudlni
perfuzi placenty potkana, odb&ru vzorki, jejich zpracovani a analyze. Pomoci
zavedené metody real-time RT-PCR analyzovala expresi genu pro BCRP v placenté
potkana a placentarni bunécné linii HRP-1.

Ve studii Ill. zavedla autorka metodu pro studium prichodu kortikosteronu pies
placentarni bariéru in-vivo v riznych stadiich biezosti.

Ve studii uvedené v casti IV. této prace koordinovala provadéni funkénich
experimentl, provadéla odbér vzorki placent, jejich zpracovani a naslednou analyzu

exprese 11B-HSD na trovni mRNA metodou real-time RT-PCR.
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Autorka disertace sepsala rukopis prace uvedené v kapitole IV. Ve studii 1l., kde je
uvedena jako spoluautorka, se podilela na sepsani ¢asti tykajicich se metody real-
time RT-PCR a v praci III. sepsala metodickou ¢ast in-vivo studia prachodu

kortikosteronu pies placentu potkana.

Autorem systému pro real-time RT-PCR detekci a kvantifikaci genové exprese je
PharmDr. Antonin Libra, PhD. (Generi Biotech s.r.0.)

Detekci proteinu metodou Western blot a imunohistochemickou lokalizaci BCRP v
placenté potkana provadéli PharmDr. Martina Ceckova, PhD. z Katedry
farmakologie a toxikologie a Mgr. Katefina Pospéchova z Katedry lékatskych véd
Farmaceutické fakulty.

Expresi 11B-HSD na trovni proteinu metodou Western blot provadéla RNDr. Karla
Végnerova, PhD. z pracovité Fyziologického tstavu AV CR vedeného Prof. RNDr.
Jitim Péachou, DrSc. Analyzu kortikosteronu metodou HPLC ve vzorcich perfuzati

provadél Ing. Ivan Miksik, PhD. z Fyziologického tistavu AV CR.
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ABSTRACT

Breast cancer resistance protein (BCRP/ABCG2) is a member
of the ATP-binding cassette transporter family that recognizes
a 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 transpla-
cental pharmacokinetics using rat placental HRP-1 cell line and
dually perfused rat placenta. In HRP-1 cells, expression of
Berp, but not P-glycoprotein, was revealed at mRNA and pro-
tein levels. Cell accumulation studies confirmed Bcrp-depen-
dent uptake of BODIPY FL prazosin. In the placental perfusion
studies, a pharmacokinetic model was applied to distinguish
between passive and Berp-mediated transplacental passage of
cimetidine as a model substrate. Berp was shown to act in a
concentration-dependent manner and to hinder matemnal-to-
fetal transport of the drug. Fetal-to-maternal clearance of ci-

metidine was found to be 25 times higher than that in the
opposite direction; this asymmetry was partly eliminated by
BCRP inhibitors fumitremorgin C (2 uM) or N-(4-[2-(1,2,3 4-te-
trahydro-6,7-dimethoxy-2-isoquinolinyljethyl]-phenyl)-9,10-
dihydro-5-methoxy-9-oxo-4-acridine carboxamide (GF120918;
2 pM) and abolished at high cimetidine concentrations (1000
wuM). When fetal perfusate was recirculated, Berp was found to
actively remove cimetidine from the fetal compartment to the
matermnal compartment even against a concentration gradient
and to establish a 2-fold maternal-to-fetal concentration ratio.
Based on our results, we propose a two-level defensive role of
Berp in the rat placenta in which the transporter 1) reduces
passage of its substrates from mother to fetus but also 2)
removes the drug already present in the fetal circulation.

Placenta is an organ that brings maternal and fetal blood
circulations into proximity, allowing mutual interchange of
nutrients and waste products. Conversely, placenta forms a
barrier to protect the fetus against harmful endo-and exoge-
nous compounds from maternal circulation. As a barrier, the
human and rodent placenta had for long been supposed to
present only a mechanical obstruction formed by fetal endo-
thelia, basal membranes, and syncytiotrophoblast. However,
over the past two decades, a variety of metabolizing enzymes
and drug efflux transporters of the ATP-binding cassette
(ABC) transporter family have been localized in placental
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trophoblast (Marin et al., 2004; Syme et al., 2004). These
proteins are thought to strengthen, in an active and capacity-
limited manner, placental barrier role and help in protecting
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 (P-gp; ABCB1), breast cancer resis-
tance protein (BCRP; ABCG2) and multidrug resistance-as-
sociated proteins 1 and 2 (ABCC1 and ABCC2), all of which
were found to be responsible for the phenomenon of multi-
drug resistance in cancer therapy (Fischer et al., 2005). In
addition, because of their extensive distribution in nontu-
morous tissues and wide substrate specificity, these proteins

ABBREVIATIONS: ABC, ATP-binding cassette; P-gp, P-glycoprotein; BCRF/Berp, human/rodent breast cancer resistance protein; GF120918,

N-{4-[2-(1,2 3, 4-tetrahydro-6,7 -dimethoxy-2-isoguinolinyljethyl]-phenyl}-8,
verse transcription-polymerase chain reaction; mdr/MDR, multidrug resi
isobutyl-9-methoxy-1,4-dioxo-1,2,3,4,6,7,12,12a-octahydro-pyrazino[1',2
[3'-keto-Bmt']-[Val’]-cyclosporine.

10-dihydro-5-methoxy-9-oxo-4-acridine carboxamide; RT-PCR, re-
istance; bp, base pairs), ANOVA, analysis of variance; Ko143, 3-(6-
"1,68]pyrido[3,4-blindol-3-yl}-propionic acid feri-butyl ester; PSCB33,
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significantly affect body disposition of many clinically used
drugs. With respect to expression, regulation, function, and
clinical relevance, the best described of placental ABC trans-
porters to date is P-glycoprotein (Ceckova-Novotna et al.,
20086).

BCRP is the most recently described member of the ABC
transporter superfamily (Doyle et al., 1998). Its expression
has been d in many tissues and cells, including blood-
brain barrier, placenta, intestine, various tumors, and “side
population” of stem cells (Staud and Pavek, 2005). Because
its tissue distribution and substrate specificity overlap no-
ticeably with that of P-gp, it is generally thought that these
transporters share a similar role in protecting pharmacolog-
ical sanctuaries, such as brain and fetus.

Considerable levels of BCRP/Berp expression have been
detected in placentas of various species. In humans, placen-
tal 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, includ-
ing exogenous (drugs and toxins) and endogenous (steroid
conjugates, and porphyrins) compounds (Staud and Pavek,
2005), it is reasonable to assume that BCRP may be an
important component of the placental barrier. Kolwankar et
al. (2005) confirmed BCRP function in microvillous mem-
brane vesicles of the human placenta. In addition, we have
recently described BCRP expression, localization, and func-
tion in an in vitro 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.
(2001, 2002) in transgenic mice. Nevertheless, transport ac-
tivity of this efflux protein and its role in transplacental
pharmacokinetics has not been fully evaluated to date.

Because of technical constraints and ethical issues, direct
investigation of placental drug transfer under in vivo condi-
tions in human is not feasible; therefore, several alternative
experimental methods have been developed to assess poten-
tial risk that drugs in maternal circulation present to the
fetus (Sastry, 1999). Among these, cell cultures and perfused
placentas of various species are widely used models for mech-
anistic studies to describe transplacental pharmacokinetics,
including transport mechanisms and biotransformation. The
dually perfused rat placenta, in particular, is a well estab-
lished model that has been successfully used to investigate
placental physiology and pharmacology (Stule et al., 1995;
Kertschanska et al., 2000). In our previous studies, we used
this experimental model to evaluate functional activity of
P-gp in the rat placenta (Pavek et al., 2001, 2003).

The aim of the present study was to assess the effect of
Berp on transplacental passage of its substrates. We inves-
tigated Berp activity both in vitro, using HRP-1 rat placental
cell line, and in situ in dually perfused rat term placenta.

Using these techniques, we describe Berp as an active com-
ponent of the rat placental barrier that limits maternal-to-
fetal and facilitates fetal-to-maternal transport of its sub-
strates.

Materials and Methods

Reagents and Chemicals. Cimetidine and radiolabeled
[N-methyl-*H]cimetidine were purchased from Sigma-Aldrich (St.
Louis, MO) and from GE Healthcare (Little Chalfont, Buckingham-
shire, UK), respectively. BODIPY FL prazosin, a common BCRP and
P-gp substrate, was obtained from Invitrogen (Carlsbad, CA). Spe-
cific BCRP inhibitors Ko143 and fumitremorgin C were donated by
Dr. Alfred Schinkel (The Netherlands Cancer Institute, Amsterdam,
The Netherlands) or purchased from Alexis Corporation (Lausanne,
Bwitzerland), respectively. Specific P-gp inhibitors, PSC833 and cy-
closporine, were gifts kindly provided by Dr. Andrjsek (Ivax Phar-
maceuticals, Opava, Czech Republic). Dual BCRP and P-gp inhibitor
GF120918 was from GlaxoSmithKline (Greenford, UK). All other
compounds were reagent grade.

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

Animals. All experiments were approved by the Ethical Commit-
tee of the Faculty of Pharmacy in Hradec Kralove (Charles Univer-
sity in Prague, Czech Republic) 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 ani-
mals used for experimental and other scientific purposes (Stras-
bourg, 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. Exper-
iments were performed on day 21 of gestation. Fasted rats were
anesthetized with pentobarbital (Nembutal; Abbott Laboratories,
Abbott Park, IL) in a dose of 40 mg/kg administered into the tail vein.

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction Analysis. Placentas and kidneys were collected on
day 21 of gestation from five rats. Five randomly selected placentas
from each animal were dissected free of maternal tissues and fotal
membranes. Immediately after dissection, the organs were frozen in
liquid nitrogen and stored at —70°C until analysis. RNA isolation
and reverse transcription were performed as described previously
(Novotna et al., 2004). Sequences of mRNAs for target genes were
obtained from National Center for Biotechnology Information data
base; primers for mdrla, mdrib, and berp genes were designed using
the Vector NTI Suite software (Informax, Bethesda, MD) and are
given in Table 1.

RT-PCR analysis was performed on iCycler iQ) (Bio-Rad, Hercules,
CA). cDNA was amplified with HotStart Tag polymerase under the
following conditions: 3 mM MgCl,, 0.2 mM dNTP, 0.03 Uful poly-

TABLE 1
Sequences and specifications of primers used in RT-PCR
Gene Accession No. Sequence 5'—3' Product Length Lacalization
bp
mdria AF257746 ctg ctc aag tga aag ppp cta ca (D 329 25262854
age att tet gta tgg tat ctg caa ge (r)
mdrib AY082609 cge tte taa tgt taa apgg goe tat g () 331 24892819
age att tct gta tgg tat ctg caa ge (r)
Berp NM181381 cca ctg gaa tge aaa ata gag () 188 1340-1527

cct cat agg tag taa gtc aga cac a (r)
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merase, SYBR Green I in 1:100,000 dilution, and 0.3 pM of each
primer; the temperature profile was 95°C for 14 min; 50 times: 95°C
for 15 s, 60°C for 20 s, 72°C for 20 s, and 72°C for 5 min; and melting
curve program was 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 (25-766 bp) (New England BioLabs, Hertsfordshire, UK).

Western Blot Analysis. Cell membrane fractions of placenta
tissues and whole-cell lysates were prepared as described previously
(Novotna et al., 2004; Ceckova et al., 2006). Protein contents were
determined by BCA Protein Assay detection kit (Pierce Chemical,
Rockford, IL). 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
Hybond-ECL membrane (GE Healtheare). 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) and rabbit polyclonal anti-ABCG2 antibody M-70 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) (1:500 in 1% blocking buffer
overnight at 4°C). Incubation with corresponding secondary horse-
radish peroxidase-conjugated antibody (anti-rabbit, 1:2000 in 1%
blocking buffer; anti-mouse, 1:1000; 60 min at room temperature)
was used for recognition of the primary antibodies. Immunoreactive
proteins were visualized on FOMA Blue Medical X-ray films (FOMA
Bohemia; Hradec Kralove, Czech Republic) by ECL Advance West-
ern blotting detection system (GE Healthcare).

Immunochistochemical Localization of Berp in the Rat
Term Placenta. Preparation of rat placental tissue was performed
as described previously (Pavek et al., 2003). The antigen (Berp) was
unmasked by heating the specimens in sodium citrate buffer, pH 6.0,
two times for & min each in a microwave oven at 750 W. Slides were
incubated with a polyclonal primary antibody for BCRP (M-70; Santa
Cruz Biotechnology, Inc.) diluted 1:10 in bovine serum albumin for
15 to 18 h at 4°C. Subsequently, the slides were developed with the
secondary antibody goat anti-rabbit IgG conjugated to peroxidase-
labeled polymer (DAKO EnVigion, Dako North America Inc., Carpin-
teria, CA) for 30 min. The reaction was visualized using diamine-
benzidine (diaminobenzidine substr: h e lution; Dako
North America Inc.), and the sections were counterstained by hema-
toxylin. Slides were examined using computer image analysis (Nikon
Eclipse E200 light microscope; Nikon, Tokyo, Japan; PixeLINK PL-
AB42 digital firewire camera; Vitana Corp., Ottawa, ON, Canada;
and 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 (1 x 10%well) 2 days before the experiments.
Call culture medium was removed, and cells were washed twice with
500 pl of prewarmed PBS. Cells were then preincubated in Opti-
MEM medium with or without inhibitor (1 oM GF120918, 1 uM
Ko143, 25 uM verapamil, or 1 pM PSCB833) 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 and lysed in 1% SDS, and fluorescence was mea-
sured after 24 h (Genios Plus; Tecan, Salzburg, Austria). Fluores-
cence 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). In brief, one uterine horn was excised and submerged in
heated Ringer's 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 contain-
ing 1% albumin was brought from the maternal reservoir at a rate of
1 ml/min. The uterine vein, including the anastomoszes to other
fetuses, was ligated behind the perfused placenta and cut so that
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maternal solution could leave the perfused placenta. The selected
fetus was separated from the neighboring fetuses by ligatures. The
umbilical artery was catheterized using 24-gauge catheter connected
to the fetal reservoir and perfused at a rate of 0.5 ml/min. The
umbilical vein was catheterized in a similar manner, and the se-
lected fetus was removed. Before the start of each experiment, the
fetal vein effluent was collected into preweighed glass vials to check
a possible leakage of perfusion solutions from the placenta. In the
case of leakage, the experiment was terminated. Maternal and fetal
perfusion pressures were maintained at levels close to physiological
values and monitored continuously throughout the perfusion experi-
ments as described previously (Pavek et al., 2001). At the end of exper-
iment, placenta was perfused with radioactivity-free buffer for 10 min,
excised from the uterine tissue, and dissolved in tizsue solubilizer (Solv-
able; PerkinElmer Life and Analytical Sciences, Boston, MA), and its
radicactivity was measured to detect tissue-bound cimetidine.

Two types of perfusion systems were used in this study. For
pharmacokinetic analysis of ration-dependent transpl tal
passage of cimetidine, both maternal and fetal sides of the placenta
were perfused in open-circuit systems, without recirculation of the
perfusate. Cimetidine was added to the maternal (in maternal-to-
fetal studies) or fetal (in fetal-to-maternal studies) reservoir imme-
diately after successful surgery followed by an approximately 10-min
stabilization period before sample collection started (time 0). Fetal
effluent was sampled into preweighed vials in 5-min intervals and
analyzed for [*H]cimetidine.

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-min
stabilization period, the fetal perfusate (10 ml) was recirculated for
60 min. Samples (200 pl) were collected every 10 min from the
maternal and fetal reservoirs, and [*H]cimetidine concentration was
measured. This experimental setup ensures steady cimetidine con-
centration on the maternal side of the placenta and enables investi-
gations of maternal/fetal concentration ratio; any net transfer of the
drug implies transport against a concentration gradient and is evi-
dence for active transport.

Effect of Cimetidine Inflow Concentrations and BCRP In-
hibitors on Transplacental Clearance. To investigate the effect
of cimetidine trations on maternal-to-fetal and fetal-to-mater-
nal clearances, cimetidine and [*H]cimetidine as a tracer were added
to the maternal or fetal reservoir, respectively, in one of the following
concentrations: 0.005, 0.1, 1, 30, 100, or 1000 pM. The inflowing
cimetidine concentration was maintained constant for the duration
of the experiment; transplacental clearances of cimetidine were cal-
culated for every ration from all ed intervals as de-
scribed below.

To study the effect of BCRP and P-gp inhibitors, 2 pM fumitremor-
gin, 2 pM GF120918, 10 uM cyclosporine, or 25 pM verapamil was
added to the maternal or fetal reservoir in the 10th min of perfusion.
Sub tly, transplacental clearance of cimetidine in the period of 0
to 10 min (without inhibitor) was compared with that in 20 to 30 min
(with inhibitor), leaving the mid-interval of 10 to 20 min as a stabiliza-
tion period to achieve a new steady state after addition of inhibitor. This
experimental setup allows for direct observations of inhibitor effect in
one animal, reducing posgible interindividual variability.

Pharmacokinetic Analysis of Efflux Transport Activity in
the Placenta. Organ clearance concept was applied to mathemati-
cally describe maternal-to-fetal and fetal-to-maternal transport of
cimetidine in open-circuit perfusion system. Averaged data from the
intervals of 0 to 10 min (control) and 20 to 30 min (inhibitor) of
placental perfusions were used for the following caleulations. Total
maternal-to-fetal transplacental clearance (Cly_ ;) of cimetidine nor-
malized to placenta weight was calculated according to eq. 1.

Ce - G
Cry g

Clypes = (1)
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where Cy, is the concentration of cimetidine in the umbilical vein
effluent, @; is the umbilical flow rate, C_, 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 eq. 2 (Shargel and Yu, 1993):

(Cg, — Cg)
ER=—F7+— 2
Cea 2
where Cy, 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 (Clyg,) was
calculated according to eq. 3:

ER-
Clyem = @

(3)
®
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 Clyms
and Clyg, are described by eqs. 4 and 5, respectively:

Clyr = Clyg — Clymae (4
Clygm = Clyg + Clyme (5

where Cl,g is clearance of passive diffusion, and Cl.m,, expresses the
efflux activity of the transporter. Because Cl g, is a capacity-lim-

Clearance of passive
diffusion (Cl,,)

Capacity limited
clearance (Clug,,)

Placenta

Maternal
ulation

Total transplacental clearance: Cly = Cly = Clona,

¥ B o Vo
ot :U*"-m Cly, =Cl, + X +C,

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

Fig. 1. Schematic depiction of pharmacokinetic analysis applied in thisz
study to evaluate efflux transporter activity in the placenta. This model
assumes two processes involved in the transplacental passage: 1) pazsive
diffusion governed by Fick's law (depending mainly on drug’s physical-
hemical properties, ration gradient, protein binding, and mem-
brane area and thickness), here described as Cl,,, and 2) saturable efflux
process governed by the rules of Michaelis-Menten nonlinear kinetics,
here described as Cl_g,,,. Depending on the direction of substrate move-
ment, these two events add up (in fetal-to-maternal direction) or subtract
(in maternal-to-fetal direction) to obtain the value of Cl,. If substrate

ration largely ds the Michaelis-Menten constant (C = K_),
then total placental clearance equals to clearance of passive diffusion.
Clyy and Clp,, are described under Pharmacokinetic Analysis of Efffux
Transport Activity in the Placenta.

ited (nonlinear) process, it can be expressed in terms of Michaelis-
Menten kinetics:

Clita =5 50

(6)
where V. is the maximal velocity of the transport, K is the
concentration at which half the maximal velocity is reached, and
Crus 18 substrate concentration in maternal (C,,,) or fetal (Cg,)
circulation.

In maternal-to-fetal studies, adding Cl g, into eq. 4 yields the
following equation, which was used to fit clearance versus inflow
concentration data:

Vimax

Che~ o )

Clyge =

By analogy, when the effect of fetal inflow concentrations on

fetal-to-maternal clearance was investigated, data were fitted by the
following equation:

Vinx
Clre = Clya + = ®)

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 model-
ing. Data were fitted using reciprocal weighting and the numerical
module of SAAM II (SAAM Institute, Seattle, WA).

Statistical Analysis. For each group of placental perfusion ex-
periments, the number of animals was n =4. Cellular uptake studies
are based onn = 4. One-way ANOVA followed by Bonferroni's test or
Student’s ¢ test were used where appropriate to assess statistical
significance. Differences of p < 0.05 were considered statistically
significant.

Results

Expression of Berp and P-gp in Rat Placenta and
HRP-1 Cells. RT-PCR and Western blotting were used to
investigate the expression of Berp and P-gp in the rat pla-
centa and HRP-1 cell line and compared with that in kidney
as a positive control (Tanaka et al., 2005). The bands corre-
sponding to 329, 331, and 188 bp for mdrla, mdrib, and
Berp, respectively, were visualized under the ultraviolet light
(Fig. 2A). Expression of Berp was detected in rat kidney,
placenta, and HRP-1 cell line samples. In contrast, expres-
sion of both mdrla and mdrib (coding for P-gp) was detected
only in rat kidney and placenta but not in HRP-1 cell line.
Likewise, application of polyclonal anti-Abeg2 antibody M-70
revealed significant levels of Berp in the rat placenta, kid-
neys, and HRP-1 cells. Using C219 monoclonal antibody, we
confirmed the expression of P-gp in the rat placenta and
kidneys only, whereas no signal for P-gp was detected in
HRP-1 cell lysate (Fig. 2B).

Immunohistochemical Loealization of Berp in the
Rat Term Placenta. Localization of Berp expression in the
rat term placenta was investigated by immunohistochemis-
try at the light microscopy level. Four placentas (gestation
day 21) were used for the experiments. The rat placenta is
composed of two morphologically different zones, the junc-
tional zone (maternal blood spaces separated by trophoblas-
tic trabeculae that do not contain fetal blood vessels) and the
labyrinth zone (maternal blood separated from fetal blood
vessels by trophoblast cells). Berp was detected in the inner
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Fig. 2. A, mRNA expreasion of the rat Berp and P-glycoprotein (Mdrla
and Mdrib) in rat kidney, placenta, and HRP-1 rat placental cell line. B,
Western blot immunoanalysis of protein expression of the rat Berp and
P-gp in the rat placenta and kidney and in the HRP-1 rat trophoblast cell
line. Kidneyz and placentas were randomly sampled from five female rats
and independently processed as described under Materials and Methods;
two representative samples are shown for each tissue.

layers of the syncytiotrophoblast (layers II and III) of the
labyrinth zone only (Fig. 3). No Berp staining was visible in
either layer I or in the fetal capillaries.

Berp Efflux Activity in HRP-1 Cell Line. To investigate
Berp and/or P-gp Activity in HRP-1 Placental Cells, 500 nM
BODIPY FL prazosin 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 pM) increased
BODIPY FL prazosin accumulation by more than 100% (p <
0.05). In contrast, P-gp-specific inhibitors PSC833 (1 pM)
and verapamil (25 pM) did not affect BODIPY FL prazosin

Fig. 3. Immunohistochemical detection 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
vigible in the inner layers (II and III) of syncytiotrophoblast. Fetal cap-
illaries or layer I of syncytiotrophoblast do not reveal any positivity. B, for
negative control, the slides were treated in the same manner, except
nonimmune isotype-matched immunoglobulins were substituted for the
primary antibody to Berp. F, fotal capillaries; M, maternal blood. Arrow-
head shows nucleus of endothelial cell of the fetal capillary, and arrows
point to layer I and layers II + III of syncytiotrophoblast (hematoxylin
counterstained). Scale bars, 30 pm.
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accumulation, suggesting undetectable activity of P-gp in the
HRP-1 cell line (Fig. 4).

Consistency of Perfusion Experiments. To determine
a steady-state period suitable for inhibitor studies in both
maternal-to-fetal and fetal-to-maternal experiments, pla-
centa was first perfused with 0.1 pM cimetidine for 50 min. 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 10th min of perfusion, it took
approximately 5 to 10 min to achieve a new steady state (data
not shown). Therefore, to evaluate the effect of inhibitor on
cimetidine transplacental passage, samples from the 0- to
10-min interval of perfusion were averaged and compared
with those collected in 20- to 30-min interval.

Effect of BCRP and P-gp Inhibitors on Transplacen-
tal Passage of Cimetidine. To test interactions of cimeti-
dine with placental Berp or P-gp, dual and/or specific inhib-
itors of these transporters were added to maternal reservoir.
Addition of BCRP inhibitors GF120918 (2 pM) or fumit-
remorgin C (2 pM) caused significant change in transplacen-
tal clearance of cimetidine (Fig. 5). Interaction of cimetidine
with human P-gp has recently been ruled out using MDR1-
transfected Madin-Darby canine kidney II 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 pM) or verapamil (25 puM) were
tested. Although these compounds increased maternal-to-
fetal clearance of rhodaminel23, a P-gp substrate, in our
previous study (Pavek et al., 2003), they did not interfere
with transport of cimetidine. Therefore, transplacental pas-
sage 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 GF120918-sensitive
cimetidine transporter.

Effect of Inflow Cimetidine Concentrations on
Transplacental Clearance. Cimetidine was infused to ma-
ternal or fetal side of the placenta at one of the following
concentrations: 0.005, 0.1, 1, 30, 100, or 1000 pM. In both
maternal-to-fetal and fetal-to-maternal transport studies, in-
crease in cimetidine concentration caused significant change
in transplacental clearance, confirming nonlinearity 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 concen-
trations, whereas at concentrations above 30 pM, inhibitor
was rather ineffective.

Fitting experimental data with eqs. 7 and 8 provided phar-
macokinetic parameters describing passive and Berp-medi-
ated transplacental passage of cimetidine (Table 2). It is
evident that passive movement across the placenta (de-
scribed by Cl,,) is independent of direction and of inhibitor
used. Conversely, Cl g, is a concentration- and inhibitor-
dependent parameter. At substrate concentrations largely
exceeding the Michaelis-Menten constant (C == K_), the
transporter is saturated, the nonlinear fraction of eqs. 7 and
& approaches zero, and both equations are reduced to linear
processes only [total transplacental clearance (Cly) = Cl 4l;
under these conditions, transplacental pharmacokinetics is
beyond any quantifiable effect of efflux transporter and is
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Fig. 4. Uptake of common BCRP and
P.gp substrate BODIPY FL prazosin
by rat placental HRP-1 cells. BODIPY
FL prazosin was added to cells with-
out inhibitor (control) or in the pres-
ence of BCRP or P-gp inhibitors. Both
GF120918 and Kol43 (BCRP inhibi-
tors) sigmificantly increased accumu-
lation of BODIPY FL prazosin in the
cells. P-gp-selective inhibitors PSC
833 and verapamil had no effect on
BODIPY FL prazosin accumulation.
Data are presented as means + 8.1,
T of four experiments. One-way ANOVA
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governed exclusively by passive diffusion. This has been ex-
perimentally achieved in both maternal-to-fetal and fetal-to-
maternal studies when cimetidine concentration was in-
creased to 1000 pM. Furthermore, because addition of
inhibitor caused no change in transplacental clearance of
1000 pM cimetidine (Figs. 6 and 7), it is reasonable to as-
sume that at high substrate concentrations, drug-drug inter-
actions will have no effect on penetration of BCRP substrates
through placenta.

Comparing maternal-to-fetal and fetal-to-maternal clear-
ances revealed great asymmetry in favor of fetal-to-maternal
direction. This was most evident at low cimetidine concen-
trations (0.005 pM), where fetal-to-maternal clearance was
almost 25 times higher (p < 0.05) than that in the opposite
direction (Fig. 8). At a concentration of 1000 M, however,
both maternal-to-fetal and fetal-to-maternal clearances of
cimetidine reached identical values of 0.042 ml/min/g, con-
firming saturation of Berp and limited role of its efflux ac-

followed by Bonferroni's test was
used; =+, p < 0.05 compared with con-
trol.

Fig. 5. Effect of Berp and P-gp inhib-
itors on maternal-to-fetal clearance of
cimetidine. Cimetidine and [*H]cime-
tidine tracer were added to the mater-
nal compartment at a concentration of
0.1 pM, and its radioactivity was mea-
sured in fetal venous outflow. Total
transplacental clearance was calcu-
lated by eq. 1 (see Materials and
Methods). Inhibitor was added to the
maternal perfusate in the 10th min.
Only BCRP inhibitors GF120918 and
fumitremorgin C affected transpla-
cental clearance of cimetidine,
whereaz P-gp inhibitors cyclosporine
and verapamil had no significant ef-
fect. Data are presented as meansz +
8D. of six experiments. One-way
%, 5, ANOVA followed by Bonferroni's test
was used; =+, p < 0.05 compared with
control.

tivity. This experimental value corresponds well with the
calculated clearance of passive diffusion (Cl_; ~0.041-0.043
ml/min/g; Table 2).

Berp Transports Cimetidine from Fetus to Mother
against a Concentration Gradient. To investigate the
potential of Berp to remove its substrate from fetal circula-
tion, cimetidine was added to both maternal and fetal reser-
voirs at equal concentrations of 0.005 or 1000 pM and fetal
perfusate was recirculated. At a low drug concentration
(0.005 pM), cimetidine in the fetal circulation steadily de-
creased and stabilized after approximately 40 min of perfu-
sion. Fetal-to-maternal concentration ratio reached a value of
0.49 toward the end of the experiment. Decrease in fetal
cimetidine was blocked by co-infused BCRP inhibitors
(GF120918 or fumitremorgin C; Fig. 9A). At a high cimeti-
dine concentration (1000 M), maternal and fetal concentra-
tions remained unchanged throughout the perfusion period
with fetal/maternal concentration ratio staying close to 1

pd ’
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Fig. 6. Transport of cimetidine across
the dually perfused rat placenta in
maternal-to-fetal direction. Cimeti-
dine with [*HJcimetidine tracer was
added to the maternal reservoir, and
its radioactivity was measured in fe-
tal venous outflow. Total transplacen-
tal clearance was calculated by eq. 1
(zee Materials and Methods). Changes
of clearance with increasing cimeti-
dine concentration confirm nonlinear-
ity of the event and involvement of a
saturable mechanism. Inhibitor (2 pM
(GF120918) was added to block Berp ac-
tivity. At the highest cimetidine concen-
tration tested (1000 pM), clearance
reached the value of 0.042 mlming,
and inhibitor activity was negligible.
Experimental values are presented as
means + S, of at least four experi-
ments; the lines represent the best fit of
these data to eq. 7. Note the sigmoid
zhape of the lines with the lower pla-
teau delineating combined effect of pas-
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zive clearance and efflux activity of
Berp and the upper plateau repre-
senting clearance of passive diffu-
=ion alone. Asterisks indicate signifi-
cant (p = 0.05) effect of inhibitor. W,
cimetidine without inhibitor; 7, cime-
tidine with GF120918.
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Fig. 7. Transport of cimetidine across
the dually perfused rat placenta in
fetal-to-maternal direction. Cimeti-
dine with [*H]cimetidine tracer was
added to the fetal reserveir, and its
radioactivity was measured in fotal
venous outflow. Total transplacental
clearance was caleulated by eq. 3 (see
Materials and Methods). Changes of
clearance with increasing cimetidine
concentration confirm nonlinearity of
the event and involvement of a satu-
rable mechanism. Inhibitor (2 pM
GF120918) was added to block Berp
activity. As in maternal-to-fetal trans-
port, at the highest cimetidine concen-
tration tested (1000 uM), clearances
reached the value of 0.042 ml/min/g,
and inhibitor activity was negligible.
Experimental values are presented as
means + 5.1, of at least four experi-
ments; the lines represent the best fit
of these data to eq. 8 Note the sig-
moid shape of the lines with the top
plateau delineating combined effect of
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(Fig. 9B). These findings demonstrate the potency of placen-
tal Berp to remove, in a capacity-limited manner, its sub-
strate from fetal compartment and to establish a concentra-
tion gradient between maternal and fetal circulations.

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 physi-
cal-chemical properties, placental passage of many drugs is
controlled by interactions with biotransformation enzymes

passive clearance and efflux activity
of Berp and the bottom plateau repre-
senting clearance of passive diffusion
alone. Asterisks indicate significant
(p = 0.05) effect of inhibitor. W, cime-
tidine without inhibitor; [, cimeti-
dine with GF120918.

and/or efflux transporters. It is widely thought 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 previ-
ously demonstrated that 118-hydroxysteroid dehydrogenase
type 2 metabolizes both maternal and fetal corticosterone
with a comparable potency (Staud et al., 2006). Likewise,
P-gp has been confirmed to favor fetal-to-maternal transport
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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 a few studies have reported on BCRP activity
in placenta, and these are mainly based on in vitro models.
Very recently, Kolwankar et al. (2005) used placental mi-
crovillous membrane vesicles to confirm BCRP function in
the human placenta. Subsequently, we have described BCRP
expression, localization, and function in an in vitro placental
maodel, the BeWo cell line (Ceckova et al.,, 2006). In the
present study, we used rat placental HRP-1 cell line derived
from placental labyrinth region at mid-gestation (Soares et
al., 1987). This cell line has previously been used to study
several aspects of placental physiology (Soares et al., 1989,
Shi et al., 1997; Morris Buus and Boockfor, 2004), metabo-
lism (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
vitro placental model. Berp expression was revealed at both
mRNA and protein levels. Surprisingly, we did not detect any
expression of mdrle or mdrib genes coding for rat P-gp,
neither did we find any signal by Western blotting. Consis-
tent with gene and protein expression results, uptake studies
revealed only Berp activity, whereas P-gp did not affect cell
accumulation of BODIPY FL prazosin. These data are simi-
lar to what has previously been observed in human chorio-
carcinoma cell line BeWo (Atkinson et al., 2003; Ceckova et

TABLE 2
Pharmacokinetic parameters of transplacental passage of cimetidine
Pharmacckinetic parameters were obtainad by fitting experimental data with eqs. 7

and 8 GF120918 (2 pM) added to the maternal compartment was used as an
inhibitor.

Maternal-to-Fetal Fetal-to-Maternal

al., 2006; Evseenko et al., 2006) where only BCRP was found
to be functionally expressed, whereas P-gp activity was neg-
ligible. 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. In contrast, it
may well serve as a tool to study Berp role in transplacental
pharmacokinetics, because its efflux activity will not inter-
fere with that of P-gp.

The only functional in vivo studies on Berp activity in the
placenta so far have been performed in transgenic mice
(Jonker et al., 2000, 2002); however, detailed evaluation of
BCRP role in transplacental pharmacokinetics is still lack-
ing. In the present study, cimetidine was used to comprehen-
sively describe the role of Berp in maternal-to-fetal and fetal-
to-maternal transport. Cimetidine was chosen as a model
substrate for its convenient properties; it is a BCRP sub-
strate that is not recognized by human P-gp (Pavek et al.,
2005), it weakly binds to plasma proteins, and its biotrans-
formation by placental enzymes is negligible (Schenker et al.,
1987). In addition, cimetidine passive diffusion through bio-
logical membranes is delayed by its physical-chemical prop-
erties 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).

The localization of Berp on the apical, maternal-facing
membrane of the rat placenta closely resembles that of P-gp
described in our previous studies (Pavek et al., 2003; Novotna
et al., 2004). This finding suggests that Berp is, like P-gp,
important in preventing entry of potential toxins into the
fetal compartment. This assumption has been functionally
validated in the present study by means of rat perfused
placenta: at low cimetidine concentrations (0.005 pM), ma-
ternal-to-fetal clearance was 25-fold lower than clearance in
the opposite direction. These data confirm that Berp causes
asymmetry in transplacental clearances in rats by returning
substrates coming from maternal side and facilitating trans-
port of drugs from fetus to mother. Interestingly, pharmaco-
kinetic modeling revealed Michaelis-Menten constant for fe-
tal-to-maternal direction to be 20 times higher than that for

Fig. 8. Ratio of clearancez between
fetal-to-maternal (fm) and maternal-
to-fetal (mf) directions. Cimetidine
with [*H]cimetidine tracer was added
to the maternal or fetal compartment,
and its radioactivity was measured in
fetal venous outflow. Total transpla-
cental clearances were caleulated by
eq. 1 or 3, respectively (see Materials
and Methods). At low substrate con-
centrations (0.005 pM), Berp efflux
activity caused almost 25 times
higher clearance in fetal-to-maternal
direction. At high substrate concen-
trations (1000 pM), however, this ra-
tio equalized. Numbers in parenthe-
ses show ratio of fm-to-mf clearance.
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Fig. 9. Elimination of cimetidine from the fetal circulation by placental
Berp. Cimetidine and [*H]cimetidine tracer were added to both maternal
(closed symbol) and fetal (open symbols) circulations at equal concentra-
tionz. Fetal perfusate (10 ml) was recirculated and sampled for 60 min. At
low cimetidine concentrations of 0.005 pM (A), fetal cimetidine decreased
from 0.005 pM down to 0.0024 pM and stabilized after 40 min of perfu-
zion. Thiz decrease was inhibited by both BCRP inhibitors GF120918 (2
uM) and fumitremorgin C (2 uM). At high cimetidine concentrations of
1000 pM (B}, no decrease in fotal compartment was observed, suggesting
zaturation of the transporter. Data are presented as meanz = S.I. of
three experiments. 4, maternal cimetidine concentration; ", fetal cime-
tidine concentration with GF120918; O, fotal cimetidine concentration
with fumitremorgin C; £, fetal cimetidine concentration without inhibi-
tor.

maternal-to-fetal direction. We assume this difference is
caused by polarized localization of Berp on the maternal side
of the placenta; 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 dur-
ing fetal-to-maternal passage than in the opposite direction.

To investigate the potential of Berp to remove drugs al-
ready present in the fetal compartment, both maternal and
fetal sides of the placenta were perfused with equal concen-
trations of cimetidine and fetal perfusate was recirculated.
After short equilibration period, we observed significant de-
crease in fetal cimetidine concentrations, confirming that
Berp can actively remove its substrate from the fetal com-
partment. Because decrease in cimetidine concentration con-
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tinued even at later intervals (dropping by more than 50%
within 60 min of perfusion), it is evident that Berp in rats can
pump this compound from fetus to mother even against a
concentration gradient.

Interestingly, several studies on cimetidine placental
transfer were published two decades ago with intriguing
results. When studied in sheep, large cimetidine gradient
between mother and fetus was observed (Mihaly et al., 1983).
In a follow-up study, the authors suggested that an active
transporter from the fetal to the maternal circulation might
be responsible for this discrepancy (Ching et al., 1985). In
contrast, when investigated in the dually perfused human
placenta, two papers concluded that transport of cimetidine
was very slow and occurred by passive diffusion with lack of
saturation kinetics (Ching et al., 1987; Schenker et al., 1987).
These contrasting findings might be explained by interspe-
cies differences; however, one has to realize that these stud-
ies were performed before efflux transporters were discov-
ered and described, with limited range of cimetidine
concentrations, and without the option to use appropriate
inhibitors. Therefore, possible role of a drug efflux trans-
porter in the transplacental pharmacokinetics of cimetidine
could not have been taken in account. Our present findings
suggest that Berp is the transporter responsible for limited
maternal-to-fetal passage and large maternal/fetal concen-
tration ratio of cimetidine in rats. However, BCRP activity in
perfused placentas of other species must be elucidated before
a final conclusion is drawn.

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, however, a different
mRNA distribution pattern was indicated by Tanaka et al.
(2005). They found high expression levels in kidney and
small and large intestine, and 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. (2000, 2002) 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, because there are a number of other factors that
determine its functional activity, such as post-transeription-
al/post-translational modifications in protein expression as
well as strategic localization of BCRP along the maternal
interface.

In conclusion, functional expression of Berp in the rat
placenta and rat placental HRP-1 cell line was confirmed in
this study. A pharmacokinetic model was applied to distin-
guish between passive and Berp-mediated placental trans-
port of cimetidine as a model substrate. 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 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, despite being localized on the mater-
nal-facing side, actively removes cimetidine from the fetal
circulation against concentration gradient. Based on our
findings, we propose a two-level defensive role of placental
BCRP in which the transporter 1) reduces passage of its
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RECIPROCAL CHANGES IN MATERNAL AND FETAL
METABOLISM OF CORTICOSTERONE IN RAT
DURING GESTATION
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Reciprocal Changes in Maternal and Fetal Metaholism of

Corticosterone in Rat During Gestation

K.Vagnerova, PhD, Z.Vackova, MSc, P. Klusoriova, MSc, E Staud, PhD,
M. Kopecky, PhD, P. Ergang, MSc, I. Miksik, PhD, and ]. Pacha, PhD

Objective. The objective of this study was to investigate the role of 11B-hydroxysteroid
dehydrogenases (11HSD1 and 11HSD2) in determining the fetal concentration of glucocorticoids.
Methods. The expression patterns for mRNA abundance, protein level, and enzyme activities of
placental and fetal 11HSD1 and 11HSD2 were assessed from embryonic day 13 (E13) to day 21
(E21; term E22). The transplacental passage of maternal corticosterone and its contribution to fetal
glucocorticoids was also studied. Results. Placental 11HSD1 mRINA decreased between days E13
and E14 and then remained at much lower values up to E21. Similarly, NADP+-dependent
11S-oxidation and 11-reduction were lower in late gestation. In contrast, placental 11HSD2
mRNA and protein decreased between E13 and E21. Dithiothieitol increased the activity of
11HSD2 and the output of 11-dehydrocorticosterone into fetal cireulation. The fetal activity of 11HSD1
increased and 11HSD2 decreased between E16 and E21. Conclusions. The final third of gestation is
accompanied by reciprocal changes in placental and fetal metabolism of corticosterone due to changes in

11HSD1 and 11HSD2 not only at the level of transcription but also at a posttranslational level.

Key worDs:

lucocorticoids are hormones that play an impor-
‘ tant regulatory role during the maturation of

fetal organs and the timing of parturition."? Fetal
glucocorticoids can come from several sources, in partic-
ular through glucocorticoid secretion by the fetal adrenal
glands after the activation of the fetal hypothalamic—
pituitary—adrenal axis,? by the local production of gluco-
corticoids in the fetal membranes® and by the transpla-
cental transfer of maternal glucocorticoids to the fetus.**
Although steroids can be considered to cross the placenta
easily, the levels of glucocorticoid hormones are much

From the Institute of Physiology, Czech Academy of Sciences, Prague (KV, PK,
MEK, PE, IM, JP) and Faculty of Pharmacy, Charles University, Hradee Kralove
(ZV, FS, MK), Czech Republic.

This study was supported by grants KJB5011402 and AVOZ50110509 from
Academy of Sciences and by grant no. 102/2006/C/FaF from the Grant
Agency of Charles University.

Address correspondence to:]. Pacha, Institute of Physiology, Czech Academy of
Sciences, Videnska 1083, 142 20 Prague 4-Kr?, Czech Republic. E-mail:
pacha@biomed.cas.cz.

Reproductive Sciences Vol. 15 No. 9 November 2008 921-931

DOL 10.1177/1933719108319161

i 2008 by the Society for Gynecologic Investigation

Placenta, fetal development, metabolism of glucocorticoids, corticosterone.

lower in fetuses than in maternal blood for much of ges-
tation.”” The difference between the maternal and fetal
plasma concentration of glucocorticoids is ascribed to the
placenta. It protects the fetuses against maternal cortisol
or corticosterone by oxidation of these hormones to
their biologically inactive 11-oxo derivatives cortisone
and 11-dehydrocorticosterone via the activity of the
enzyme 11B-hydroxysteroid dehydrogenase (11HSD)."
Importantly, mutations in the gene of this enzyme in
humans are associated with low birth weight and expo-
sure of pregnant rats to blockers that inhibit the activity
of this enzyme reduces offspring birth weight and pro-
duces long-term metabolic and neuroendocrinic changes
that lead to increases in adult blood pressure, glucose lev-
els, and hypothalamic—pituitary—adrenal axis activity, that
is, prenatal exposure to excess glucocorticoids might link
fetal growth with adult pathophysiology."!

Two functionally distinct types of 11HSD exist—the
NAD*-dependent enzyme (11HSD2), which operates
only as an oxidase and catalyzes the conversion of cortisol
and corticosterone to cortisone, and 11-dehydrocorticos-
terone and the NADP*/NADPH-dependent enzyme
(11HSD1), which has both oxidase and reductase activities

921
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and catalyzes the bidirectional interconversion between cortisol
and cortisone or corticosterone and 11-dehydrocorticosterone.
The expression of both isoforms has been demonstrated and
characterized to varying degrees in human,**" baboon,""
rat,"* " mouse,"" and porcine p]zicent:i.21

In rat placenta, both 11HSD1 and 11HSD2 are
expressed in a developmentally programmed manner in 2
functionally distinct placental zones—the labyrinth zone
in which both maternal and fetal vessels are found and in
the basal zone, located deeper than the labyrinth."-"* The
coexpression of both types of 11HSDs raise the possibil-
ity that the placenta is able to change its placental meta-
bolic capacity not only to exclude maternal glucocorticoids
from the fetus but also to modulate the access of mater-
nal glucocorticoids to the fetal compartment. In addition,
our recent data indicate that rat placenta forms a potent
but incomplete barrier to maternal corticosterone.®
However, the definitive role of the placenta in the
translocation of maternal corticosterone throughout ges-
tation remains unknown, as does the relationship
between placental and fetal 11HSD metabolism in deter-
mination the ratio of active and biologically inert gluco-
corticoids in fetal circulation. Therefore, this study was
undertaken to explore the effect of placental and fetal
glucocorticoid metabolism on fetal plasma glucocorti-
coids. For this purpose, we assessed the developmental
patterns of 11HSD1 and 11HSD2 together with the
transplacental transfer of maternal corticosterone and its
contribution to fetal glucocorticoids.

MATERIALS AND METHODS

Animals

Wistar rats (Institute of Physiology, Czech Academy of.
Sciences, Prague) were housed in a room with a controlled
light cycle (12-hour light/12-hour dark) and temperature
(22°C) with free access to standard laboratory chow and tap
water. The females were mated with a male for 1 night and
the next day was taken as day O of pregnancy if spermato-
zoa were found in the vaginal smears. Placentae were used
from rats on days E13, E14, E16, E19, and E21 of gestation.
The rats used for infusion experiments in vivo and for dually
perfused placenta in vitro were fasted before the experi-
ments and anesthetized with pentobarbital (Nembutal;
Abbott Laboratories, North Chicago, IL) in a 40 mg/kg
dose administered into the tail vein. All other rats were killed
by cervical dislocation and the placenta removed, free of fetal
membrane. The procedures were approved by the Czech
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Academy of Sciences Animal Care and Use Committee
and the Ethical Committee of the Faculty of Pharmacy,
Charles University, and were carried out in accordance
with the Guide for the Care and Use of Laboratory
Animals, and the European Convention for the Protection
of Vertebrate Animals used for Experimental and other
Scientific Purposes.

Transplacental Passage of
[’'H]Corticosterone in Rats In Vivo

To evaluate the transplacental passage of corticosterone and
the role of 11THSD in this process, infusion studies using
[*H]corticosterone were carried out on days E16 and E21
of gestation. The carotid artery and jugular vein were can-
nulated for blood sampling and isotope infusion, respec-
tively. Rats received a priming dose of [*H]corticosterone
(5 uCi/0.5 mL 0.9% NaCl) and were then infused with
[PH]corticosterone (0.5 UCi/min) for
Preliminary experiments indicated the radioactivity in
blood plasma of the jugular vein remained constant after
30 minutes and this time was defined as the sample time

60 minutes.

when steady-state concentration had been attained.
Hence, blood and fetus samples were taken for further
analysis 60 minutes after the onset of the 1sotope infusion
and 30 minutes after steady-state concentration was
reached. The blood was collected into heparinized tubes,
centrifuged at 3000 X g for 10 minutes and the plasma
stored at —70°C until analyzed. Immediately after blood
sampling the fetuses were dissected, frozen in liquid nitro-
gen and stored at —70°C until analysis. Estimation of the
total radioactivity was done in maternal blood samples and
in homogenates of fetuses treated with Solvable tissue sol-
ubilizer (Perkin Elmer, Welleslay, MA).

To determine the corticosterone/11-dehydrocorti-
costerone ratio, the samples were extracted with ethyl
acetate. Briefly, internal standard [*H]progesterone and
radioinert corticosterone, 11-dehydrocorticosterone, and
progesterone were added to the samples of blood plasma
and tissue homogenate (in 0.1 mol/L phosphate-buffered
saline), mixed, and extracted with ethyl acetate (1 vol
sample/5 vol solvent). The mixture was centrifuged at
3000 % g, the organic layer removed, washed with 0.1
mol/L NaOH, then with water, centrifuged again and
the supernatant transferred to a glass vial. The extraction
of the sample was repeated 3 times, the organic layers
were combined, dried under nitrogen at 37°C and stored
at —20°C until high-performance liquid chromatography
(HPLC) analysis.
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Dual Perfusion of Rat Placenta

To investigate the effect of dithiotreitol (DTT) on the
conversion capacity of 11HSD2, the method of dually
perfused rat placenta from day 21 of gestation was used
as described previously.® Briefly, the placenta was
excised and submerged in heated Ringer saline. A
catheter was inserted into the uterine artery proximal
to the blood vessel supplying the selected placenta and
connected with a peristaltic pump. Krebs’ perfusion lig-
uid containing 1% dextran was brought from the
maternal reservoir at a rate of 1 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 a 24-gauge catheter and connected with the tub-
ing through 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 man-
ner and the selected fetus was removed. Before the start
of each experiment, the fetal vein effluent was col-
lected into preweighed glass vials to check for possible
leakage of perfusion solutions from the placenta. Where
leakage was found the experiment was terminated.
Maternal and fetal perfusion pressures were monitored
continuously throughout the perfusion experiments.

Corticosterone and ['H]corticosterone as a tracer
were brought to the perfused placenta via the uterine
artery immediately after catheterization. The final con-
centration of corticosterone in the maternal reservoir was
50 nmol/L, which corresponds to the physiological val-
ues of unbound corticosterone in rat during the last week
of gestation.” After a 10-minute delay to achieve steady-
state conditions, samples were collected at 10-minute
intervals from the fetal umbilical vein. After the first sam-
ple was collected, DTT was added to the maternal reser-
voir to a concentration of 0.5 or 5 mmol/L. After a
10-minute delay to reestablish steady state, collection of
the second 10-minute interval sample was initiated.
Samples were analyzed for [*H]corticosterone and
[*H]11-dehydrocorticosterone by HPLC. The conversion
capacity of placental 11B-oxidation was expressed as the
ratio of 11-dehydrocorticosterone (metabolite) concen-
tration to the concentration of total corticosteroids (cor-
ticosterone and 11-dehydrocorticosterone) in the fetal
effluent.
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Measurement of 11HSD Activity in Tissue
Homogenates

Whole placentae or the whole fetuses of different days of
gestation were homogenized in ice-cold buffer contain-
ing 200 mmol/L sucrose and 10 mmol/L Tris/HCI at pH
8.5 (19 weight/vol) using a Polytron homogenizer
(Kinematica AG, Littau, Switzerland). The homogenates
were centrifuged at 1000 % ¢ for 10 minutes at 4°C, the
protein concentration determined by the Coomassie blue
method, and the homogenates used immediately for the
measurement of 11HSD activity.

11HSD2 activity was measured as the NAD*-
dependent oxidation of corticosterone in a radiometric
conversion assay as reported previously.” Briefly, the con-
version of [*H]corticosterone (final concentration 14.5
nmol/L) to [PH]11-dehydrocorticosterone was measured
in an incubation buffer (100 mmol/L KCI, 50 mmol/L
Tris/HCI; pH 8.5) containing 400 tmol/L NAD®. In
some experiments the incubation buffer also contained a
reducing agent, DTT at concentrations of 0.5 to 10.0
mmol/L. 1THSD1 was measured as the conversion of
[’H]11-dehydrocorticosterone to [*H]corticosterone in
the presence of 400 tmol/L NADPH and a NADPH-
regenerating system (1.3 mmol/L glucose-6-phosphate, 2
U glucose-6-phosphate dehydrogenase) or as the oxida-
tion of [*H]corticosterone to [*H]11-dehydrocorticos-
terone in the presence of 400 Umol/L NADP*. In both
cases, the incubation buffer contained 100 mmol/L KCI,
50 mmol/L Tris/HCI and was pH 7.5.The velocities of
the reaction were linear within the periods of incubation
used. The reactions were stopped by cooling and the sam-
ples were extracted with a Sep-Pak C,; cartridge and

stored. The steroids were quantified by HPLC.

Analysis of Steroids

The separation and quantification of unlabelled and
[*H]-labeled steroids were conducted by HPLC as
described previously.®* Briefly, the steroids were ana-
lyzed by an Agilent HPLC 1100 system (Agilent, Palo
Alto, CA) with a Lichrospher 100 RP-18 column (125
* 4 mm; Merck, Darmstadt, Germany) and linear
methanol-water gradient from 42:58 (vol/vol) to 62:38
(vol/vol) at 15 minutes followed by isocratic washing
with 100% methanol for 10 minutes. The flow rate was
1.0 mL/min and the column temperature was held at
45°C. An Agilent 1100 ultraviolet absorbance detector
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Table 1. Primers Used for Reverse Transcriptase-Polymerase Chain Reaction

Forward Reverse
11HSD1 GAGTTCAGACCAGAAATGCTCC TCTGTGATGTGATTGAGAATGAGC
11HSD2 CCGGTTGTGACACTGGTTTTG GGGGTATGGCATGTCTCCTG
B-Actin CCGTAAAGACCTCTATGCCA AAGAAAGGGTGTAAAACGCA

{at 254 nm) and Radiomatic 150 TR radioactivity
detector (Packard, Downers Grove, IL) with a flow cell
and Ultima-Flo M scintillation cocktail (Perkin Elmer,
Boston, MA; flow rate 3 mL/min) were used for the
detection and quantification of non-radioactive and
radioactive steroids, respectively.

Reverse Transcription
and Real-Time RT-PCR

Total RNA was extracted from frozen placenta samples
by the guanidine thiocyanate method. To remove con-
tamination by genomic DNA, the samples of isolated
RNA were treated with DNase (Promega, Madison,
WI) following the standard protocol. First strand cDNA
was synthesized using 5 lg of RNA and M-MLV
(Invitrogen, Lofer, Austria) as described earlier.” Quantitative
reverse transcriptase polymerase chain reaction (RT-
PCR.) was used to determine the mR.INA abundances of
11HSD1, 11HSD2, and ﬂ—actin using a Fast Start DNA
Master Sybr Green I kit (Roche, Mannheim, Germany),
LightCycler instrument (Roche) and the primers listen in
Table 1.The PCR was performed in duplicates in a total
volume of 10 UL containing 1 UL of 10-fold diluted
cDNA; 3 mmol/L (11HSD1), 4 mmeol/L (11HSD?2), or
5 mmol/L (B-actin) MgCl,; 0.5 tmol/L of each primer
and PCR reaction mix (1X).The LightCycler was pro-
grammed as follows: preincubation and denaturation of
the template cDNA for 10 minutes at 95°C followed by
45 cycles of amplification at 95°C for 15 seconds, 55°C
for 10 seconds (11HSD1, f-actin), or 60°C for 5 sec-
onds (11HSD2),72°C for 15 seconds (11HSD1, B-actin) or
20 seconds (11HSD2). A melting analysis was per-
formed after each clongation. Quantification was per-
formed using standard curves for each pair of primers
from serial dilutions of kidney cDNA containing all 3
transcripts. The results were calculated as the relative
expression of 11THSD1 mRNA or 11THSD2 mRNA to
B-actin mRNA.

Western Blotting Analysis

Western blots were performed as described previously.*
Briefly, the placenta and kidney (which acted as a positive
control) were homogenized, centrifuged at 400 X g for
10 minutes and the supernatant centrifuged again at 100
000 X g for 60 minutes. The pellets were resuspended and
sonicated in Laemmli buffer containing 2% B-mercap-
toethanol, boiled for 3 minutes and then stored at —20°C
until used for electrophoretic analysis.

The proteins were separated by 10% SDS-polyacry-
lamide gel electrophoresis and electroblotted in a semidry
blotting system. The blots were incubated with sheep anti-
rat 11HSD2 polyclonal antibody (Chemicon International,
Inc, Temecula, CA) and subsequently incubated with perox-
idase-conjugated rabbit antd-sheep immunoglobulin G
(Pierce Biotechnology. Inc, Rockford, IL). The protein bands
were visualized using Super Signal West Femto substrate
(Pierce) and detected with a LAS-1000 luminiscence
analysing system (Fuji, Tokyo, Japan). The band of approxi-
mately 40 kDa, corresponding to the known molecular mass
of rat 11THSD2 was clearly visible in all specimens tested.

Despite the clear expression of 11THSD1 mRINA and
11-reductase activity in placental tissue, no specific signal
for the 11THSID1 protein was measurable by immunoblot-
ting at any stage of gestation examined, although several
commercially accessible anti-rat 11HSD1 antibodies
were tested (Alpha Diagnostics, Cayman Chemicals,
Santa Cruz Biotechnology, US Biological} and some of
them gave a positive signal with rat liver.

Immunocytochemistry of
Placental 11HSD2

Sheep anti-rat polyclonal antibody raised against
11HSD2 was purchased from Chemicon Int. (Temecula,
CA). Rat placentae were fixed in 4% paraformaldehyde
(4°C) at pH 7.4 (Sigma-Aldrich, Steinheim, Germany).

The tissue samples were parathn-embedded and then 5 to
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6 m sections were cut on a Leica DSC1 rotating disk
(Leica Microsystems GmbH, Nussloch,
Germany). Endogenous peroxidase activity was blocked
with 3% H,O, in phosphate-buffered saline (PBS) solution
for 15 minutes. For heat-induced antigen retrieval, the
slides were boiled in 0.1 mol/L citrate buffer (pH 6.0) for
15 minutes in a microwave oven at 750 W, Slides were incu-
bated with primary antibody diluted 1:1000 in PBS solu-
tion supplemented with 5% bovine serum albumin for 15
to 18 hours (overnight) at 4°C. A streptavidin—biotin system
using a biotinylated secondary antibody (donkey anti-sheep
Ig: The Binding Site, Birmingham, UK), followed by incu-
bation with aVectastain ABC Kit (Vector Laboratories, Inc,
Burlingame, CA) and diaminobenzidine (DAKOCytomation)
was used as a chromogen for signal visualization. The sec-
tions were counterstained with haematoxylin. As a control
for background staining, the slides were treated in the same
manner, except that PBS solution was substituted for the
primary and/or secondary antibody. The stained slides were
examined using computer image analysis (light microscope
Olympus AX70, Japan; digital camera PixeLINK PL-A642,
Vitana Corp, USA; LUCIA software, version 4.71,
Laboratory Imaging, Prague, Czech Republic).

microtome

Statistical Analysis

Reesults are presented as means * standard error of the mean
(means = SEM) and analyzed using an unpaired Student’s ¢
test or by one-way analysis of variance (ANOVA) followed
by a Newman—Keuls multiple range test. In all cases, a
probability level of P < .05 was considered significant.

RESULTS

Developmental Profiles of Placental
11HSD1 and 11HSD2

The relative abundance of 1THSD1 mRINA and 11HSD2
mRINA was assessed using quantitative RT-PCR. When
plotted according to the day of gestation, a dramatic
decrease in 11HSD1 transcript levels was observed
between days E13 and E14 followed by a smaller insignif-
icant reduction in the following days (Figure 1). In con-
trast, placental 11HSD2 mRINA was more abundantly
expressed during the last third of gestation and decreased
from days E13 to E21, when expression was reduced to
~50%. The mean level of 11HSD2 protein decreased with
advancing gestation to reach its lowest value in the last
measurement before term (Figure 2).
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Figure 1. Gestationrelated changes in placental abundance of

1THSD1 mR.NA and 11HSD2 mRNA. Expression was measured using
quantitative RT-PCE,, and results are given as relative abundance com-
pared with that of B-actin. Data are means £ SEM of 5 to 7 placentae in
each group. *Significantly different from younger stages (P < .03).
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Figure 2. Gestation-related changes in placental 11HSD2 protein
levels. Relative protein levels were measured by Western blot and
computer-assisted densitometry based on chemiluminescence detec-
tion. Data are means = SEM of 5 to 9 placentae in each group.
*Significantly different from E13, “from E14 and *from E19 (P < .03).

To assess whether these changes in 11HSD1 and
11HSD2 mR NAs are associated with changes in enzyme
activities, the conversion of [*H]corticosterone to ['H]11-
dehydrocorticosterone and vice versa was measured in
the presence of their respective cosubstrates. Placental
11B-hydroxysteroid dehydrogenase displayed an increase
in NAD*-dependent 11B-oxidase activity but a decrease
in NADP -dependent 11B-oxidase activity, respectively
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Figure 3. Oxidation of ["H]corticosterone (NAD™ and NADP?)
and reduction of [’H]11-dehydrocorticosterone (NADPH) in placen-
tal homogenates on days E14, E16, and E21 of gestation. The enzy-
matic activity is expressed as picomoles of corticosterone or
11-dehydrocorticosterone per hour and milligrams of protein and the
values are means £ SEM for 10 to 16 placentae in each group.
*Significantly different from E21 (P < .05).

(Figure 3). In the presence of NADP?, the placental 11p-
oxidase activity had a similar value to the NADPH-
dependent 11-reductase activity and both activities
showed a similar developmental profile during gestation.
In all assays, HPLC analysis showed only two peaks cor-
responding to corticosterone and 11-dehydrocorticos-
terone and no other metabolites were identified (not
shown). These results indicate that the placenta is bidirec-
tional and its ability to inactivate corticosterone is more
obvious immediately before term than at the beginning
of the last third of gestation.

The immunoreactivity of 11HSD2 was markedly
detected in both the junctional and labyrinth zone of rat
placenta throughout gestation. Figure 4A and B shows that
in the labyrinth zone, the most intense staining was found
in the cytoplasm of the differentiated syncytiotrophoblast
cells on day E13.The fetal erythroblasts were also positive
for 11HSD2. In the junctional zone, weak 11HSD2 posi-
tivity was found in the spongiotrophoblast and in the giant
cells. On day E16 (Figure 4C and D), the differentiated syn-
cytiotrophoblast of the labyrinth zone was well established.
11HSD2 was found in syncytiotrophoblast I along the
interhemal membrane between the maternal space and fetal
capillaries. Lower positivity was found in the cytoplasm of
the spongiotrophoblast and trophoblast giant cells of the
junctional zone. The mature placenta with completely
established components of the labyrinth is shown on E19
(Figure 4E) and E21 (Figure 4F). 11B-HSD2 positivity was
found in the syncytiotrophoblast 1.

Vagnerova et al

Figure 4. Immunohistochemical localization of 11HSD2 on days
E13 (A, B), E16 (C,D), E19 (E), and E21 (F) of gestation. Bars: A and
C, 150 pm; B, D, and E, 75 pm; F, 100 pm. M, maternal lacunae; F, fetal
capillaries; GLC, glycogen cells: S, spongiotrophoblast: GC. giant cells;
NT, nondifferentiated trophoblast. Black arrow, 11HSD2 in spon-
giotrophoblast; gray arrows, 11THSD2 in syncytiotrophoblast; white
arrow, erythroblasts.

Effect of DTT on Placental 11HSD2

A comparison of the developmental profiles of 11HSD2
mRNA (Figure 1), protein (Figure 2) and NAD*-
dependent 11B-oxidase activity (Figure 3) indicated that
11HSD2 might be subjected to regulation at a posttrans-
lational level. To obtain further insight into the posttrans-
lational regulation of 11HSD?2, we studied the effect of
DTT on 11HSD2 activity, because dimerization has
recently been shown to bring about 11HSD2 inactiva-
tion.®% As shown in Figure 5, DTT stimulated 11HSD2
activity and this effect was concentration-dependent. In
addition, placental 11THSD2 was more sensitive to this
reducing agent immediately before term than in younger
stages of gestation.
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Figure 5. Effect of dithiothreitol (DTT) on 11HSD2 activity in

placental microsomes on days E16 and E21 of gestation. The activity
of 11HSD2 was measured as NAD'-dependent conversion of
[’H]corticosterone to ['H]11-dehydrocorticosterone. Values are
means = SEM of 3 experiments.
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Figure 6. Effect of dithiothreitol (DTT) on 11HSD2 conversion
capacity of perfused rat placenta on day 21 of gestation. Corticosterone
was infused to the placenta from the maternal side at a concentration of
50 nmol/L. After 10 minutes, DTT was added to the maternal reservoir
to reach a concentration of 0.5 or 5 mmol/L. Fetal effluent was sam-
pled and analyzed for corticosterone and 11-dehydrocorticosterone and
the conversion capacity was calculated as described in the section
Materials and Methods. Data are given as means £ SEM of 6 experi-
ments. *Significantly different from control period (P < .05).

To test the possibility that disulfide bonds are able to
modulate 1THSD2 activity in intact organs, we per-
formed experiments with isolated placentae. The placenta
was perfused with corticosterone (50 nmol/L) without
and subsequently with DTT (0.5 or 5 mmol/L) and the
placental 11HSD2 conversion capacity was estimated. In
this study, DTT at concentrations of 0.5 and 5 mmol/L
caused an increase in 11HSD2 conversion capacity by
21.8% and 22.2%, respectively (Figure 6).
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Effect of Gestation on the Distribution of
[’H]Corticosterone to the Fetus and the
Activity of 11HSDs in Fetal Tissue

To determine the transplacental transfer of corticosterone
and its metabolism in the fetoplacental unit, we measured
the local concentration of radioactivity in maternal
plasma and the fetus during steady-state infusion of
[’H]corticosterone. This steady-state plasma concentra-
tion was reached on the 30th minute after the initiation
of infusion into the dam, lasted at least 30 minutes, and
~90% of this maternal plasma radioactivity remained in
the form of [*H]corticosterone. Tritiated 11-dehydrocor-
ticosterone represented approximately 9% to 10% of the
labeled corticosterone (Figure 7B) and the ratio of
[’H]corticosterone to [*H]11-dehydrocorticosterone in
maternal plasma did not change during gestation.
However, in the fetuses, the ratio of tritiated corticos-
terone to 11-dehydrocorticosterone was significantly
lower than in maternal plasma and increased with gesta-
tional age (Figure 7A; E16, 62/38; E21, 81/19).

100

100

75t

E16 E21

Figure 7. Percentage of ['H]corticosterone (hatched columns) and
[’H]11-dehydrocorticosterone  (black columns) in fetus (A) and
maternal plasma (B) expressed as a percentage of total corticosterone
and 11-dehydrocorticosterone radioactivity at steady state. Values are
means = SEM (3 to 4 animals per group). *P < .05 compared with
value at E21.
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Figure 8. Effect of gestation on the steady-state concentration of

PHJcorticosterone (hatched columns) and [PH]11-dehydrocorticos-
terone (black columns) in the fetus during infusion of tritiated corti-
costerone.  Relative  tissue  concentration  was calculated  as
disintegrations per gram (DPM/g) fetal tissue divided by DPM per
milliliter (DPM/mL) of maternal plasma.Values represent the mean +
SEM of 9 fetuses per group. *P < .05 compared with value at E21.
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Figure 9. Oxidation of ['H]corticosterone (NAD* and NADP*) and

reduction of ['H]11-dehydrocorticosterone (NADPH) in homogenates
of fetuses on days E14, E16, and E21 of pregnancy. The enzymatic activ-
ity is expressed as picomoles of corticosterone or 11-dehydrocorticos-
terone per hour and milligram of protein and the values are means £
SEM of 15 to 19 fetuses per group. *Significantly higher than in other
ages and “significantly different from El6 (P < 05).

The steady-state fetal concentration of ['H]11-dehy-
drocorticosterone relative to that of maternal plasma was
significantly higher on day E16 than before term (Figure 8)
and this developmental pattern corresponded to that of fetal
and was opposite to that of placental 11THSD2 activities
(Figures 3 and 9).

DISCUSSION

Fetal development is associated with a markedly different
fetal concentration of biologically active glucocorticoids,

Vagnerova et al

cortisol, and corticosterone, than is in the maternal blood.
In human and other mammals this maternal concentra-
tion is several times higher than the corresponding value
in the fetus.*” In the middle stage of gestation, the rat
fetal plasma concentration of corticosterone reaches a
value approximately 100 times lower than the maternal
plasma and even though the fetal concentration increases
during the final third of gestation, its level is always lower
than the corresponding maternal one.”® The reason
these relatively low levels are maintained is in part due to
the absence of a functional fetal hypothalamic-pituitary-
adrenal axis that starts to operate after E16,"* and in part
because of the transplacental barrier to the transfer of
maternal corticosterone to fetuses together with the cor-
ticosterone metabolism in fetoplacental unit. As we have
shown recently, this barrier in rats is not complete® and
the dams of rat contribute to the fetal corticosterone
concentration to a similar extent as was shown for corti-
sol in other mammals.**'

This study confirms and extends the previous obser-
vations by others that placental tissue is able to convert
biologically active glucocorticoids to their inactive deriv-
atives and vice versa and that this metabolic capacity
undergoes developmental changes. 11HSD1 has been
shown to progressively increase in baboon and porcine
placenta**' but to decrease in rats.* Similarly, 11HSD2
increases during gestation in humans, baboons, and
swine'*?"* but decreases in mice."”” The rat data remain
controversial **#* This discrepancy might result from
the various methods used to estimate the developmental
profiles of both enzymes (mRINA, protein level, enzyme
activity in homogenates or in intact tissue slices) and
from the fact that the previous papers were not able to
reliably estimate 11-reductase activity as a measure of
11HSD1 in placental homogenates.”™** This study
demonstrates that both mRINA and the protein level of
11HSD2 decrease with advancing gestation and reach
their lowest values in the days immediately before term.
However, these results are inconsistent with the discovery
of 11HSD?2 activity in placental homogenate. This activ-
ity increased during gestation in a similar way to the abil-
ity of placental tissue slices to convert corticosterone to
11-dehydrocorticosterone. Whereas 11HSD2 is unable
to use NADP* as a cosubstrate, 11HSID1 is able to bind
and use both NAD* as NADP* (preferential substrate)™
such that NAD'-dependent 11B-oxidation reflects both
11HSD2 and 11HSD1. However, 2 findings indicate that
the activity of placental 11HSD2 is upregulated during
gestation. First, NADP*-dependent 11P-oxidase activity
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is nearly identical to NADPH-dependent 11-reductase
activity whereas NAD*-dependent 11P-oxidase activity
is significantly higher. Second, the developmental pat-
terns of NAD -dependent 11[-oxidase activity is oppo-
site to those of NADP'-dependent 11B-oxidase and
NADPH-dependent 11-reductase. The NADY-depend-
ent activity increases whereas NADP*-dependent and
NADPH-dependent activities decrease during gestation.
The data presented here thus support the possibility that,
in addition to the genomic regulation of 11HSD2, there
is also a posttranslational regulation of this enzyme. Such
regulation has been proposed by the formation of inac-
tive dimers that act as a latent form of 11HSD2.%5%% The
results of this study indicate that a similar mechanism may
also operate in placenta and thus a regulated, reversible
dimerization and monomerization of 11THSD2 mole-
cules could serve as a mechanism of rapid modulation of
placental enzymatic activity. However, the finding that
DTT more effectively increased enzyme activity at E21
than at earlier stages, suggests that dimerization was
higher at E21 than at E16, yet activity at E21 was rela-
tively high compared with protein level at this time.
Additionally, prostaglandins have been recently shown to
attenuate 11HSD2 activity without any alteration of
11HSD2 mRNA in JEG-3 cells, a syncytiotrophoblast-
like cell line derived from human choriocarcinoma.”’
Taken together, these data indicate that stimulation of
placental 11THSD2 at the end of gestation is mediated by
a novel mechanism that does not involve monomeriza-
tion of 11HSD2.

The coexpression of 11HSD2 and 11HSD1 in the
placenta suggests that 11HSD1 might also modulate the
transplacental transfer of corticosterone. If we accept the
general consensus that 11HSD1 acts as an 11-reductase
converting 11-dehydrocorticosterone to corticosterone,
we cannot exclude the possibility that placental 11HSD1
might contribute to the placental delivery of maternal
glucocorticoids to the fetus. Because 11-oxo derivatives of
glucocorticoid hormones are not bound to plasma bind-
ing proteins there is abundant free 11-dehydrocorticos-
terone at a tens of nanomolar concentration in maternal
blood® that could be a substrate for placental 11HSD1
during transfer of maternal 11-dehydrocorticosterone to
fetal circulation. Nevertheless, the experiments with per-
fused human placenta showed that the percentage of cor-
tisol formation from cortsone is much less than the
formation from the same dose of cortisol infusion or that
11-reductase activity is completely absent.**
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Our study provides direct evidence that glucocorti-
coids of maternal origin are able to access the fetal com-
partment and corticosterone either partially escapes its
inactivation to 11-dehydrocorticosterone in the fetopla-
cental unit or 11-dehydrocorticosterone is reactivated to
corticosterone via fetal 1 1HSD1. However, the activity of
fetal 1THSD1 is very low in E16 whereas 11HSD2 is rel-
atively high. Thus, it is reasonable to consider that some
maternal corticosterone in younger stages of placenta
escapes its inactivation. Even if the amount of glucocor-
ticoids transferred across the placenta is generally low,"
maternal glucocorticoids that transverse the placenta
before the activation of ACTH secretion and maturation
of the adrenal corticosteroid metabolism seem to be the
only glucocorticoid hormones in the fetal compartment.
In rats, it has been found that fetal adrenocorticotropic
activity begins to secrete ACTH on days E17 and E18,
which is also when the fetal adrenal gland gains the abil-
ity to synthesise corticosteroids.*" Thus, it is reasonable
to consider that the corticosterone in the rat fetus before
E17 is of maternal origin. Based on analysis of the
extractable radioactivity, it is obvious that the ratio of cor-
ticosterone to 11-dehydrocorticosterone in fetuses on
E16 is much smaller that in maternal plasma and also
smaller than this ratio on E21. Hence, the fetoplacental
unit in earlier stages of gestation appears to provide a
greater capacity to inactivate maternal corticosterone.
The upregulation of corticosterone oxidation in the ear-
lier stages of gestation is consistent with the increased
steady-state concentration of [*H]11-dehydrocorticos-
terone in the fetus relative to that in maternal plasma. If
we consider the silencing of 11HSD1 and considerable
11HSD2 activity in the fetus during earlier stages of ges-
tation and much lower activity of fetal 11THSD2 at the
end of gestation together with the upregulation of
11HSD1  activity, these findings suggest that fetal
11HSD2 plays an important role in excluding maternal
corticosterone from fetal tissue in the earlier stages of ges-
tation. In agreement with this, Brown et al” found a
widespread abundance of 1THSD2 mRNA in mouse
embryo from E9 to E12 that dropped to low or unde-
tectable levels between E12.5 and E13.5 (term E19).

There seems to be a different situation at the end of
gestation, when endogenous corticosterone acts as a
powerful morphogenetic factor, influencing the develop-
ment of a range of processes in the fetus." Fetal 11HSD2
is dramatically decreased and 11HSD1 increased (Figure 9),

primarily due to changes in the lung and liver,”*' and in
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addition, endogenous corticosterone production by the
fetal adrenal gland is increased.”” The concentration of
fetal  [*H]11-dehydrocorticosterone  was  significantly
lower in E21 fetuses than in E16 fetuses, which is consis—
tent with the decreased 11HSD2 and increased 11HSD1
activities in fetuses between E16 and E21. Thus, the fetus
instead of placenta seems to have a more important role
in glucocorticoid metabolism in fetoplacental unit at the
end gestation

In summary, this study demonstrates the developmen-
tal changes in placental and fetal 11HSD1 and 11HSD2 in
the last third of gestation and suggests that both the placen-
tal barrier and the oxidation of corticosterone within the
fetoplacental unit are able to protect the fetus against mater-
nal glucocorticoids. This protective function seems to play
a more important role at the beginning of the last third of
gestation than immediately before term, and both placental
and fetal 11B-oxidation of glucocorticoids is involved in
this process. Moreover, this study suggests that in addition
to transcriptional regulations, placental 1THSD2 activity
may be regulated in vivo by dimer-monomer formation.
Collectively, these data emphasize, how the developmental
alterations of glucocorticoid metabolism in placenta and
fetus may influence the fetal concentration of biologically
active glucocorticoids. Further studies will be required to
determine the direction of 11THSD1 reaction in placental
and fetal tissues in vivo. Recent findings show that the
activity of 1THSD1 switches from an oxidase to a reductase
upon coexpression with the enzyme hexose-6-phosphate
dehydrogenase that is thought to modulate the local con-
centration of nucleotide cosubstrates and is closely associ-
ated with 11HSD1 in the membrane of endoplasmic

reticulum.**

ACKNOWLEDGMENTS

We thank Mrs I. Meztekova and 1. Muricova for technical
assistance.

REFERENCES

1. Fowden AL, Forhead AJ. Endocrine mechanisms of intrauter-
ine programming. Reproduction. 2004;127:5315-526.

. Challis JR,, Sloboda D, Matthews SG, et al. The fetal placental
hypothalamic-pituitary-adrenal (HPA) axis, parturition and
post natal health. Mol Cell Endocrinol. 2001;185:135-144.

. Alfaidy N, Li' W, MacIntosh T. Yang K, Challis ]. Late gestation
increase in 11P-hydroxysteroid dehydrogenase 1 expresion

L

16.

Vagnerova et al

in human fetal membranes: a novel intrauterine source of
cortisol. | Clin Endocrinol Metab. 2003;88:5033-5038.

. Benediktsson R, Calder AA, Edwards CR., Seckl JR.. Placental

11B-hydroxysteroid dehydrogenase: a key regulator of fetal
glucocorticoid exposure. Clin Endocrinol. 1997;46:161-166.

. Sun K, Adamson SL,Yang K, Challis JR. Interconversion of cor-

tisol and cortisone by 11f-hydroxysteroid dehydrogenases type 1
and 2 in the perfused human placenta. Placenta. 1999;20:13-19.

. Staud E Mazancovi K, Mikiik 1, Pavek P, Fendrich Z, Picha J.

Corticosterone transter and metabolism in the dually per-
fused rat placenta: effect of 11B-hydroxysteroid dehydroge-
nase type 2. Placenta. 2006;27:171-180.

. Beitins IZ, Bayard E Ances IG, Kowarski A, Migeon CJ. The

metabolic clearance rate, blood production, interconversion
and transplacental passage of cortisol and cortisone in preg-
nancy near term. Pediatr Res. 1973;7:509-519.

. Klemcke HG. Placental metabolism of cortisol at mid- and

late gestation in swine. Biol Reprod. 1995;53:1293-1301.

. Venihaki M, Carrigan A, Dikkes, Majzoub JA. Circadian rise

in maternal glucocorticoid prevents pulmonary dysplasia in
fetal mice with adrenal insufficiency. Prac Natl Acad Sd U S A,
2000;97:7336-7341.

. Seckl JR. Glucocorticoid programming of the fetus; adult

phenotypes and molecular mechanisms. Mol Cell Endocrinol.
2001;185:61-71.

. Seckl JR, Holmes MC. Mechanisms of disease: glucocorti-

coids, their placental metabolism and fetal “programming” of
adult pathophysiology. Nat Clin  Prad  Endocrinel  Metab.
2007;3:479-488.

. Krozowski Z, Maguire JA, Stein-Oakley AN, Dowling ],

Smith RE, Andrews RE. Immunohistochemical localization
of the 11f-hydroxysteroid dehydrogenase type Il enzyme in
human kidney and placenta. | Clin Endocrinol Metab.
1995;80:2203-2209.

. Sun K, Yang K, Challis JR. Differential expression of 11p-

hydroxysteroid dehydrogenase types 1 and 2 in human pla-
centa and fetal membranes. | Clin  Endooinol Metab.
1997:82:300-305.

. Pepe GJ, Babischkin JS, Burch MG, Leavitt MG, Albrecht ED.

Developmental increase in expression of the messenger
ribonucleic acid and protein levels of 11B-hydroxysteroid
dehydrogenase types 1 and 2 in the baboon placenta.
Endocrinology. 1996;137:5678-5684.

. Pepe GJ, Burch MG. Albrecht ED. Expression of the 11p-

hydroxysteroid dehydrogenase types 1 and 2 proteins in
human and baboon placental syncytiotrophoblast. Placenta.
1999;20:575-582.

Roland BL, Funder JW. Localization of 11P-hydroxysteroid
dehydrogenase type 2 in rat tissues: in situ studies. Endocrinology.
1996;137:1123-1128.

. Burton PJ, Smith RE, Krozowski ZS, Waddell B]. Zonal dis-

tribution of 11P-hydroxysteroid dehydrogenase types 1 and 2

Downicaded from hifp-irsx sagepub com at Chanes Unhv/Univ Kariova v Praze on December S, 2008

53



Dexamethasone and betamethasone affects 115-HSD2 in rat placenta

V.

DEXAMETHASONE AND BETAMETHASONE
ADMINISTRATION DURING PREGNANCY AFFECTS
EXPRESSION AND FUNCTION OF
11beta-HYDROXYSTEROID DEHYDROGENASE TYPE
2 IN THE RAT PLACENTA

54



Dexamethasone and betamethasone affects 115-HSD2 in rat placenta

Reproductive Toxicology 28 (2000) 46-51

Contents lists available at ScienceDirect

Reproductive Toxicology

journal homepage: www.elsevier.com/locate/reprotox

Dexamethasone and betamethasone administration during pregnancy affects
expression and function of 113-hydroxysteroid dehydrogenase type 2 in
the rat placenta

Zuzana Vackova®€, Karla Vagnerova®, Antonin Libra®, Ivan Miksik®, Jiri Pacha®, Frantisek Staud *

A Department of Pharmacology and Toxicelogy, Faculty of Pharmacy i Hradec Kralove, Charles University in Prague, Hradec Kralove, Czech Republic
® Institute of Physiology, Czech Academy of Sciences, Prague, Czech Republic
© Genert Botech sr.o., Hradec Kralove, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 4 September 2008

Received in revised form 11 February 2009
Accepted 13 February 2009

Available online 24 February 2009

Placental 11B-hydroxysteroid dehydrogenase type 2 (11B-HSD2] is the key enzyme which protects the
fetus from overexposure to glucocorticoids (GCs) by their oxidation into inactive derivates. Several recent
studies suggest that 11B-HSD2 expression is subjected to regulation by antenatal steroid therapy. In our
study we investigated the effect of two commonly used synthetic steroids, dexamethasone (DXM) and
betamethasone (BTM), on the expression and function of 11B-H5D2 in the rat placenta. Pregnant rats
were pretreated with low (0.2 mg/kg) or high (5 mg/kg and 11.5 mg/kg for DXM and BTM, respectively)

T?F;U}?;rﬁ:uxystemid dehydrogenase i.m. doses of GCs. 11B-HSD2 expression was investigated using real-time RT-PCR and Western blotting;
Metabolism conversion capacity of 11B-H5D2 was assessed by dual perfusion of the rat placenta. Significant increase
Rat placenta in placental 113-H5D2 mRMA expression was found in rats treated with DXM, however, this alteration
Dexamethasone was not observed on protein level. BTM had no effect on either mRNA or protein levels of 118-HSD2.

Functional studies revealed that both GCs significantly reduced the metabolism of corticosterone by the
placenta. Our data indicate that placental barrier function mediated by 11 B-H5D2 might be considerably
impaired by the antenatal therapy with DXM and BETM. In addition, the discrepancy between expressional
and functional studies suggests that sole analysis of expressional changes of 113-H5D2 at mRNA andfor
protein levels cannot convincingly predict the role of GC treatment on 11 B-H5D2 function in the placental
barrier.

Betamethasone

@ 2009 Elsevier Inc. All rights reserved.

1. Introduction

It is well documented that the intrauterine environment and
specific factors acting during critical developing periods determine
both the neonatal and adult well-being. In particular, prenatal expo-
sure to endogenous glucocorticoids (GCs) is in the centre of interest
since GCs are essential for the maturation of fetal organs, growth
and preparing the fetus for birth [1-3]. Although GCs are highly
lipophilic and can readily cross the placenta, during the whole
course of pregnancy the levels of circulating corticosteroids in the
fetus are considerably lower than those in the mother. This gradi-
ent is maintained by the activity of placental 113-hydroxysteroid
dehydrogenase (113-HSD), the enzyme responsible for the inter-
conversion of cortisol and corticosterone and their inactive 11-keto
products cortisone and 11-dehydrocorticosterone, respectively [4].
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Two types of 11B-HSD are now distinguished. Type 1 (115~
HSD1) is a low affinity NADP(H) preferring enzyme which appears
to act predominantly as a reductase with high Kn in GC target
tissues [5]. Conwversely, type 2 (11B-HSD2) is a NAD*-dependent
oxidase with Ky, in the nanomolar range for cortisol and corticos-
terone which catalyses their unidirectional conversion to inactive
11-oxo metabolites [6,7]. Although the presence of both types has
been demonstrated in the placenta [8-10], it is generally accepted
that the predominant form limiting the materno-fetal passage of
GCs is 11B-HSD2 with its oxidative activity. 11B-HSD2 has been
localized to the syncytiotrophoblast layer of the placenta, the main
site of materno-fetal exchange [8,11]. It forms an active component
of the placental barrier with the potency to protect the fetus against
GC overexposure. Attenuated expression and activity of 113-HSD2
allowing enhanced transplacental passage of GCs has been linked to
the intrauterine growth restriction and increased occurrence of car-
diovascular and metabolic diseases in adult life (for detailed review
see [12]).

The expression and activity of placental 11B-HSD2 is not
uniform across gestation. The variation most likely reflects tissue-
specific regulation of 11B-HSD2 by diverse endogenous agents
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Table 1

Sequences of primers used in real-time RT-PCR.

Gene NCBI sequence Sequence 5 — 3’ Product length (bp) Localization

rf-2-microglobulm NM_012512 TGC CAT TCA GAA AACTCC CCA(F) 303 64-366
TAC ATG TCT CGG TCC CAG GTG A (r)

ril1g-hsdl NM_01780 GGCTTCATAGACACAGAAACAG () 161 T21-881
TTCCCAAGCAGAAGTGGAG (1)

r11g-hsd2 NM_017081 CAG CAG GAG ACA TGC CAT AC () 161 785-045
CAC ATT AGT CAC TGC CTC TGT C(r)

[13-15]. Moreover, the changes in 11B-HSD2 activity and expres-
sion throughout pregnancy express marked variability among
species. Increasing activity of placental 113-HSD2 with advanc-
ing pregnancy was demonstrated in the human, baboon and
rat placenta [16-18). However progressive increase in 113-HSD2
expression with advanced pregnancy was demonstrated only in
human [19,20] and baboon [17] placenta while an opposite trend
was demonstrated in the rat [21,22]. Furthermore, it has been
recently suggested that 113-HSD2 is subjected to regulation by vari-
ous exogenous agents; particularly, by synthetic GCs. However, the
results of recent studies remain controversial. Clarke et al. found
that administration of cortisol to pregnant ewes reduced placental
113-HSD2 activity [23]. Likewise, prenatal exposure to dexam-
ethasone (DXM) was followed by decreased 11[3-HSD2 expression
in the ovine placenta during mid-gestation [24]. Contrary to
these observations, betamethasone (BTM) and DXM treatment was
demonstrated to stimulate the expression of 11B-HSD2 in baboon
placenta [25] and expression and activity of 113-HSD2 in primary
culture of human trophoblast [26], respectively.

In the present study we have investigated the effect of synthetic
GCs on 113-HSD2 expression and function in the rat placenta. In
particular, we have focused on DXM and BTM since these steroids
are commonly administered to pregnant women in managing pre-
mature delivery [27]. Changes in the expression of 113-HSD2 on
mRNA and protein levels were investigated using quantitative real-
time RT-PCR and Western blotting techniques. In addition, we
have recently validated the in-situ method of perfused rat pla-
centa as a viable model to study placental steroid metabolism
by 11B-HSD2 [21]. Using this method we were able to exam-
ine the effect of antenatal administration of GC on functional
capacity of placental 113-HSD2 to metabolize corticosterone at
term.

2. Materials and methods
21, 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 experi-
mental 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. A group of
20 dams was pretreated with five doses of DXM (n-9) {Medochemie Ltd,, Limassol,
Cyprus) or BTM (n=-11) (Schering-Plough, Herouville, France) administered intra-
muscularly into the hindlimb muscles in 24-h intervals (regularly at 9:00am.) at
16-20 gestation days. This treatment regime was chosen to investigate the effect of
GC treatment in the third term of pregnancy and with respect to previously published
studies [28,29]. Two different doses of each GC were applied; low doses (0.2 mg/kg
of DXM: n-5 and BTM; n-6) or high doses (5 mg/kg and 11.5 mg/kg of DXM; n-4
and BTM: n =5, respectively). The administered volume was 0.5 ml. A control group
of five dams received vehicle tr: (0.9% NaCl). E: were performed
on day 21 of gestation. Fasted rats were anesthetized with pentobarbital (Nembu-
tal, Abbott Laboratories, North Chicago, IL) in a dose of 40 mg/kg administered into
the tail vein and dual perfusion of the rat placenta was performed. At the end of
the experiment the perfused placenta along with four randomly selected placentas,
were dissected free of maternal tissues and fetal membranes and stored at —70=C
until analysis.
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22, Real-time RT-PCR

Total RNA from frozen tissue samples was isolated using TriReagent (Molecular
research centre, Inc, Cinncinati, USA). The RNA concentrations were determined
from the Azcp measurement. Purity and integrity of RNA was confirmed by cal-
culation of the UV absorbance ratio Azg/Azsp and electrophoresis on 2.5% agarose

Before the initiation of the real-time RT-PCR analysis, stability of the following
genes was compared: f-2-micoglobulin, Surfl, Nup® and Polr2a. For subsequent
PCR analyses, g-2-midoglobulin gene was chosen as the least regulated one. In addi-
tion to f-2-microglobulin gene normalization, we have related the expression of
11p-HS5D to the total amount of RNA. The results did not change significantly and
there was no influence of the denominator.

Single strand cDNA was prepared from 1 g of total RNA by reverse transcrip-
tion with M-MLV transcriptase (Finnzymes Oy, Espoo, Finland) using oligo{ dT)isVN
primer {Generi Biotech Ltd., Hradec Kralove, Czech Republic) and porcine RNase
inhibitor (TakKaRa Bio Inc., Otsu, Shiga, Japan). Primers for amplification of segments
of rat target (118-hsdl and 11 8-hsd2) and housekeeping ( 8-2-microglobulin} genes
were designed using the Vector NTI Suite software (Infomax, Bethesda, MD, USA).
Specifications are given in Table 1. Primers for housekeeping genes Surfl, Nup54 and
Polr2a were purchased from Generi-Biotech Ltd. (Hradec Kralove, Czech Republic).
Real-time PCR analysis was performed on iCycler iQ) ( Bio-Rad Laboratories, Inc., Her-
cules, CA). HotStart Tag DNA polymerase (AB gene, Epsom, UK) was employed for
cDNA amplification under the following conditions: 1.5 mM MgClz, 0.2mM dNTP,
0.025 U/l polymerase, 0.3 LM of each primer, SYBR® Green | in 1:100,000 dilu-
tion. The temperature profile was 95 =C for 14min and 40 repeats of cycle consisting
of 95=C for 155, 60°C for 20s and 72 °C for 20s. Calibration curves used for the
calculation of reaction effectivity were generated from amplification of dilutions
of randomly selected cDNA sample, the dilution factor was 5. The amplification
efficiencies varied between 95% and 105%. Amplification of the desired sequence
was confirmed by melting curve analysis (T, were 86.5°C, 84.5-C and 87.5=C for
B-2-microglobulin, 118-hsd1 and 118-hsd2, respectively). PCR products were sep-
arated on 2% agarose gel in the presence of ethidium bromide, visualized under
ultraviolet light and comp with lecul ight ladder (25-766bp) (New
England Biolabs, Hertsfordshire, UK). The analysis of real-time amplification curves
and subtraction of Ct values was performed using iCycler iQ 3.0 software (Bio-Rad
Laboratories, Inc., Hercules, CA). Relative expression of 115-HSD mRNA was calcu-
lated from the real-time RT-PCR efficiencies and the Ct deviation of a sample versus
control using the method of Pfaffl [20]. Results are expressed as a percentage of
control +5EM.

23, Western blotting analysis

‘Western blots were performed as described previously [21]. Briefly, placenta and
kidney as a positive control were homogenized, centrifuged at 400 = g for 10min
and the supernatant centrifuged again at 100,000 = g for G0 min. The pellet was
resuspended and sonicated in Laemmli buffer containing B-mercaptoethanol (2%),
boiled for 3min and stored at —20=C until analysis.

Proteins were separated by 10% SDS-PAGE gel electrophoresis and electroblotted
in a semi-dry blotting system, The blots were incubated with a sheep anti-
rat 11-HSD2 polyconal antibody (Chemicon Internaticnal, Inc, Temecula, CA,
USA) and subsequently incubated with peroxidase-conjugated rabbit anti-sheep
immunoglobulin G (Pierce Biotechnology, Inc, Rockford, IL, USA). The protein bands
were visualized using Super Signal West Femto substrate [ Pierce Biotechnology, Inc.,
Rockford, 1L, USA) and detected by luminescence analyzing system LAS-1000 (Fuji,
Tokyo, Japan].

For quantification, equal amounts of protein from each sample (13 pg of total
protein) were used and the chemiluminescent signal of the measured immunoreac-
tivity was in the linear range in terms of protein amounts used in this analysis, The
results were calculated as a ratio of chemiluminescent signal to mg of protein + SEM.
Four samples from each group were analyzed.

24, Dual perfusion of the rat placenta
The method of dually perfused rat placenta was used as described previously

[21]. Briefly, one uterine horn was excised and allowed to dive in the heated Ringer
saline (37 =C). A catheter was inserted into the uterine artery proximal to the blood
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Fig. 1. Real-time RT-PCR analysis of mRNA expression of 118-H5D2 { A and B) and 11B-HSD1 {C and D) in the rat placenta. Pregnant rats were pretreated with DXM (0.2 mg/kg

or 5mg/kg), n=9 or BTM (0.2 mg/kg or 11.5mg/!
control + SEM; *p<0.05.

vessel supplying a selected placenta and connected with the peristaltic pump. Krebs
perfusion liguid (exposed to the mixture of 95% oxygen and 5% carbon dioxide)
containing 1% dextran was brought from the maternal reservoir at a rate of 1 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 pre-weighted glass vials to check a possible leakage of
perfusion solutions from the placenta, In the case of leakage, the experiment was
terminated. Maternal and fetal perfusion pressures were monitored continuously
throughout the perfusion experiments,

Immediately after successful surgery maternal side of the placenta was
perfused with either 50nM or 200nM concentration of corticosterone with
IH]corticosterone as a tracer. After 10min stabilization period sample collection
started. Fetal effluent samples were collected for 30 min of perfusion and the steroids
extracted using Sep-Pak cartridges. The analysis of steroids was performed by
HPLC uwsing an Agilent 1100 system (Agilent, Palo Alto, CA, USA) and radioactiv-
ity detector (Radiomatic 150TR, Canberra Packard, Meriden, CT, USA) with a flow
cell. Corticosterone and its reaction products were detected according to a previ-
ously described procedure [31). Conversion capacity of 11B-HSD2 was calculated
as a ratio of 11-dehydrocorticosterone (metabolite) concentration to the concen-
tration of total corticosteroids (corticosterone and 11-dehydrocorticosterone) and
presented as means + SEM.

2.5, Statistical analysis

Data from real-time RT-PCR were analyzed using the REST@software [32] to
assess statistical significance, Results of Western blot analyses and dual perfusion
experiments were analyzed by ANOVA followed by Bonferronils comparison test.
Differences of p< 0.05 were considered statistically significant.

3. Results
3.1. Effect of GC pretreatment on birth weights
Decline in fetal weights was observed in rats treated with

GCs when compared to control group, however, statistical signif-
icance was found only in high dose DXM group of rats (p<0.001).

). n=11. Relative expression was calculated by using the method of Pfaffl [30] and is expressed as mean percentage of

Means of fetal weights were 3.52+0.54g,3.23 £0.36g,1.75+ 0.3 g,
3.48+ 018 g and 3.05+0.31 g for control, 0.2 mg/kg DXM, 5 mg/kg
DXM, 0.2 mg/kg BTM and 11.5 mg/kg BTM, respectively. No signifi-
cant changes in placental weights were observed.

3.2. Effect of GC prereatment on mRNA and protein levels of
11 8-HSD in the rat placenta

Real-time RT-PCR analysis demonstrated the presence of both
113-HSD1 and 11[3-HSD2 mRNA in the rat placenta. Rat liver and
kidney were used as positive controls (data not shown). Quantita-
tive data evaluation revealed a distinct enhancement of placental
113-HSD2 mRNA in dams pretreated with DXM (Fig. 1A). Both
dosage regimens lead to statistically significant enhancement in
113-HSD2 mRNA expression. The mRNA expression was increased
up to 57.1% and 74% at 0.2 mgfkg DXM and 5 mg kg DXM, respec-
tively. In contrast, antenatal treatment of rats with either 0.2 mg/kg
or 11.5mg/kg of BTM had no effect on placental 113-HSD2 mRNA
expression (Fig. 1B). In the case of 113-HSD1, neither DXM nor
BTM administration affected the expression at mRNA level (Fig. 1C
and D).

The immunoreactive signal of 118-HSD2 was localized to micro-
somal fractions and was detected as a major band of 40 kD both in
the kidney and placenta. Contrary to the real-time RT-PCR data,
Western blotting analysis of placentas obtained from pregnant rats
treated with high doses of DXM did not reveal any changes in
placental protein content. Similarly, no alterations of placental 113-
HSD2 protein expression were observed in animals treated with
high doses of BTM (Fig. 2).

3.3. Effect of GC pretreatment on corticosterone metabolism in
perfused rat placenta

In perfusion studies corticosterone was used as a sub-
strate of 113-HSD2. Conversion capacity of placental 11B-HSD2
was investigated at two corticosterone concentrations: 50nM
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(A) 1 2 3 4 5 Similar pattern of changes in placental steroid metabolism
caused by GC administration was found at 200nM corticosterone

40 kDa — inflow concentration (Fig. 3B). However, the fall in conversion
11p-HSD2 capacity of 11B-HSD2 was statistically significant only in rats pre-

800

Expression of 113-HSD2 &
(a.u/mg protein)

control

DXM 5 mg/kg  BTM 11.5 mglkg

Fig. 2. Western blotting analysis of 11 B-HSD2 expression in the rat placenta, (A) Rep-
resentative Western blot of four similar analyses: (1) rat placenta - control (2) rat
kidney, (3) rat placenta - pretreatment with BTM 11.5 mg/ml, (4) cytosolar fraction
- negative control, (5) rat placenta — pretreatment with DXM 5 mg/kg. Protein load:
13 pg of total protein. (B) Expression of 11B-H5D2 calculated as a ratio of chemi-
luminescent signal to mg of protein. Results are expressed as mean values = SEM,
n=4.

(reflecting physiological concentrations [33]) and 200nM (supra-
physiological concentrations). 113-HSD2 conversion capacity was
influenced by both substrate concentration and GC pretreatment.
As in our previously published study [21], significant reduc-
tion in 113-HSD2 conversion capacity due to enzyme saturation
was observed at supra-physiological corticosterone concentration
inflow (conversion capacity=-40.2 + 8.3% and 16.3+4.3% at 50nM
and 200 nM corticosterone, respectively) (Fig. 3).

Pretreatment with DXM reduced 113-HSD2 conversion capac-
ity in a dose dependent manner (conversion capacity =302 +4%
and 17.2£3.2% at 0.2 mg/kg DXM and 5 mg/kg DXM, respectively)
(Fig. 3A). In BTM treated group of rats low doses did not affect the
conversion capacity of 113-HSD2, however, high doses of BTM lead
to significant reduction in corticosterone metabolism (conversion
capacity=-40.9+2.8% and 153 +4.9% at 0.2 mg/kg and 11.5mg/kg
BTM, respectively).

(A) corticosterone 50 nM

Conversion capacity (%)
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treated with high doses of DXM (conversion capacity - 4.3 £ 1.6%).

4. Discussion

Preservation of normal activity and expression of 11[3-
hydroxysteroid dehydrogenase type 2 (113-HSD2) in the placenta
is very important in the view of healthy development of a new indi-
vidual [34]. 11B-HSD2 forms an active component of the placental
barrier which controls the transplacental passage of glucocorti-
coids protecting the fetus against excessive GC exposure [35]. It
has been demonstrated that 113-HSD2 expression and activity is
regulated by a diversity of endogenous as well as exogenous sub-
stances [36-40]. Synthetic GCs, for example, have been recently
suggested to alter the expression and activity of placental 13-
HSD2 [26]. Taking into account that synthetic GCs, particularly,
DXM and BTM, are often administered to pregnant women to pre-
vent respiratory distress syndrome in premature babies [41], the
elucidation of the effect of GCs on 11 3-HSD2 expression and activity
is strongly demanded. Several studies using variety of experimen-
tal approaches have been employed to clarify the effect of synthetic
GCs on placental 113-HSD2 [23-25], however, no definite conclu-
sions have been drawn up to date.

We have recently investigated the effect of DXM and BTM on
113-HSD2 mRNA expression in the human choriocarcinoma Jeg3
cells [42]. 11B-HSD2 expression tended to decline with increasing
steroid concentration and incubation period, however, this trend
was not statistically significant. In the present study we followed
the effect of DXM and BTM pretreatment on expression and func-
tion of 113-HSD2 in the rat placenta. Our data show that antenatal
administration of DXM significantly enhanced the mRNA expres-
sion of rat placental 113-HSD2. This increase was apparent at both
low and high doses of DXM. The mechanism by which DXM induces
expression of 11-HSD2 was not examined in our study, however,
van Beek et al. proposed that this effect is caused by increased 115~
HSD2 transcription, enhanced mRNA stability and prolonged mRNA
half life mediated by activated glucocorticoid receptor [26].

Unlike DXM, antenatal BTM treatment did not cause any signif-
icant changes in 113-H5D2 mRNA level. These results suggest that
DXM and BTM differ in their tissue specific effects. The species-

(B) corticosterone 200 nM
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Fig. 3. The effect of GC pretreatment on 11-HSD2 conversion capacity in the rat placenta, Corticosterone was infused into the placenta via uterine artery at a concentration
of 50nM (A) or 200nM (B) and fetal effluent was sampled and assayed for corticosterone and 11-dehydrocorticosterone. Conversion capacity of 11B-HSD2 was calculated as
a ratio of 11-dehydrocorticosterone concentration to the concentration of total corticosteroids and expressed as a percentage of mean+SEM; *p<0.05, ***p<0.001
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specific variability in transactivation response to DXM and BTM has
been recently studied by Tanigawa et al. [43]. They documented
that esterified BTM had only partial transactivation agonistic activ-
ity mediated by rat glucocorticoid receptor when compared with
esterified DXM and non-esterified BTM and DXM. Since the injec-
tions applied to pregnant rats contain esterified DXM or BTM we
speculate that the lower transactivation effect of esterified BTM
may underlie the variation in gene transcription induction between
DXM and BTM.

Furthermore, the effect of GCs on placental 113-HSD2 protein
content has been investigated. BTM treatment has been recently
documented to stimulate 113-HSD2 expression in the baboon pla-
centa [25], however, in our study neither DXM nor BTM affected
the expression of 11B-HSD2 in the rat placenta at the protein
level. Inconsistencies between changes at mRNA and protein lev-
els have been previously described for other placental proteins
as well [44,45]. We assume that the processes involved in post-
transcriptional/translational regulation may mask the stimulatory
effect of DXM; nevertheless, detailed examination is needed to clar-
ify these observations.

Although, functional studies have demonstrated that the
net dehydrogenase activity in total rat placenta increases with
advanced pregnancy [16], the expression of 11B3-HSD2 declines
as term approaches [2122]. An opposite pattern of changes in
expression was found for 113-hydroxysteroid dehydrogenase type
1(113-HsSD1)[8]indicating that 11[3-HSD1 participates in placental
GC metabolism at term in the rat. Furthermore, it has been recently
reported that mRNA expression and reductase activity of placen-
tal 113-HSD1 is stimulated by cortisol and DXM [46,47]. In our
experiments, however, no changes in the expression of 113-HSD1
at mRNA level were observed in placentas of rats pretreated with
DXM or BTM. Nevertheless, since neither the protein content nor
functional activity of 113-H5SD1 were investigated in our study, the
overall effect of GCs treatmenton 11 3-HSD1 expression and activity
remains to be elucidated.

The impact of synthetic GCs on placental 11B-HSD2 has been
recently studied in rats [16], ovines [24], primates [25] and human
trophoblast cells in vitro [ 26]. However, direct evidence of the effect
of antenatal GC therapy on placental barrier function of 113-HSD2
hasnotbeen investigated to date. Thisis the first report showing the
influence of GCs on functional activity using perfused rat placenta.
We have previously established the in-situ technique of dually per-
fused rat placenta to study the placental corticosteroid metabolism
mediated by 11B-HSD2 [21]. This technigue enables us to inves-
tigate the effects of maternal drug administration on the placental
11B-H5D2 steroid metabolismwhich is not feasible in humans. Sur-
prisingly, our findings from in situ perfusion experiments did not
correspond with RT-PCR and Western blotting data; on the contrary,
functional studies revealed that both GCs are capable to signifi-
cantly impair the steroid metabolism within the rat placenta. The
administration of both doses of DXM and high doses of BTM caused
decreased corticosterone inactivation, allowing higher amounts of
corticosterone to reach fetal circulation. At physiological concentra-
tions of corticosterone (50 nM) the calculated conversion capacity
of 113-HSD2 was reduced by 24.9%, 57.5% and 62% at 0.2 mg/kg
DXM, 5mg/kg DXM and 11.5 mg/kg BTM, respectively. Similar pat-
tern of changes, although, less pronounced, was observed at 200 nM
corticosterone placental inflow.

The differences between expressional and functional experi-
ments observed in our study could be attributed to other interacting
factors such as the interference of 11B-HSD1, up-regulated by
GCs treatment. However, results from RT-PCR do not support this
hypothesis. Furthermore, in our previous study [21], no other
metabolites than 11-dehydrocorticosterone were detected in the
fetal effluent. Another possible factor affecting perfusion experi-
ments could result from the competition between corticosterone

and synthetic GCs on binding sites of 113-HSD2 which could result
in decreased conversion of corticosterone. However, in our exper-
imental setup, the selected placenta was initially washed out by
perfusion solution for 10 min before the collection of samples
started; subsequently no synthetic glucocorticoid was present in
the perfusion liquid during the perfusion experiment. Only trace
amounts of DXM or BTM could have remained in the placenta after
maternal pretreatment. Mevertheless, considering their short bio-
logical half lives (T;;; =2-3h) [48,49] it is evident that 24 h after
the last administered dose the level of steroids in the organism
is negligible. Therefore, interference of corticosterone with DXM
or BTM during perfusion studies can be ruled out. The discrepan-
cies between expressional and functional studies thus remain to be
elucidated; nevertheless, they strongly suggests that sole analysis
of expressional changes of 113-HSD2 at mRNA and/or protein lev-
els cannot reliably predict the role of GC treatment on 11B-HSD2
function in the placental barrier. Without functional studies, results
from real-time RT-PCR and Western blotting analyses could have
lead to a false conclusion that DXM and BTM administration has
only little impact on 113-HSD2 function in the placenta.

In conclusion, we show the effect of synthetic GCs, DXM and
BTM, on expression and function of placental 113-HSD2 in rats.
Our results reveal that only DXM but not BTM enhances 11B-HSD2
mRNA expression; however, no alterations in 113-HSD2 protein
content were detected. Despite the elevated expression observed
at mRNA level, antenatal GC administration considerably decreased
the metabolism of GCs in the perfused rat placenta enabling higher
amounts of corticosterone to reach the fetal circulation. The impair-
ment of corticosterone metabolism was apparent in both DXM and
BTM treated groups of rats. Finally, our observations highlight the
importance of functional analysis in the investigation of the effect
of GCs on placental barrier.
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Souhrn

Placenta je jedinecny organ zajistujici fadu vitalnich funkci, které jsou nezbytné pro
spravny prubéh téhotenstvi a vyvoj jedince. Vedle hlavni funkce pfisunu zivin,
odvodu zplodin metabolismu a vymény plyni plni placenta také tlohu endokrinni,
metabolickou a pifedevsim ochrannou. Placenta je povaZzovana za jednu z
fyziologickych bariér organismu, kterd zdsadnim zpisobem reguluje transport
endogennich i exogennich latek mezi dvéma kompartmenty - krevnim obéhem matky
a plodu.

Do nedavné doby se piedpokladalo, ze placentarni bariéru tvoii predevSim
bunééné vrstvy oddé€lujici krev matky a plodu - syncytiotrofoblast a endotel fetalnich
kapilar. V soucasné dob¢ se vSak stale vice ukazuje, ze vedle této mechanické slozky
se na placentarni bariéfe podili 1 slozka aktivni, realizovana c¢innosti efluxnich
transportéri. a  biotransformacnich  enzyml lokalizovanych ve  vrstvé
syncytiotrofoblastu. Efluxni transportéry jsou membranové proteiny, které aktivné
(za spotieby ATP) "pumpuji" Sirokou Skalu substrati ven z bunky. Kinetiku
transportu latek ptes placentu ovliviiuji zdsadnim zplsobem predev§im dva
transportéry: P-glykoprotein (P-gp) a “breast cancer resistant protein” (BCRP).
Oproti transportérim tvofi biotransformace latek v placenté pravdépodobné
minoritni, av§ak nezanedbatelnou slozku aktivni bariéry. Jedna se zejména o enzymy
cytochromu P450, konjugaéni enzymy II. fize metabolismu a enzymy uplatiujici se
v metabolismu steroidnich molekul.

V rémci této disertacni prace byly studovany ob¢ slozky aktivni placentarni
bariéry - transportni i metabolickd. Z efluxnich transportérii se nase pozornost
soustiedila na transportér BCRP jehoz expresi a aktivitu jsme studovali na modelu
placenty potkana v podminkach in-vitro a in-situ. Pfitomnost BCRP jsme potvrdili v
potkani placentarni bunécéné linii HRP-1 i v placenté potkana na konci biezosti a to
jak na trovni mRNA tak na Grovni proteinu s vyuzitim metod real-time RT-PCR,
Western blottingu a imunohistochemie. Paraleln¢ s BCRP jsme sledovali také expresi
P-gp, ktery byl detekovan pouze v placenté potkana, zatimco v bunééné liniit HRP-1
nebyl pritomen. Aktivitu BCRP v podminkach in-vitro jsme potvrdili s vyuzitim
fluorescencné znaceného substratu BCRP - BODIPY FL prazosinu a inhibitort
BCRP - GF120918 a Ko0143. V souladu s vysledky expresnich studii jsme v linii
HRP-1 nepozorovali Zadnou aktivitu P-gp. Daéle jsme studovali vliv BCRP na
farmakokinetiku transportu l1éCiv ptfes placentarni bariéru s vyuzitim dudlni perfize

placenty potkana in-situ. Jako modelovy substrat BCRP jsme zvolili cimetidin, jehoz
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pruchod pies placentu jsme sledovali jak v matero-fetalnim tak feto-maternalnim
sméru. Pro ovéteni BCRP specifického transportu byly pouzity inhibitory BCRP -
GF120918 a fumitremorgin C. S pomoci tohoto modelu se ndm podatilo prokazat, ze
BCRP hraje v kinetice piestupu latek ptes placentu dvoji roli: 1) omezuje prachod
substratt z krve matky do plodu a 2) aktivné urychluje vylucovani léciva jiz
ptitomného v krvi plodu.

V dalsich dvou studiich jsme se zaméfili na sledovani exprese a aktivity
enzymu 11B-hydroxysteroid dehydrogenazy (11B-HSD) jako feto-placentarni bariéry
pruchodu glukokortikoidti (GK) z krve matky do plodu. Prvni prace se zabyva roli
placentarni 11B-HSD v metabolismu GK v pribéhu biezosti potkana a dale vztahem
mezi aktivitou placentarni a fetdlni 11B-HSD a jejich vlivem na pomér mezi
aktivnimi a neaktivnimi formami GK v krvi plodu. Nejprve byl sledovan profil
exprese a aktivity placentarni 11B3-HSD typu 1 a 2 mezi 13. a 21. dnem bfezosti
potkana. U obou typt placentarni 113-HSD byl pozorovan pokles v expresi, avsak s
odlisnym profilem. Zatimco hladiny mRNA 11B3-HSD1 nejprve prudce poklesly
mezi 13. a 14. dnem bfezosti a poté zistavaly viceméné konstantni, exprese 1103-
HSD2 v posledni tfetin¢ gravidity pozvolné klesala a vzdy ptevazovala nad
11B-HSD1. Pokles 11B-HSD2 v placenté¢ ke konci posledniho trimestru byl dale
potvrzen i na Urovni proteinu. Pokles exprese 11B-HSD1 byl doprovazen také
poklesem jeji aktivity. Oproti tomu, NAD" dependentni dehydrogenazové aktivita
11B-HSD2 analyzovana v tkanovych homogenatech se ke konci gravidity zvySovala.
Tyto vysledky naznacuji existenci posttranslacniho regula¢niho mechanismu, ktery
ovlivituje aktivitu placentarni 11B-HSD2. Ze studia aktivity 113-HSD2 v pfitomnosti
dithiotreitolu in-situ vyplynulo, Ze tento mechanismus je pravdépodobné odlisny od
procesu aktivace a deaktivace 11B-HSD2 reverzibilni dimerizaci. Dale jsme sledovali
hladiny kortikosteronu a 11-dehydrokortikosteronu v krvi plodu a porovnavali je s
aktivitou placentarni a plodové 11B-HSD. Z vysledkd vyplyva, ze na regulaci
metabolismu GK a jejich hladin v krvi plodu se vyznamné podili aktivita plodové
11B-HSD a to predevsim ke konci gravidity.

V nasledujici praci jsme se zabyvali vlivem prenatalné podavanych
syntetickych steroidii (dexametazonu a betametazonu) na expresi a konverzni
kapacitu placentarni 118-HSD typu 2. Ke studiu byl opét pouzit model potkani
placenty. GK byly podavany biezim samicim ve dvou riznych davkach (nizka nebo

vysoka) v pribéhu 16. - 20. dne biezosti. Exprese 113-HSD v placentach odebranych
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21. den bfezosti byla analyzovana S pomoci metod real-time RT-PCR a Western
blottingem. Konverzni kapacita 113-HSD2 byla hodnocena pomoci dualni perfiuze
placenty potkana, jako modelovy substrat pro 113-HSD2 byl pouzit kortikosteron.
NaSe vysledky ukazaly, Zze ackoliv Vvliv prenatalni terapie syntetickymi GK na
expresi 11B-HSD je minimalni nebo, v piipadé¢ dexametazonu, omezeny na
transkripéni troven, konverzni kapacita tohoto enzymu je obéma podavanymi GK
vyznamné snizena. NaruSeni placentarni bariéry tvoiené 11B-HSD2 jsme
zaznamenali nejen u vysokych davek GK, ale také u nizkych davek dexametazonu.
Tato pozorovani naznacuji, ze syntetické steroidy ovliviiuji aktivitu 11B-HSD2
pfedev§im na posttranslacni Grovni. Nase vysledky také zdlraznuji vyznam
funk¢nich studii pti hodnoceni vlivu exogennich latek na aktivitu enzymu placentarni

bariéry.
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Placenta is a unique organ which ensures a number of vital functions
necessary for normal course of pregnancy and development of a new individual. In
addition to its main function of oxygen supply and nutrient and waste product
exchange, placenta also serves as an endocrine, metabolic and protective organ.
Placenta is considered to be one of the physiological barriers of the organism which
regulates transport of both endogenous and exogenous compounds between two
compartments - maternal and fetal blood circulations.

Up to recently, the placental barrier was supposed to be formed only by
cellular layers which separate maternal and fetal blood - syncytiotrophoblast and
fetal capillary endothelium. However, it has been demonstrated that the activity of
placental efflux transport proteins and metabolic enzymes contributes considerably to
the protective function of placental barrier. Efflux transporters are membrane
proteins which actively (along with consumption of ATP) "pump" a diversity of
substrates out of the cell. It has been shown that the kinetics of transport of various
substances across the placenta is affected predominantly by two transporters: P-
glycoprotein (P-gp) and breast cancer resistance protein (BCRP). Compared to these
transporters, placental biotransformation enzymes are considered to be a minor, but
an important part of active placental barrier. Several placental enzymes were
suggested to have an impact on the kinetics of transplacental passage of various
molecules. These are in particular: cytochrome P450 enzymes, conjugation enzymes
of phase Il. metabolism and enzymes involved in biotransformation of steroid
molecules.

In this work both components of the active placental barrier - transport and
metabolic - were studied. From the group of efflux transporters we focused on BCRP
transporter whose expression and activity was studied using a model of the rat
placenta in-vivo and in-situ. The presence of rat BCRP mRNA and protein were
confirmed in both rat placental trophoblast cell line HRP-1 and the rat placenta at the
end of pregnancy. Simultaneously, we analyzed the expression of P-gp which was
detected in the rat placenta but not in HRP-1 cell line. Activity of BCRP in-vitro was
confirmed in accumulation studies with fluorescently labeled substrate of BCRP-
BODIPY FL prazosine. In consistence with the results of expression studies no
activity of P-gp was observed in the HRP-1 cell line. Furthermore, we investigated
the impact of BCRP activity on the pharmacokinetics of drug transport across the

placenta using dually perfused rat placenta. Transport of a model substrate of BCRP

66



Summary

- cimetidine - was studied in both materno-fetal and feto-maternal directions. To
verify the specifity of BCRP-mediated transport two BCRP inhibitors GF120918 and
fumitremorgin C were used. Our results demonstrated that BCRP plays two distinct
roles in the kinetics of placental transport of drugs: 1) reduces the passage of drugs
from the mother to the fetus and 2) actively accelerates the excretion of the drug
already present in the fetal blood.

In the following two studies we investigated the expression and activity of the
enzyme 11B-hydroxysteroid dehydrogenase (11B-HSD) which acts as a placental
barrier to endogenous glucocorticoids (GC). In the first work we explored the role of
placental 11B-HSD in the metabolism of GC in the course of rat pregnancy and the
relationship between placental and fetal 11B3-HSD activities and their effect on the
ratio of active and inactive forms of GC in the fetal circulation. At first the
expression and activity profiles of placental 113-HSD type 1 and 2 during 13. and
21. day of pregnancy were studied. Expression of both types of 113-HSD decreased
at the end of pregnancy, however with different profiles. Dramatic decrease of
mRNA levels of 11p-HSD1 was observed between 13. and 14. day of pregnancy
followed by smaller reduction towards term. On the contrary, 113-HSD2 was more
abundantly expressed and decreased slowly from 13. to 21. day of gravidity. Decay
of placental 11B-HSD2 in the last third of pregnancy was further confirmed on
protein level. The decrease in 113-HSD1 expression was followed by the drop in its
activity. In contrast, an increase in NAD"-dependent dehydrogenase activity of 11p-
HSD2 was found in placental homogenates. These observations suggest the existence
of an unknown posttranslational regulation mechanism which affects the activity of
placental 113-HSD2. The results from the functional studies with dithiotreitol in-situ
revealed that this mechanism is presumably distinct from the process of activation
and deactivation of 113-HSD2 by reversible dimerization. Furthermore, the levels of
corticosterone and 11-dehydrocorticosterone in the fetus were investigated and
correlated with the activity of placental and fetal 113-HSD. The results suggest that
the activity of fetal 113-HSD participates considerably on the regulation of GC levels
in fetal blood, particularly at the end of pregnancy.

In the following study we examined the impact of antenatal GC
administration on expression and conversion capacity of placental 113-HSD type 2.
Again rat placenta was chosen as an experimental model. Synthetic GC

(dexamethasone and betamethasone) were administered to pregnant rats in two doses
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(low or high) during 16. and 21. days of pregnancy. The expression of 11-HSD in
term placentas was analyzed by real-time RT-PCR and Western blotting. Conversion
capacity was assayed by dually perfused rat placenta in-situ with corticosterone as a
model substrate of 11B-HSD2. Our results showed that although the impact of
antenatal steroid therapy on expression of 113-HSD?2 is negligible or, in the case of
dexamethasone, limited to transcriptional level, conversion capacity of this enzyme
is considerably decreased. The alteration in placental GC barrier was apparent not
only at high doses of GC but also at low doses of dexamethasone. These observations
suggest that synthetic steroids modulate the activity of 113-HSD2 on the post-
translational level. Furthermore, these results highlight the importance of functional
analysis in the investigation of the effects which various exogenous compounds

could have on the activity of placental enzymes.
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