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Seznam pouzitych zkratek

Seznam pouzitych zkratek

ABC ,»ATP binding cassette* - transportéry vazici ATP

BCRP ,,Breast cancer resistance protein‘ — transportér

BSEP ,.Bile salt export pump* — transportér

CAR ,,Constitutive androstane receptor* — nuklearni receptor

CYP Isoformy cytochromu P450

FXR »Farsenoid X receptor* — nuklearni receptor

GST Glutathion-S-transferazy — enzymy Il. faze biotransformace

IL-1B Interleukin 1B

IL-6 Interleukin 6

MDR ,»Multidrug resistance proteins* — podrodina ABC transportért

MRP ,Multidrug resistance-associated proteins“ — podrodina ABC transportért
NTCP ,Na'-taurocholate cotransporting polypeptide“ — polypeptid transportujici

organické anionty

OAT ,Organic anion transporter* — transportéry organickych aniont

OATP ,»Organic anion transporting polypeptide® — polypeptidy transportujici organické
anionty

OoCT ,»Organic cation transporter — transportéry organickych kationt

OSTa/B ,»Organic solute transporter o/p* — transportéry organickych aniontii

PBC Primarni biliarni cirhéza

P-gp P-glykoprotein (MDR1)

PSC Primarni sklerotizujici cholangitida

PXR »Pregnane X receptor — nuklearni receptor

RT-PCR ,Reverse transcriptase — polymerase chain reaction®

SLC »Solute carrier” — rodina transportnich proteint

SULT Sulfotransferazy — enzymy II. faze biotransformace

TNF-a ,,Jumor necrosis factor o

UGT Uridin difosfat-glukuronosyltransferazy — enzymy II. faze biotransformace

Poznamka

V textu mohou byt proteiny oznaceny velkymi nebo malymi pismeny v ndvaznosti na soucasnd
doporuceni, ktera pouzivaji velka pismena u lidskych genii/proteinii a mala pismena u zvirecich

ekvivalentii.
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1. Morfologicka struktura a funkce jater

Jatra patfi mezi zivotné dilezité organy. Jsou nejveétSim organem lidského téla,
ktery zaujima cca 1/50 celkové té€lesné hmotnosti dospélého ¢loveéka (1200-1400 g u zen
a 1400-1800 g u muzi). Kromée tvorby a sekrece zluc¢i maji fadu metabolickych, zasobnich
a endokrinnich funkci. Stézejni je uloha jater ve vychytavani, detoxikaci a exkreci

endogennich a exogennich latek véetné 1é¢iv (Kuntz E. and Kuntz H.-D., 2008b).

1.1. Morfologicka struktura jater

Jaterni tkan je tvofena tramci jaternich bunék (hepatocytt). Jaterni tramce jSou
obvykle tvofeny dvéma fadami tésn€ k sob¢ priléhajicich hepatocytl, které se hvézdicovite
sbihaji k centralni véné. Mezi tramci probihaji krevni kapilary, tzv. jaterni sinusoidy,
kterymi protékd smiSena krev z vétvi portdlni vény a jaterni artérie do centralni vény.
Portalni véna piivadi do jater 60—70 % krve svysokym obsahem Zivin, ale nizkym
obsahem kysliku. Naopak jaterni artérie dodava krev bohatou na ob¢ slozky. Uspotradani
hepatocytli v tramcich je takové, ze kazdy je alespon z jedné strany v kontaktu s krvi
sinusoidu ptes Disseho prostor. Stény sinusoidt jsou fenestrované, coz ma vyznam pro

transport latek. Céast hepatocytu, ktera neni v kontaktu s Disseho prostorem, tvoii sténu

zlucové kapilary a na ni navazujiciho itralobularniho Zlu€ovodu (Obr. 1) (Kuntz E. and

Kuntz H.-D., 2008b;Mares J., 2003).
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Obr. 1. Schéma struktury jater znazorfiujici tok krve a Zluéi v jaternim lalicku. Krev protéka sinusoidy
z vétve portalni vény do centralni vény (tzn. z periferie do centra lalic¢ku). Tok zlu¢e smétuje z centra
lalacku do zlu€ovodi na periferii. — tok arteridlni krve z jaterni artérie; —» tok vendzni krve z portalni
vény; —» tok smiSené krve;—» tok Zluce. Pievzato a upraveno z Van De Graaff K. (2001).

Mezi endotelovymi buiikami jaternich sinusoid jsou vmezefeny makrofagy, tzv.
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Kupfferovy buiiky (neparenchymové buniky tvotici priblizné 25-30 % celkové bunééné
populace jaterni tkan€). Tyto buiiky jsou soucasti mononuklearniho fagocytarniho systému,
ktery pohlcuje latky s potenciondlné toxickymi ucinky ptivadéné do jater portalni krvi,
atak brani jejich ptenosu do systémové cirkulace. V Disseho prostoru se také nachazeji
hvézdicovité buiky stiadajici tuk a vitamin A, oznacované jako lipocyty neboli Itovy
buiiky (Obr. 2).

Hepatocyty

Pl

Vr.ldo.telové
bunky

Kubfferovy
culilcy Jaterni sinusoid

Obr. 2. Schématické znazornéni jaterniho sinusoidu. Pfevzato a upraveno z www.medspace.com.

Zékladni morfologickou jednotku jater pfedstavuje jaterni lalicek (lalticek
centralni vény - lobulus venae centralis), ktery je tvofen tramci jaternich bunék sbihajicich
se k centralni vén¢ (Obr. 3). Jaterni lali¢ek ma tvar nepravidelného Sestibokého hranolu se
zaoblenymi sténami. Na periferii lali¢ku jsou umistnény vétve jaterni artérie (arteria
interlobularis), portalni vény (vena interlobularis) a interlobularni zlu¢ovod, které tvofii
jaterni trias (portobiliarni prostor) (Kuntz E. and Kuntz H.-D., 2008b;Sviglerova J. and
Slavikova J., 2008).

Zékladni funkéni jednotku jater tvofi primarni jaterni acinus (Obr. 3), ktery je
usporddan podél osy tvofené jaterni arteriolou, portdlni venulou, Zlu¢ovodem
a lymfatickou cévou. Jaterni acinus je rozdélen do tii zon podle vzdalenosti od cév v 0se
laltcku:

= zona 1, periportalni - lokalizovana v centru acinu, zasobena krvi s vyS$im
obsahem kysliku a hrajici zasadni ulohu v oxidaci latek (napf. mastnych kyselin),
glukoneogenezi, ureagenezi, syntéze bilkovin, cholesterolu a zlu¢ovych kyselin

a zneSkodnéni n€kterych toxint konjugaci se siranovym aniontem,
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» zbna 2, intermedialni — pfechodna zoéna mezi prvni a tfeti zonou,
= zobna 3, pericentralni — lokalizovdna na periferii acinu, zadsobena krvi s nizSim
obsahem kysliku a majici klicovou ulohu v redukénich reakcich, v glykolyze,
lipogenezi, oxidaci cytochromem P450 a konjugaci s glutathionem a kyselinou
Jelikoz intermedialni zona nema zadné funkcni rozhrani, predpoklada se, ze jedna
polovina této zony by mohla byt pfifazena zoné 1 a druhd polovina k zo6n¢ 3. Na fezu ma
jaterni acinus piiblizné tvar dvou trojuhelnikd pfivracenych k sobé zakladnami (Obr. 3)
(Kuntz E. and Kuntz H.-D., 2008b;Sviglerova J. and Slavikova J., 2008;Newsholme, et al.,
2003).

T ————

Obr. 3. Schéma jaterniho lali¢ku (vymezen pferuSované) a primarniho jaterniho acinu (znizornén
plnou ¢arou). PBP — portobiliarni prostor (jaterni trias), CV — centralni véna, 1 — periportalni zona, 2 —
intermedialni zona, 3 — pericentralni zéna. Pievzato a upraveno z Sviglerova J. a Slavikova J. (2008).

1.1.1. Hepatocyty

Hepatocyty jsou polarizované epitelidlni buniky o velikosti 2040 pm. Zaujimaji
80 % objemu jater a 60-65 % celkového poc¢tu bunék jater. Na povrchu hepatocytt, ktery
sméfuje do Disseho prostoru, je vyvinuto velké mnozstvi mikroklkt, které vyznamné
zvétSuji plochu pro intenzivngj$i vyménu latek mezi krvi a hepatocyty. Hepatocyty
obsahuji jadro, které obklopuje cytoplazma s cetnymi ribozomy, endoplazmatickymi
retikuly, Golgiho aparatem, mitochondriemi, ale také lysozomy a peroxizomy. Povrch
hepatocytu tvoii bunééna membrana, kterou lze rozdélit na dvé morfologicky a funkéné
odligné ¢asti (Kuntz E. and Kuntz H.-D., 2008b). Ptiblizné 85 % celkového povrchu jaterni
buiiky predstavuje sinusoidalni (bazolateralni) membrana s absorpcni a sekrecni funkeci.
Je privracend do Disseho prostoru a zajistuje piimy kontakt mezi hepatocyty a krvi
jaternich sinusoid (pfes fenestrace endotelovych sinusoidalnich bunék a Disseho prostory).
V jaternich sinusoidech vznika koncentracni gradient, po sméru kterého se latky dostavaji

do hepatocytl pres jejich bazolateralni membranu. U latek s vyssi rozpustnosti v tucich
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amensi molekulou je tento proces realizovan zejména pasivni diftizi, zatimco u latek
s vétsi molekulou, nebo latek polérnich je zprostiedkovan prostfednictvim transportniho
proteinu. Kanalikularni (apikalni) membrana tvoii 15 % celkového povrchu hepatocytu.
Predstavuje exkrecni pdl hepatocytu a vytvaii lem zlu€ového kanalku. Exkrece do zluci

probiha v tomto misté proti vysokému koncentracnimu gradientu.

H,0

1. Gap-junctions

2. Tight-junctions

3. Perikanalikularni sit
aktin-myosin

4. Transcelularni transport

H,0

Obr. 4. Bunécna komunikace Vv hepatocytech. ,,Gap-junctions® usnadiuji intercelularni komunikaci
(napt. pres difuzi sekundarnich poslt, modré Sipky), ,.tight junctions uzaviraji kanalikularni lumen a
bréani tak navratu slozek zlu¢i do plazmy. Kanalikularni Zlu¢ vznikd osmotickou filtraci vody a malych
elektrolytt (Cervené Sipky) pfes hepatocyty a té€sné spoje jako odpovéd’ na osmoticky gradient
vytvofeny aktivnimi transportnimi systémy. Perikanalikularni sit’® aktin—-myosin zprostfedkovava
kanalikuldrni kontrakce, které usnadiiuji tok Zluce z pericentralniho do periportilniho regionu.
Transcelularni na mikrotubulech zavisly vezikularni transport zajistuje prenos makromolekul a
rozpusSténych latek (Gerna Sipka). Pfevzato a upraveno z Trauner, et al. (1998).

Hranice mezi bazolateralni a kanalikularni membranou tvofi mezibunécné spoje
typu ,.tight-junctions® (tésné spoje), které uzaviraji kanalikularni lumen a brani tak
navratu slozek zlu¢i do plazmy (Kuntz E. and Kuntz H.-D., 2008b;Sviglerova J. and
Slavikova J., 2008; Trauner, et al., 1998). Hepatocyty dale obsahuji ,,gap-junctions®, které
usnadiuji intercelularni komunikaci (napt. skrze difazi sekundarnich poslu, Sifeni akéniho
potenciadlu). Oba typy spojeni hepatocytl vytvéieji tzv. hematobilidrni bariéru, ktera
spole¢né s transportnimi procesy V hepatocytech tidi tvorbu Zluce. Je prokazano, ze tésné
spoje reguluji pohyb ionti, vody a rozpusténych latek paracelularnimi prostory mezi
hepatocyty, a proto pii jakémkoliv transportu 1é¢iv do zluce je nutno soucasné uvazit i
funkénost dané bariéry. Pro zachovéni strukturdlni a funk¢ni integrity hematobilidrni
bariéry je dulezita perikanalikularni sit’ aktin—-myosin, ktera zprostiedkovava kanalikularni

kontrakce a usnadnuje tok Zzluce z pericentralniho do periportalniho regionu. Pienos
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makromolekul a rozpusténych latek je v hepatocytech zprostiedkovan transcelularni cestou
(Obr. 4) (Crawford, 1996;Trauner, et al., 1998).

1.2. Funkce jater

Mezi zakladni funkce jater patii metabolizmus sacharidi, lipidi a proteind, tvorba
a sekrece zIuci, imunitni, endokrinni a zasobni funkce, detoxikace a exkrece latek, syntéza
hemokoagula¢nich faktort, tvorba a zanik Cervenych krvinek. Soucasné jsou jatra také

krevnim rezervoarem, jelikoZ jaterni cévy obsahuji ptiblizné 450 ml krve.

1.2.1. Prehled zakladnich funkci jater

Metabolizmus sacharidi. Jatra jsou vyznamnym organem regulace metabolizmu
sacharidl. Udrzuji plazmatickou koncentraci glukozy ve fyziologickych mezich. V ptipadé
potieby jsou schopna vychytavat az 87 % glukézy dodané portalni krvi. Pro udrZeni
glukézové homeostazy zajist'uji:

= glukoneogenezi,

= glykolyzu,

» skladovani glykogenu,

= glykogenezi,

» glykogenolyzu (Graham, 2009;Raddatz and Ramadori, 2007;Voet D. and Voetova

J.G., 1995).

Metabolizmus lipidia. V metabolizmu lipidi zastavaji jatra riizné funkce:

= vychytdvani, f-oxidace a pfeména volnych mastnych kyselin,

* syntéza ketolatek jako zdroje energie pii hypoglykémii,

» syntéza plazmatickych lipoproteint,

* preména lipoproteind,

= katabolizmus LDL (,low density lipoprotein®), VLDL (,very low density

lipoprotein®) a chylomikronovych zbytk,

» syntéza a odbourdvani cholesterolu,

= liponeogeneze (Canbay, et al., 2007;Voet D. and Voetova J.G., 1995).

Metabolizmus aminokyselin a proteini. Aminokyseliny jsou distribuovany do svali
(80 %), jater (15 %) a plazmy (5 %). Podil volnych aminokyselin je pouze 0,5 %. V jatrech
dochazi k degradaci vsech esencialnich aminokyselin kromé leucinu, izoleucinu a valinu,
které jsou rozkladany ve svalech. V jatrech probiha:

= deaminace aminokyselin,

12
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= tvorba mocoviny zCO; a dvou molekul amoniaku vzniklého pifi deaminaci
aminokyselin,

* vyziajemna pieména aminokyselin,

= tvorba plazmatickych bilkovin vyjma imunoglobulinii, syntéza transportnich
proteinti — albumin, ceruloplasmin, haptoglobin, globulin vazajici tyroxin, globulin

vazajici retinol, transkobalamin, transferin aj. (Kuntz E. and Kuntz H.-D.,

2008a;Voet D. and Voetova J.G., 1995).

Metabolizmus Zlucovych kyselin. Primarni zlucové kyseliny (kyselina cholova
a chenodeoxycholovd) vznikaji v hepatocytech jako degradacni produkty cholesterolu
¢innosti mikrozomalnich, peroxizomdlnich a mitochondridlnich enzymu. Zde jsou
konjugovany s taurinem a glycinem. Cinnosti anaerobnich mikroorganizmi v ileus, caecus
acolon jsou primarni zluéové kyseliny konvertovany na sekundarni zlucové kyseliny
(kyselina deoxycholovd, lithocholovd a ketolithocholova). Nésledné je kyselina
lithocholovd enzymaticky konvertovdna na kyselinu sulfolithocholovou v jatrech
a kyselina ketolithocholova je pfeménéna na kyselinu ursodeoxycholovou v jatrech i ve
stievé. VétSina zluCovych kyselin podléha enterohepatalni cirkulaci (cca 90 %
secernovanych Kkyselin do Zluce). Pouze mala ¢ast téchto kyselin se nevstifebava ve stieveé
a je vyloucena z organizmu stolici (Hofmann, 1990;Kuntz E. and Kuntz H.-D., 2008a;Voet
D. and Voetova J.G., 1995).

Metabolizmus bilirubinu. Bilirubin vznikéd degradaci hemu =z rozpadlych
erytrocyti v jatrech (hepatocyty, Kupfferovy bunky), slezing, ledvinach a kostni dfeni.
Jedna se o nepolarni, ve vodé nerozpustnou, lipofilni latku, ktera je pro organizmus
potencidlné toxicka (Mare§ J., 2003). Ve vazb¢ na plazmaticky albumin je transportovan
pies sinusoidalni membranu do hepatocyti prostfednictvim Na'-zavislého transportniho
proteinu NTCP (,,Na'-taurocholate cotransporting polypeptide®) a Na'-nezavislych
transportéric z rodiny OATP ("Organic anion transporting polypeptide™). V hladkém
endoplazmatickém retikulu hepatocytu dochazi k jeho konjugaci s kyselinou glukuronovou
za ucasti enzymu glukuronyltransferdzy. Nasledné¢ vznikd ve vod€é rozpustny
bilirubindiglukuronid, ktery je vylucovan nadrodinou MRP (,,Multidrug resistance-
associated protein®) transportérii pies kanalikularni membranu hepatocyti do Zzluce
(Konradova V., et al., 2000).

Metabolizmus porfyrinu. Porfyriny jsou prostetickou skupinou hemoproteint,
které zahrnuji napf. hemoglobin, myoglobin, cytochromy, oxygenazy, katalazy aj.

K syntéze hemu dochazi piedev§im v kostni dieni (80-85 %) a v jatrech (15 %), pricemz
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dv¢ tfetiny hemu vytvofeného v mitochondriich jater jsou vyuzity pro tvorbu cytochromu
P450 (Kuntz E. and Kuntz H.-D., 2008a).

Endokrinni funkce. Jatra pfispivaji k udrzeni hormonalni homeostazy, ale na
druhou stranu jsou jimi i ovliviiovany. Mezi tyto hormony patii inzulin, glukagon,
katecholaminy, glukokortikoidy, androgeny, estrogeny a progesteron. Jatra mimo jiné
zasahuji také do metabolizmu vitaminu D prostiednictim hydroxylace cholekalciferolu
(vitamin D3).

Zasobni funkce. Jatra jsou rezervoarem vitaminu A, D a B12, iontd médi a Zeleza,
které se vyskytuje ve form¢ feritinu a hemosiderinu (Kuntz E. and Kuntz H.-D.,
2008a;Sviglerova J. and Slavikova J., 2008).

1.2.2. Eliminace lé¢iv v jatrech

Jatra jsou centralnim orgédnem zaji$t'ujicim metabolizmus endogennich latek (napf.
zluéovych kyselin, bilirubinu) a xenobiotik (alkoholu, 1é¢iv, toxind aj.), tak i jejich
naslednou exkreci do zlu¢e. Tomu odpovidda bohatd enzymova vybava a ptitomnost
Sirokého spektra transportnich proteint. Jednotlivé d&je probihaji v kaskadé: vychytavani
do jater — metabolizmus — eflux zjater (Funk, 2008). Latky jsou do jater piivadény
pfedevs§im prostfednictvim portalni cirkulace, ktera tvoii cca 60—70 % krevniho zésobeni
tohoto organu.

Pti diftzi, resp. transportu v intracelularnim prostoru se dostavaji latky do kontaktu
S enzymovymi systémy, které se ujimaji jejich biotransformace na dané metabolit/y. Jaterni
metabolizmus probiha ve dvou fazich.

= Faze I je zalozena na fad¢ reakci (oxidace, redukce, hydrolyza), jejiz podstatou je
mala zména ve struktufe molekuly lé¢iva (dealkylace, hydroxylace, oxidace,
deaminace, hydrolyza). Utelem téchto reakci je zvyseni hydrofility latek nebo
odhaleni nukleofilnich skupin (-OH, -NH, -SH, -COOH) pro nasledné konjugacni
déje. Zékladnim enzymovym systémem této faze jsou isoformy cytochromu P450.

Na I. fazi biotransformace 1éCiv se mohou podilet také napi. esterazy (napf.

pseudocholinesteraza), oxiddzy (napf. xantinoxiddza), nebo reduktazy (napf. epoxid

reduktaza).

= Faze II spociva v konjugaci matetské latky nebo jejiho metabolitu s produkty
intermediarniho metabolizmu: kyselinou glukuronovou, glutathionem, siranovym
aniontem, kyselinou octovou, nebo nekterymi aminokyselinami (glycinem,

glutaminem). Tomu odpovida bohata enzymova vybava, pifedevsim vysoky obsah
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UGT (UDP-glukuronosyltransferazy), GST (glutathion-S-transferazy), SULT
(sulfotransferazy) a NAT (N-acethyltransferazy) v jatrech (Evans and Relling,
1999;Strolin and Baltes, 2003;Zamek-Gliszczynski, et al., 2006).

Nasledné opousti 1é¢ivo, popt. jeho metabolity hepatocyty bud’ prostiednictvim
zpétného transportu do krve, ktery probihd po sméru koncentraéniho gradientu, nebo je
vyluCovano do zZluce vétsinou proti koncentracnimu gradientu. Tento proces je uskutecnén
prostfednictvim jednosmérnych, ABC transportéri (,,ATP binding cassette proteins®),
které jsou lokalizovany na kanalikularni membrané a jejichz funkce je zavisla na dodavce

energie ve form¢ ATP (Funk, 2008).

2. Transport 1éCiv v jatrech

Jatra se podileji na metabolizmu a/nebo exkreci mnoha endogennich a exogennich
latek. Lipofilni molekuly se mohou pohybovat z plazmy do jaterniho cytosolu prostou
nebo facilitovanou difiizi. Rada polarnich organickych latek stejné jako lipofilnich molekul
je nicméné transportovana prostfednictvim transportnich proteini lokalizovanych na
bazolateralni membrané hepatocytli. Do tohoto procesu se zapojuji predevSim transportéry
ze skupiny SLC (Obr. 5). Jednosmérné nebo obousmérné bazolateralni transportni systémy
prendsi své substraty z jaterniho cytosolu do krve, zatimco kanalikuldrni transportni
systémy zajisStuji biliarni exkreci endogennich latek, 1éCiv a jejich metabolitd. Zde se
uplatiuji predev§im ABC transportéry, které exportuji své substraty do zluce proti
koncentratnimu gradientu, ¢imz snizuji koncentraci svych substratd v hepatocytu
a pripravuji koncentracni gradient na bazolaterdlni membrané (Faber, et al., 2003). ABC
transportéry lokalizované na bazolaterdlni membrané hepatocyti (MRP1, MRP3-6 -
,»Multidrug resistance-associated protein 1, 3-6%) zvysuji svoji expresi béhem riznych
jaternich onemocnéni (napf. pii cholestaze) a vedou ke zvySenému exportu latek
Z hepatocytl do krve, ¢imz jednak chrani hepatocyty pfed toxickym vlivem kumulujicich
se latek ajednak pfispivaji k pfesméfovani sniZzené jaterni exkrece na exkreci rendlni

(Trauner and Boyer, 2003).
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Obr. 5. Transportni proteiny na membranach hepatocyti. Léiva jsou vychytavana do hepatocyti
NTCP (,,Na+-taurocholate cotransporting polypeptide™) transportérem a skupinou OATP (,,Organic
anion transporting polypeptide®) transportérii na bazolaterdlni membrané hepatocytu. OAT2 zajistuje
vychytavani latek charakteru organickych aniontd a OCT1 latek charakteru organickych kationtd
s mensi molekulou. Transport do zluce je zprostiedkovan kanalikuldrnim BSEP (,,Bile salt export
pump*), MRP2 (,,Multidrug resistance-associated protein 2) a BCRP (,,Breast cancer resistance
protein®) proteinem. MDR3 (,,Multidrug resistance protein 3°) pienasi fosfatidylcholin, ktery vytvaii ve
zluci smiSené micely spole¢né se Zlu¢ovymi kyselinami a cholesterolem. MDR1 (,,Multidrug resistance
protein 1%) transportuje 1é¢iva charakteru organickych kationtd. MRP1, MRP3, MRP4, MRP5 a MRP6
(,,Multidrug resistance-associated protein 1, 3, 4, 5 a 6°) a OSTo/B (,,Organic solute transporter o/f3*)
lokalizované na bazolateralni membrané hepatocytu piedstavuji alternativni cestu exkrece zlu¢ovych
kyselin a dalSich latek charakteru organickych anionti do systémové cirkulace. Pfevzato a upraveno

ze Zollner a Trauner (2006).

2.1. Bazolateralni transportni proteiny
Transportni systémy lokalizované na bazolaterdlni (sinusoiddlni) membrané
hepatocytti slouzi pro obousmérny pohyb 1éCiv mezi krvi a hepatocyty. Piehled

bazolateralnich transportérti a seznam jejich zakladnich substratii znazornuje Tab. 1.

2.1.1. NTCP

NTCP (,,Na'-taurocholate cotransporting polypeptide*; Slc10A1) je bazolateralni
transportér, ktery piendsi z portalni krve konjugované zlu¢ové kyseliny a S nizsi afinitou
i nekonjugované. Hnaci silou je kotransport Na* s taurocholatem v poméru 2:1 (Meier, et
al., 1997). Substraty pro NTCP jsou piedevsim Zlucové kyseliny, avSak jeho vyznam pro
kinetiku 1é¢iv je maly.
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2.1.2. OATP

OATP (,,Organic anion transporting polypeptide”; SLCOI1A) pienasece
reprezentuje rodina proteintt s vyznamnou ulohou pro transport 1é¢iv. Funkce téchto
transportérii je nezavisla na piitomnosti Na*. Tyto proteiny zprostiedkovavaji obousmérny
transport latek, kdy hnaci silou muze byt protitransport bikarbonatu, glutathionu a/nebo
glutathion-S-konjugatu (Hagenbuch and Meier, 2004;Li, et al., 2000). Do soucasnosti bylo
identifikovano vice nez 50 clenu této skupiny, z kterych je exprimovano u C¢loveéka 11.
Mezi nejdalezitéjsi zastupce této rodiny transportéri patii OATP1A2 (SLCO1A2),
OATP1B1 (SLCO1B1), OATP1B3 (SLCO1B3) a OATP2B1 (SLCO2B1). OATP1B1 je
hlavnim transportnim proteinem pro vychytdvani 1éCiv v jatrech. VSechny vyse zminéné
transportéry kromé OATP2B1 se ucastni prenosu Zlucovych kyselin do hepatocytl
(Kullak-Ublick, et al., 2001). Substratova specifita téchto transportért je Siroka a kromé
spektra organickych aniontd zahrnuje i latky bazické povahy s vétsi molekulou (kationty

I1. typu, napf. chinidin) a neutralni steroidy — Tab. 1 (Hagenbuch and Gui, 2008).

2.1.3. OAT

Rodina SLC22A (,,Organic anion transporter) zahrnuje transportéry, které¢ byly
poprvé klonovany v ledvinach. OAT1 (SLC22A6) a OAT3 (SLC22AS8) jsou velmi dilezité
pro transport 1é¢iv v bunikdch proximalnich ledvinnych tubuld. Hraji vyznamnou roli
v exkreci celé fady endogennich latek i 1é¢iv, napt. nesteroidnich protizanétlivych latek,
urikosurik a diuretik (Koepsell and Endou, 2004). V jatrech je lokalizovan ptredevs§im
OAT?2 transportni protein (SLC22A7) (van Montfoort, et al., 2003;Zair, et al., 2008). Tyto

transportéry jsou schopné premist'ovat organické anionty obéma sméry.

2.14. OCT

Skupina  OCT  (,,Organic cation transporter; SLC22A) transportéri
zprostfedkovava obousmérny prenos organickych kationt s mensi molekulou. Hnaci silou
transportu OCT je v tomto piipadé pouze elektrochemicky gradient pfenaseného kationtu.
Hlavnim zéastupcem této skupiny transportérti v lidskych jatrech je OCT1 (SLC22A1).
OCT2 (SLC22A2) je exprimovan v ledvinach a OAT3 (SLC22A3) je rozsifen i v jinych
tkanich (Koepsell, et al., 2003).

2.1.5. MRP1, MRP3-6
Tyto transportéry (MRP1, MRP3, MRP4, MRP5 a MRP6) z ABCC podrodiny jsou
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lokalizovany na bazolateralni membrané hepatocyti a jejich hlavni ulohou je eflux
endogennich latek a xenobiotik z hepatocytli zpét do krve. MRP1 (,,Multidrug resistance-
associated protein 1°; ABCC1) je v lidskych hepatocytech uchovavan pirevazné
Vv intracelularnich vezikulech a vyzaduje, aby latky, jez jsou jeho substraty, byly ve formée
konjugatu s glutathionem, kyselinou glukuronovou nebo sirovou (Jedlitschky, et al., 1997).
Exprese MRP3 (,,Multidrug resistance-associated protein 3“; ABCC3) a MRP4
(,,Multidrug resistance-associated protein 4; ABCC4) je za normdlnich podminek nizka
a stoupa pii cholestaze, resp. deficitu MRP2. Jejich zvysena exprese a nasledné zvyseny
eflux substrati zpét do krve piedstavuje kompenzacni mechanizmus poskozené biliarni
exkrece intracelularné se kumulujicich latek typu zluCovych kyselin a konjugovaného
bilirubinu (Zollner and Trauner, 2008). MRP4 a MRP5 (,,Multidrug resistance-associated
protein 5% ABCCS5) maji schopnost transportovat cyklické nukleotidy cAMP (cyklicky
adenosin-3¢,5‘-monofosfat) a cGMP (cyklicky guanosin-3°,5°-monofosfat) (Reid, et al.,
2003). Mrp6 (,,Multidrug resistance-associated protein 6“; Abcc6) je exprimovan na
bazolateralni i1 kanalikularni membrané potkanich hepatocytii. Jeho role v jaterni exkreci
1é¢iv se zda byt minoritni, jelikoz netransportuje latky charakteru aniontti (Madon, et al.,
2000). Ackoli byly u lidi detekovany vysoké hladiny MRP6 mRNA v jatrech a ledvinéch,

jeho role pro transport 1é¢iv zlistava neobjasnéna (Kool, et al., 1999).

2.1.6. OSTuw/p

OSTw/B (,,Organic solute transporter a/B*) jsou transportéry exprimované kromé
jater také v ileu a ledvinach. Jejich ulohou je pienaset zlucové kyseliny, steroidy a dalsi
organické latky pies bazolaterdlni membranu epitelidlnich buncék téchto organi.
V cholangiocytech a burnikach proximalnich tubuld ledvin podporuji funkci ASBT (,,Apical
sodium-dependent bile salt transporter”) transportéru, hlavniho proteinu pro reabsorpci

zluCovych kyselin z téchto bunék (Boyer, et al., 2006).
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Tab. 1. Bazolateralni 1ékové transportni proteiny hepatocytd. T3 — trijodtyronin, T, — tyroxin, LTC4 —
leukotrien C4, CAMP - cyklicky adenosin-3‘,5°-monofosfat, ¢cGMP - cyklicky guanosin-3¢,5¢-
monofosfat, BQ-123 - [cyklo {D-Trp-D-Asp-L-Pro-D-Val-L-Leu}]

Symbol genu Protein Substraty
SLCO1A1 NTCP zlu€ové kyseliny, estron-3-sulfat, sulindak, rosuvastatin
zluGové kyseliny, estron-3-sulfat, T3, T4, fexofenadin,
SLCO1A2 OATP1A2 oubain, chinin
SLCO1B1 OATP1B1 zluéové kyseliny, bilirubin, estron-3-sulfat, Ts, T4, ouabain,
statiny, sartany, rifampicin
zlucové kyseliny, bilirubin, estron-3-sulfat, LTC4, T3, Ty,
SLCO1B3 OATP1B3 digoxin, rifampicin, metotrexat, fluvastatin, valsartan,
8 p
olmesartan, digoxin
SLCO2B1 OATP2B1 estron-3-sulfat, benzylpenicilin, pravastatin, fluvastatin,
digoxin
SLC22AT OAT?2 prostaglandiny, p-aminohipurat, salicylaty, tetracykliny,
zidovudin
SLC22A1 OCT1 acetylcholin, kortikosteron, progesteron, metformin,
chinidin, verapamil, acyklovir, ritonavir, ranitidin
ABCC1 MRP1 daunorubicin, doxorubicin, etoposid, vinkristin
ABCC3 MRP3 sulfatované zlu¢ové kyseliny, metotrexat
ABCC4 MRP4 konjugované Zlucové kyseliny, cAMP, cGMP, metotrexat
ABCC5 MRP5 cAMP, cGMP
ABCC6 MRP6 BQ-123
zlucové kyseliny, estron-3-sulfat, prostaglandin E2,
OSTo/p OSTo/p digoxin

2.2. Kanalikularni transportni proteiny

Transportni systémy lokalizované na kanalikularni (apikalni) membrané hepatocyt

slouzi pro eflux (exkreci) endogennich latek a xenobiotik z hepatocytli do Zlu€e. Piehled

kanalikularnich transportért a seznam jejich zakladnich substratt sumarizuje Tab. 2.

2.2.1. MRP2

MRP2 (,,Multidrug resistance-associated protein 2; ABCC2) je z nejvétsi Sife

studovany apikdlni transportér zrodiny MRP transportér, ktery pifenasi latky typu

organickych aniont, jako jsou soli Zlucovych kyselin, konjugaty s glutathionem,

glukuronidem a sulfatové konjugaty, ale i nekonjugovana léCiva (napf. metotrexat,

pravastatin, azitromycin) (Fuksa L, et al., 2006;Jedlitschky, et al., 2006;Nies and Keppler,
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2007). V jatrech MRP2 zajistuje jeden ze zakladnich mechanizmi tvorby zluce, ktera je
nezavisla na sekreci osmoticky aktivnich soli Zlu¢ovych kyselin. Vyznam této funkce byl
dokumentovan vyraznym snizenim tvorby zlu¢e u Mrp2 deficitnich potkant (Ito, et al.,
1997;Paulusma, et al., 1996). U ¢lovéka byl popsan geneticky podminény deficit MRP2,
ktery se projevuje konjugovanou hyperbilirubinémii oznacovanou jako Dubin-Johnsoniv
syndrom (Konig, et al., 1999). U téchto pacient se zvySuji hladiny MRP3 proteinu jako
kompenza¢ni mechanizmus na nedostateCnou biliarni exkreci organickych aniontt

(Trauner, et al., 1999;Zollner and Trauner, 2006).

2.2.2. MDR1

P-gp (P-glykoprotein; ABCB1) je viibec prvnim objevenym lékovym transportérem
(Juliano and Ling, 1976) a je sledovan pfedevsim pro souvislost s mnohocetnou lékovou
rezistenci nddort vic¢i chemoterapeutikiim — napft. paklitaxelu, antracyklinlim, vinkristinu
avinblastinu. P-gp transportuje primarné hydrofobni kationty, avSak dokaze s nizkou
efektivitou transportovat anionty se silnym ndbojem — napf. metotrexat (Chan, et al.,
2004). Jelikoz je P-gp lokalizovan na kanalikularnich membranach bunék tkani s exkre¢ni
funkei (hepatocyty, enterocyty, buniky proximalnich tubuli ledvin), resp. bariérovou funkci
(placenta, hematoencefalicka a testikularni bariéra), ma vyznamnou roli ve
farmakokinetice fady léCiv, ktera jsou jeho substratem. Kromé nadorové rezistence tak
hraje klicovou roli v obrané¢ organizmu pied u¢inkem xenobiotik. V hepatocytech
a bunikdch proximalnich tubuli ledvin napomaha exkreci svych substratl, ve sliznici
tenkého stfeva brani vstfebavani toxint/léciv a omezuje distribuci xenobiotik do vitalné

dalezitych a citlivych organt a tkani (napt. mozku, varlat, plodu).

2.2.3. MDR3

MDR3 (ABCB4) slouzi pfedevSim jako transportér fosfolipidi (napf.
fosfatidylcholinu) do Zluce, ¢imz dochazi k vytvafeni micel a nasledné k ochrané pied
Skodlivym detergentnim pusobenim Zlu€ovych kyselin na okolni tkan. Vyznam MDR3
Vv eliminaci 1é¢iv je minoritni, nicméné s nizkou afinitou je schopen transportovat n¢které

kationty typu digoxinu, paklitaxelu nebo vinblastinu (Smith, et al., 2000).

2.24. BSEP

BSEP (ABCB11) je hlavni kanalikularni transportér pro exkreci konjugovanych

a nekonjugovanych zluCovych kyselin z hepatocytu do zlu€e, ¢imz se stava primarné
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zodpovédnym za samotnou tvorbu zluCe a svoji funkci pfimo navazuje na c¢innost
bazolateraln¢ lokalizovaného NTCP (Byrne, et al., 2002). Porucha exprese nebo inhibice
jeho funkce je jednim ze zékladnich mechanizmt intrahepatalni cholestdzy, coz je u lidi
spojeno s vyskytem progresivni familiarni intrahepatalni cholestazy 2. typu (PFIC2).
U téchto pacientll jsou koncentrace Zlucovych kyselin ve Zlu¢i < 1 % oproti normalnim
hladinam v disledku genové mutace ABCBI11 a deficitu, resp. absence BSEP na
kanalikularni membrané hepatocytu. Nékteré, jinak klinicky nevyznamné, mutace BSEP
vytvareji predispozici ke vzniku cholestatické Zloutenky v té¢hotenstvi (Byrne, et al., 2009).
Ackoli tento protein nema klicovou roli v jaterni exkreci xenobiotik, miize mit vyznamny

vliv na fadu 1ékovych interakci a naslednou hepatotoxicitu.

2.2.5. BCRP

BCRP (,,Breast cancer resistance protein®) je transportér ptivodné identifikovany
Vv nadorovych  buinikdch. Tento protein  dimerizuje v plazmatické  membrané
a zprostiedkovavd nadorovou rezistenci k léCivim jako mitoxantron, doxorubicin,
daunorubicin, irinotekan aj. (Staud and Pavek, 2005). BCRP je lokalizovan v mnoha
tkanich: placenta, tenké a tlusté stievo, hepatocyty, zilni a kapilarni endotel (Maliepaard, et
al., 2001). V hepatocytech je lokalizovan na kanalikularni membrané a slouzi zde jako
efluxni cesta pro fadu steroidd, xenobiotik a jejich konjugovanych metabolitt (sulfatd

a glukuronidi) (Enokizono, et al., 2007;Zamek-Gliszczynski, et al., 2006).

Tab. 2. Kanalikularni 1ékové transportni proteiny hepatocyti. LTC4 — leukotrien C4

Symbol genu Protein | Substraty

bilirubin,  cisplatina, doxorubicin, indinavir, indometacin,
ABCC2 MRP2 glibenklamid, LTC4, metotrexat, pravastatin, vétSina 1é¢iv a jejich
metabolity konjugované s kyselinou glukuronovou a glutathionem

antracykliny, digoxin, fexofenadin, imunosupresiva, losartan,

ABCBI1 MDR1 rhodamin 123, steroidni hormony, takrolimus, verapamil, aj.

ABCB4 MDR3 | fosfolipidy

ABCB11 BSEP kor_ljugovane a nekonjugované zlu¢ové kyseliny, pravastatin,
sulindak

ABCG? BCRP daunorubicin, doxorubicin, estron-3-sulfat, irinotekan, kyselina

listova, mitoxantron, topotekan aj.
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3. Cholestaza a jaterni transportni systémy pro lé¢iva

Cholestaza (z teckého chole, Zlu¢ a stasis, staza, zastaveni) je porucha vylucovani
zluéi do stfeva na ruznych arovnich hepatobiliarniho systému. Je-li piekazka ve velkych
Zluéovodech, tzv. extrahepatalni cholestaza, dochazi k rozsiteni bilidrniho traktu nad
ptekazkou. Vyskytuje se pfedev§im u cholelitidzy, tumorti pankreatu, cholangiogennich
tumorti obturujicich terminalni ¢ast zluCovodu, stendz a tumorti Vaterovy papily (Vanasek
T., 2007). Pokud je pii¢ina cholestazy uvnitf jater, tzv. intrahepatalni cholestaza, nejsou
zluCovody dilatovany. Pfi¢ina intrahepatdlni cholestadzy mize byt jak v intrahepatalnich
zluCovodech (napf. primarni bilidrni cirhoza), tak v hepatocytech (napi. akutni virova
hepatitida s cholestatickymi rysy) (Boyer, 2007;Rodriguez-Garay, 2003). Akutni
intrahepatélni cholestdza provazi virové hepatitidy, polékova a toxickd poskozeni jater,
alkoholické onemocnéni jater a t€hotensky ikterus. Chronicka intrahepatalni cholestaza je
znakem primarni biliarni cirhézy (PBC), primarni sklerotizujici cholangitidy (PSC),
polékovych posSkozeni a chronické rejekce jaterniho Stépu. V etiologii cholestaz
jednozna¢né dominuji cholestazy extrahepatalni, kde prevazujici Cast, az 50 %, tvofi
maligni onemocnéni, na druhém misté je cholelitidza. Velmi Castou pfiCinou cholestazy
jsou septické stavy a polékové cholestazy podilejici se necelymi 10 %, virové
a autoimunitni hepatitidy s 5 — 7 % (Marecek Z., 2007).

Mezi klinické projevy cholestazy patii Zloutenka, pruritus a acholickd stolice se
steatoreou. Pfi del$im trvani se rozvijeji hypovitaminozy vitaminu A, D, E a K. Jatra jsou
palpacné zvétSend a tuhd. V laboratofi dominuje zvySeni sérové hladiny konjugovaného
bilirubinu, ALP (alkalické fosfatazy), GMT (y-glutamyl transpeptidazy), zlu¢ovych kyselin
a cholesterolu. Jaterni transaminazy AST (S-aspartataminotransferaza) a ALT (S-
alaninaminotransferaza) se zvysuji pozdé¢ji. V moci je pfitomny bilirubin (Rodriguez-
Garay, 2003;Vanasek T., 2007). Kumulujici se Zlucové kyseliny jako silné detergenty
muizou zapfiCinit strukturdlni 1 funkéni poSkozeni membran vétSiny tkani. Kromé toho
zadrzené zlucové kyseliny snizuji de novo syntézu zlu¢ovych kyselin (Rodriguez-Garay,
2003).

3.1. Transportéry a patofyziologie cholestazy

Zakladnim patofyziologickym disledkem cholestdzy je jaterni a nasledné
I systémova kumulace toxickych latek typu zlu¢ovych kyselin a bilirubinu (Trauner, et al.,
1997). Tyto latky mohou v zavislosti na intenzité a dob¢ trvani cholestazy podminit vazné
poskozeni organizmu. Ve snaze kompenzovat vzniklou situaci se aktivuji tzv. spontanni
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anticholestatické obranné mechanizmy, jejichz tcelem je zmirnit stav pomoci alespon
Caste¢ného presmérovani exkrece danych latek z jater do ledvin (Lee and Boyer, 2000).
Podstatou tohoto procesu je zména exprese, lokalizace a funkce odpovédnych
transportnich proteinii v jatrech a ledvinach. Zménéna exprese hepatobilidrnich
transportnich systému na trovni proteinu tak mize byt primarni pfi¢inou cholestazy, nebo
sekundarnim disledkem adaptivnich zmén exprese transportéri. (Roma, et al., 2008Db).
Zmény exprese transportérii jako primarni pfi¢inu cholestdzy lze popisovat u dédi¢nych
forem onemocnéni (napf. progresivni familidrni intrahepatdlni cholestdza typu 2 - mutace
BSEP transportéru, Dubin-Johnson syndrom — mutace MRP2). Ve vétsiné piipadu ale
dochazi ke zméndm exprese transportérti sekundarné jako odpovéd’ na retenci toxickych
biliarnich latek (zlu¢ovych Kkyselin, bilirubinu). Latky s cholestatickym efektem (napf.
1é¢iva, hormony, prozanétlivé cytokiny) mohou bud’ snizovat expresi transportérd, nebo
pfimo inhibovat jejich funkci. Typickymi piiklady 1é¢iv s cholestatickym efektem jsou
rifamycin, cyklosporin A nebo glibenklamid. Tyto latky ptfimo omezuji sekreci Zlu¢ovych
kyselin inhibici BSEP (Stieger, et al., 2000). Vétsina cholestatickych onemocnéni vznika
v dtsledku obstrukce (napt. extrahepatalni biliarni obstrukce zplisobena nadory, kameny)
nebo destrukce zlu¢ovodu (PSC, PBC). Snizena exprese transportnich systémua u téchto
onemocnéni vysvétluje, alesponn Castecné, poSkozeni transportni funkce, coz ma za
nasledek dalsi prohlubeni cholestdzy. Ne vSechny zmény exprese transportnich proteini
maji pro-cholestaticky nebo negativni charakter. Zatimco nékteré pfispivaji k cholestaze,
vetSina zmeén exprese transportéri v jatrech a extrahepatalnich tkanich (napt. v ledvinach)
funguje jako kompenzaéni mechanizmus, ktery je alternativni cestou exkrece pro

kumulujici se toxické latky (Zollner, et al., 2001;Zollner, et al., 2003).

3.2. Spontanni anticholestaticka obranna reakce

Pro né&které¢ zvifeci modely experimentdlni cholestdzy a nékteré typy
cholestatického onemocnéni u lidi existuje spole¢ny vzorec adaptivnich odpovédi
zahrnujici zmény exprese transportéri, tzv. spontanni anticholestatickou obrannou reakci.
Tato odpovéd’ chrani hepatocyty pred zadrzovanim toxickych latek (zlu¢ovych kyselin,
bilirubinu a 1é¢iv). Adaptivni zmény zahrnuji snizenou expresi bazolateralnich transportért
dalezitych pro import latek doprovazenou zvysSenou expresi bazolateralnich systémt pro
jejich eflux (Obr. 6). Snizenou expresi bazolateralnich transportnich systému 1ze pozorovat
u chronickych cholestatickych onemocnéni u lidi. NTCP a OATP1B1 vykazuji sniZenou

expresi na Grovni proteinu u cholestatické alkoholové hepatitidy (Zollner, et al., 2001),
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pozdnich stadii PBC (Zollner, et al., 2003), PFIC2 a PFIC3 (progresivni familidrni
intrahepatélni cholestdza typu 2 a 3) (Keitel, et al., 2005), PSC (Oswald, et al., 2001)
a extrahepatalni biliarni artrezie. Proteinova exprese OATP1B3 je snizend u PFIC1
(progresivni familidrni intrahepatdlni cholestdza typu 1) a PFIC2. Snizenad exprese
OATP2B1, OCT1 a OAT?2 transportnich proteinti byla recentné prokazana ve studii na
lidskych primarnich hepatocytech exponovanych TNF-a a IL-6 cytokiny (Vee, et al.,
2009). Zvysenou expresi bazolateralnich efluxnich pump MRP1, MRP3, MRP4, MRP5
a MRP6 (,,Multidrug resistance-associated protein 1, 3, 4, 5 a 6) na Grovni proteinu lze
pozorovat Vv pozdnich stadiich PBC (Barnes, et al., 2007;Ros, et al., 2003;Zollner, et al.,
2007). Zvysena exprese MRP3 a MRP4 je popisovana také u PFIC3 (Keitel, et al.,
2005;Scheffer, et al., 2002). U pacienti v pokrocilych stadiich PBC byla prokazana
zvySena exprese OSTa a OSTP na trovni mRNA (Boyer, et al., 2006). Exprese MRP2 je
snizend u mnoha cholestatickych onemocnéni jater, ackoli 1ze zmény pozorovat pouze
V pozdnich stadiich onemocnéni. Naptiklad exprese MRP2 je snizena jen u néckterych
pacientl ve IV. stadiu PBC, ale zlstava beze zmény V I.-111. stadiu (Kullak-Ublick, et al.,
2002). Podobné je exprese BSEP dobfe zachovana u pacienti s PBC a akutni nebo
zanétem indukovanou cholestazou (alkohol, 1é¢iva, autoimunitni hepatitida) (Zollner, et al.,
2001;Zollner, et al., 2003). U pacienti s PBC byla prokdzand zvySena exprese BCRP
efluxniho proteinu (Barnes, et al., 2007). mRNA exprese MDR3 transportéru je zachovana
u PBC, ale zvySena u pacientl s obstrukéni cholestazou (Lee and Boyer, 2000; Trauner, et
al., 1999).

Adaptacni zmény exprese transportérli jsou dale podporované sniZenou syntézou
Zlucovych kyselin (isoformy cytochromu P450 — CYP7Al1 a CYP8B1l) a naopak
navozenim detoxifikace zlucovych kyselin (indukce enzymu faze I a faze II metabolizmu
ZluCovych kyselin). Mezi enzymy faze I patii CYP3A4 a CYP2B6. Enzymy faze II
zahrnuji SULT2A1 (kde SULT je sulfotransferaza) a UGT2B4 (kde UGT je UDP-
glukuronosyltransferaza) (Boyer, 2007). Hydroxylaci Zzlu¢ovych kyselin se zvySuje
intracelularni koncentrace méné toxickych polyhydroxylovanych soli Zlu¢ovych kyselin.
Vétsina téchto transformaci usnadiiuje exkreci soli zlu€ovych kyselin do zluce (sulfatace)
nebo do krve, a tim umoznuje naslednou exkreci moci (hydroxylace, sulfatace

a glukuronidace) (Roma, et al., 2008b).
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Obr. 6. Molekularni mechanizmy cholestazy — anticholestaticka obranna reakce. SniZend exprese
bazolateralnich transportérd NTCP (,,Na+-taurocholate cotransporting polypeptide), OATP (,,Organic
anion transporting polypeptide®), OAT2 (,,Organic anion transporter 2°) a OCT1 (,,Organic cation
transporter 1°) snizuje hepatocelularni retenci latek. Exprese kanalikularniho BSEP (,,Bile salt export
pump*), MRP2 (,,Multidrug resistance-associated protein 2°) a MDR3 (,,Multidrug resistance protein
3%) transportéru, ktery zajistuje pfenos fosfatidylcholinu, je zachovana. Exprese MDRI1 (,,Multidrug
resistance protein 1<) a BCRP (,,Breast cancer resistance protein) je béhem cholestazy zvySena.
Indukce bazolateralnich efluxnich proteini MRP1, MRP3, MRP4, MRP5 a MRP6 (,,Multidrug
resistance-associated protein 1, 3, 4, 5 a 6) a OSTa/p (,,Organic solute transporter o/f*) je alternativni
cestou eliminace pro 1éCiva i endogenni latky (soli zlucovych kyselin, bilirubin). Pfevzato a upraveno

ze Zollner a Trauner (2006).

4. Preklinické modely studia vlivu cholestazy na farmakokinetiku 1é¢iv

Pro studium cholestazy se vyuzivaji in vitro, in situ a in vivo metody. Zatimco in
vitro a in situ studie poskytuji moznost studia podilu konkrétnich transportért
ajednotlivych modulyjicich vlivii (napf. cytokinii a Zlu€ovych kyselin) na zmény
transmembranového prenosu 1é¢iv béhem cholestazy, in vivo studie nabizi komplexni
pohled na farmakokinetiku sledovanych 1é¢iv a jejich eliminaci do zlu¢e béhem ptisobeni

vSech regulac¢nich patofyziologickych vlivi.
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4.1. Metody in vitro

Izolované membranové frakce hepatocyti jsou metodou umoziujici studium
metabolizmu a transportu latek. Mezi hlavni vyhody takto ziskanych frakci patii relativni
nenaro¢nost metody, moznost piipravy mikrosomalni jaterni frakce riznych zivocisnych
druhti, reprodukovatelnost a moznost del§iho skladovani takto pfipravené mikrosomalni
nebo jiné frakce (Zhuge, et al., 2004). Limitujici faktory metody jsou kratka funk¢nost,
absence enzymu II. faze metabolizmu a potieba kofaktora k jejich aktivit¢ (Kucera O., et
al., 2006). Dalsim moznym pfistupem V této oblasti je ptiprava primarnich hepatocyti.
Vzhledem ke $patné dostupnosti lidskych hepatocytd se vyuzivaji predevs§im potkani
hepatocyty. Tento model umoziiuje studovat transportni systémy lé¢iv v pfitomnosti
riznych mediatori véetné zluCovych kyselin a cytokini a dale predikci in vivo tdaju
0 metabolické nebo hepatobilidrni clearance (O'Brien, et al., 2004). Hepatocyty ziskané
Z jater pomoci kolagenazy mohou byt pouzity okamzité k testovani anebo mohou byt
zmrazeny a dale uchovany po osetfeni ochrannym médiem. Nevyhodou tohoto modelu je
rychld ztrata aktivity biotransformacénich enzymi, pokles funkéni kapacity hepatocytd,
pokles mnozstvi a aktivity cytochromu P450 a rychle se zvySujici exprese Mdrl
transportniho proteinu (Chandra and Brouwer, 2004;Kucera O., et al., 2006;Rodriguez-
Garay, 2003).

4.2. Metody in situ

Siroce pouzivanou metodou studia cholestazy je model potkanich izolovanych
perfundovanych jater, ktery zachovava trojrozmérnou strukturu jater s mezibunéénymi
kontakty, tvorbou a sekreci zluCe. Tento model nejblize simuluje podminky obdobné
zivému organizmu. V tomto piipad¢ leze patogenezi poskozeni jater studovat bez ovlivnéni
jinymi organy. Tato metoda umoziuje hodnoceni vychytavani latek do jater, jejich biliarni
exkreci a sinusoidalni eflux, proto je Casto vyuzivanou metodou pro studium lékovych
a toxickych poSkozeni a pro kinetické modelovani. Vyhodou je moZnost presného
definovani podminek, tj. skladby perfuzniho media a koncentraci 1é¢iv. Nevyhodami
tohoto modelu jsou naopak vSestranna naroc¢nost (Casova, personalni, financni atd.)

a rychly pokles funk¢nich aktivit (Kucera O., et al., 2006;Rodriguez-Garay, 2003).

4.3. Metody in vivo

Pro studium vlivu cholestazy na metabolizmus a exkreci 1éCiv se ve farmakologii

pouzivaji zviteci modely. Ackoli je vzorec exprese transportnich proteinti podobny u zvitat
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a lidi, nelze nalézt "univerzalni" zvifeci model, ktery by pln¢ simuloval podminky lidského
organizmu. Mezi zvifata pouzivana pro vyzkum cholestazy patii mali laboratorni hlodavci

— potkan a mys.

4.3.1. Extrahepatalni cholestiza

Pro studium extrahepatélni (obstruk¢ni) cholestazy se v soucasnosti pouziva model
podvazu zlucovodu u experimentalnich zvifat (potkan, mys$). Extrahepatalni cholestiaza
vede k castecné nebo Uplné zastavé toku zluce v disledku obstrukce zlucovych cest.
V rychlém sledu dochazi k nahlé, vyrazné kumulaci toxickych latek (zejména zlucovych
kyselin) a Kk rozvoji spontanni anticholestatické obranné reakce. Na bazolateralni
membrané hepatocytii dochazi k down-regulaci (sniZzeni exprese) transportéri pro zlu¢ové
kyseliny (Ntcp, Oatplal, Oatpla4 a Oatp1b2), ktera vede ke snizeni vstupu latek do bunék
(Lee and Boyer, 2000). Nasledné klesa exprese kanalikularnich efluxnich transportért
(Bsep a Mrp2) (Lee and Boyer, 2000;Trauner, et al., 1997). Naopak se zvySuje exprese
bazolaterdlnich proteinti (pfedev§im Mrp3 a Mrp4) umoziujicich zpétny transport latek
z hepatocytii do krve a jejich zvySenou exkreci prostifednictvim up-regulovanych (,,up-
regulace“ — zvySend exprese) transportértt (Mrp2 a Mrp3) v ledvinnych tubulech (Donner
and Keppler, 2001;Soroka, et al., 2001;Tanaka, et al., 2002). Nahly vzestup intrabilidrniho
tlaku vyrazné narusuje hematobiliarni bariéru, coz vede ke ztrat¢ osmotické hnaci sily
v disledku refluxu osmoticky aktivnich latek do intersticia (Tomsik, et al., 2007). Proto je
také zména permeability bariéry nejvice patrnd u tohoto modelu cholestazy v porovnani
s modely intrahepatalni cholestazy (aplikace ethinylestradiolu, sepse atd.), kdy neni tak
vyrazn¢ ovlinén paracelularni transport latek (Rodriguez-Garay, 2003). Mezi zakladni
molekuly zapojené do regulace exprese transportnich proteint patii nuklearni receptory
(transkripéni faktory), na které se v pribéhu cholestazy vazou zadrZzované biliarni latky
(napt. zluové kyseliny) (Donner, et al., 2007;Fernandez-Martinez, et al., 2006;Liu, et al.,
2001;Plebani, et al., 1999). Klicovym receptorem spontanni anticholestatické obranné
reakce je FXR (,,Farnesoid X receptor*), ktery je zodpovédny za regulaci vS§ech enzymu a
transportnich proteinti zapojenych do homeostdzy Zlu€ovych kyselin. Tyto latky tvofi
logicky jeho zakladni fyziologické ligandy a jejich kumulace v téle vede prostfednictvim
FXR ke snizeni jejich syntézy a urychleni mocové exkrece (Fiorucci, et al., 2007). DalSimi
nuklearnimi receptory, jejichz ovlivnéni je spojeno Sindukci genli zapojenych do
detoxikace a transportu bilirubinu a zlucovych kyselin, jsou PXR (,,Pregnane X receptor)

a CAR (,,Constitutive androstane receptor<), jejichz ligandy jsou xenobiotika (Pavek P., et
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al., 2005).

4.3.2. Intrahepatalni cholestaza

Pro simulaci intrahepatalni cholestdzy se v preklinickych studiich vyuziva
nejcastéji model aplikace endotoxinu nebo ethinylestradiolu ¢i jinych 1é¢iv potkanim.
Soucasn¢ nariistd vyznam zvifat s pfirozenym nebo navozenym deficitem jednoho
Z transportért. Pro indukci endotoxémie se pouziva lipopolysacharid (LPS) izolovany ze
Salmonella Typhimurium nebo Escherichia coli. Cholestaza navozena aplikaci LPS vede
k podobnym zménam exprese transportnich proteind v jatrech jako extrahepatalni
cholestaza. Tyto zmény jsou zprostfedkovany pravdépodobné 1) prozanétlivymi cytokiny
jako TNF-o (,,Tumor necrosis factor a*), IL-1B (interleukin 1) a IL-6 (interleukin 6)
produkovanymi Kupfferovymi butikami, 2) oxidem dusnatym, ktery produkuji hepatocyty
a Kupfferovy buriky jako nasledek LPS zprostiedované aktivace NF-«xB (,,Nuclear factor
kB*) (Aoki, et al., 2008). Hepatocyty reaguji na zvySenou produkci prozanétlivych
cytokinti zménou genové exprese predevsim na transkripcni urovni (Roma, et al., 2008a).

Dalsi moznosti, jak navodit intrahepatalni cholestdizu u potkanu, je aplikace
ethinylestradiolu. V tomto piipadé dochazi k poskozeni toku zlu¢e a zménam exprese
transportnich proteinii na kanalikularni 1 bazolaterdlni membrané hepatocytu a nasledné
ke snizeni biliarni exkrece ZluCovych kyselin, bilirubinu a xenobiotik véetné 1é¢iv. Zmény
exprese transportnich proteini u tohoto modelu jsou srovnatelné se zménami
pozorovanymi u cholestazy navozené podanim LPS. Efekt ethinylestradiolu se pfipisuje
endogennimu estrogenovému metabolitu estradiol-178-D-glukuronidu, ktery zplsobuje
snizeni toku Zluce a sekrece Zlu¢ovych kyselin u potkanti. Ethinylestradiol a jeho metabolit
estradiol-17p-D-glukuronid vedou soucasné¢ ke zvySeni permeability hematobiliarni
bariéry, coz ma za nasledek paracelularni navrat zlu¢ovych kyselin do krve (Rodriguez-
Garay, 2003;Roma, et al., 2008a).

Mezi dalsi 1é¢iva, ktera vedou k navozeni cholestazy, patii napf. cyklosporin A,
rifampicin, rifamycin, glibenklamid a troglitazon. Tyto latky inhibuji transport
zprostfedkovany Bsep proteinem (Fattinger, et al., 2000;Funk, et al., 2001). Sou€asn¢ byla
prokdzana inhibice exprese Oatplal a Oatplad4 zprosttedkovana rifampicinem
a rifamycinem (Fattinger, et al., 2000). Cyklosporin A souc¢asné inhibuje také expresi Mrp2
transportéru. Bsep a Mrp2 pravdépodobné hraji kli¢ovou roli v patogenezi cholestazy
navozené l1éCivy (Bohan and Boyer, 2002).

Mezi Siroce pouzivané modely intrahepatalni cholestazy patii zvifata s pfirozenym
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nebo ziskanym deficitem konkrétného transportéru. Né&jcastéji jsou pouzivany dva potkani
kmeny s kongenitalni hyperbilirubinémii v dusledku absence Mrp2 transportéru. U kmene
Wistar se jedna o Groningen zluté/transport deficitni (GY/TR-) potkany, u kmene Sprague-
Dawley jsou oznacCovani jako Eisai hyperbilirubinemiéti (EHBR) potkani. Podobnym
modelem cholestazy je potkani kmen Gunn s piirozenou nekonjugovanou
hyperbilirubinemii a vrozenou deficienci UGT1Al (UDP-glukuronosyltransferaza 1A1l),
enzymu konjugujiciho bilirubin v jatrech (Buchler, et al., 1996;Cuperus, et al., 2009;Fuksa
L, et al., 2006). Pro vysvétleni mechanismi exkrece endogennich latek a xenobiotik a pro
popis funkci transportnich systémi béhem cholestazy se vyuzivaji také mySi modely
s cilenou inaktivaci (,,knockout*) ur¢it¢tho genu, napi. Mdrla, dvojité knockoutovanych
myS$i, napt. Mdrla/Mdrlb-/-, nebo trojit€¢ knockoutovanych mysi, napt. Berpl-/-
/Mdrla/1b-/- (Marchetti, et al., 2008;Rodriguez-Garay, 2003).

4.3.3. Farmakokineticka analyza

Pro hodnoceni farmakokinetiky 1é¢iv in vivo se u modelt cholestazy pouzivaji dva
non-kompartmentové piistupy. Prvni je zalozeny na kontinudlnim podédvani 1éciva pro
dosazeni ustdlené¢ho stavu plazmatickych koncentraci, druhy vychéazi z jednordzového
podani lé¢iva a néasledného dostatecné dlouhého sledovani plazmatickych koncentraci pro
ziskani jejich, co nejkompletnéjsiho, profilu (véetné eliminacni faze). Biliarni eliminace se
pocita z hodnot naméfenych v nasbiranych vzorcich Zluce.

Farmakokinetické parametry 1éCiva po dosaZzeni jeho ustalenych plazmatickych
koncentraci nabizi vyhodu krat§iho trvani experimentu, kdy za pomoci vhodné zvolené
narazové davky a nésledné kontinualni nitrozilni infuze I1ze navodit tuto situaci do nékolika
desitek minut od zahajeni podavani. Pro vypocet jednotlivych parametr se pak pouzivaji
nasledujici rovnice:

BE = X, xC,

RE = X, xCy,
kde BE je biliarni exkrece 1éCiva, X; tok Zlu¢e, Cz koncentrace 1éCiva ve zluci; RE je
renalni exkrece 1é¢iva, Xy tok moce a Cy koncentrace 1é¢iva v modi,

CL =R/C,

CL, =BE/C
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CL, =RE /C,

kde CL je celkova clearance, R rychlost infuze, Cs koncentrace 1é¢iva v ustaleném stavu,
CLg biliarni clearance, BE biliarni exkrece, CLg renalni clearance a RE renalni exkrece.
Podil glomerularni filtrace (GF) na CLg je pak vyjadien pomoci stanoveni
clearance kreatininu (CLkg) :
CL,, = XuXCy
CKR
kde CLkr je clearance kreatininu, Xy tok moce, Cy koncentrace kreatininu v moci a Ckr
koncentrace kreatininu v plazmé.

Farmakokinetické parametry 1é€iva po jednordzovém podani vychazi z komplexni
analyzy ¢asového prubéhu plazmatickych koncentraci 1é¢iva. Inicidlné se z kiivky urcuje
nejvyssi namétena plazmatickd koncentrace latky (Cprax) a pfislusna doba dosazeni této
koncentrace (Tmax). Analyza terminalni faze Casové kiivky umozni odecist eliminaéni
konstantu (ke), ktera piedstavuje smérnici této kiivky. Z ni je pak pocitan biologicky
polocas eliminace (ti2) jako podil In2 a ke. Nasledné je pocitana plocha pod kiivkou
plazmatickych koncentraci (AUCy..) jako soucet AUCoTposicani urcené logaritmicko-
linearnim lichobéznikovym pravidlem mezi ¢asem 0 (podani léCiva) a Casem posledni
méfené koncentrace (Tposiedni) @ AUC extrapolované do nekonecna (AUC rposiedni-o), Kterd
se urcuje jako podil posledni méfené koncentrace délené Ke. Celkova clearance (CLyor) Se
urcuje vztahem:

CL,,, =davka/ AUC,
Paralelné je pocitan zdanlivy distribu¢ni objem (Vd,):
vd, =CL,,, /k,
Distribu¢ni objem pro koncentraci v ustaleném stavu (Vdss) je ziskavan vztahem:

AUMC

Vd SS = CLTOtX
AUC

Tposledni-o

kde AUMC je momentova plocha pod ktivkou.

Biliarni (CLg;) clearance lze pfi tomto zptisobu hodnoceni stanovit pomoci vztahu:

30



Uvod

CL, =M, /AUC

0-Tposledni

kde Mg je mnozstvi 1é¢iva vylouéené do Zluc¢i béhem sledovaného obdobi. Vyhodou tohoto
pristupu je vyssi citlivost modelu na potencidlni zmény a komplexnéjSi informace
o0 kinetice (napi. distribu¢ni objem), zatimco nevyhodou je nutnost dostatecn¢ dlouhého

sledovani pro ziskdni co nejkompletnéjsiho profilu koncentraci v Case.
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Cile prace

Cile dizerta¢ni prace:

Hlavnim cilem pfedkladané prace bylo studium vlivu cholestatického poskozeni

jater na eliminaci a transport l1é¢iv.

1. Studium cholestazou navozenych zmén V biliarni a renalni exkreci 1€¢iv, které jsou
substraty transportnich proteini odpovédnych za jejich exkreci do zluce a moce

u potkana.

2. Studium exprese a funkce 1ékovych transportnich proteinti v jatrech a ledvinach

béhem cholestazy navozené u potkana.
3. Studium funkce hematobiliarni bariéry (,tight-junctions®) jako dulezit¢ho prvku

pro tvorbu Zzlu€e bcéhem obstrukéni cholestdzy u potkana pomoci

rhamné6zo/melibiézového permeabilitniho testu.
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Experimentalni ¢ast prace je souhrnem tii publikaci:

I. Micuda S, Brcakova E, Fuksa L, Cermanova J, Osterreicher J, Hroch M, Mokry
J, Pejchal J, Martinkova J and Staud F (2008) P-glycoprotein function and expression
during obstructive cholestasis in rats. Eur J Gastroenterol Hepatol 20:404-412

Il. Tomsik P, Sispera L, Rezacova M, Niang M, Stoklasova A, Cerman J, Knizek J,
Brcakova E, Cermanova J and Micuda S (2008) Increased melibiose/rhamnose ratio in
bile of rats with acute cholestasis. J Gastroenterol Hepatol 23:1934-1940.

I1l. Brcakova E, Fuksa L, Cermanova J, Kolouchova G, Hroch M, Hirsova P,
Martinkova J, Staud F and Micuda S (2009) Alteration of methotrexate biliary and renal
elimination during extrahepatic and intrahepatic cholestasis in rats. Biol Pharm Bull 32
(v tisku)

U clanku I je piedkladatelka této dizerta¢ni prace prvni autorkou, v piipadé
¢lankd I a 11 spoluautorkou.

V praci | se autorka podilela na in vivo experimentech, které zahrnovaly chirurgické
operace, odbéry vzorki, jejich zpracovani a analyzu. Pomoci zavedené metody Western
blot analyzovala expresi P-glykoproteinu v jatrech a ledvinach.

Ve studii Il se autorka podilela na in vivo experimentech ve stejné Siii jako
u ptedesle uvedené prace.

Ve studii Il autorka koordinovala vSechny experimenty, podilela se na in vivo
studii a analyzovala expresi transportérti na tirovni mRNA a proteinu metodou gRT-PCR
a Western blot.

Autorka dizetrace sepsala rukopis prace Ill. Ve studii | a Il se podilela na sepsani
Casti tykajicich se in vivo metod a upravach textd, ve studii | dale na sepsani casti
tykajicich se metody Western blot.

HPLC analyzu rhodaminu 123 a metotrexatu ve vzorcich plazmy, moce a Zluce
provadél Ing. Milo§ Hroch z Ustavu farmakologie LF HK UK.

HPLC analyzu melibiézy a rhamndzy v plazmé, moci a Zlu€i provadél Ing. Ludék
Sispera, CSc. z Ustavu lékaiské biochemie LF HK UK.

Imunohistochemickou analyzu provadél prof. MUDr. Jaroslav Mokry, Ph.D.
z Ustavu histologie a embryologie LF HK UK, MUDr. Jaroslav Pejchal a Prof. MUDr. Jan
Osterreicher, Ph.D. z Katedry radiobiologie, Fakulty vojenského zdravotnictvi v Hradci

Kralové, Univerzity obrany v Brné.
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P-glycoprotein function and expression during obstructive cholestasis in rats

Komentar k ¢lanku

Extrahepatélni (obstruk¢ni) cholestdza vznika v dasledku biliarni obstrukce, ktera
vede Kjaterni a systémové kumulaci potencialné toxickych latek (zluGové kyseliny,
bilirubin), coz v koneéném dusledku zpisobuje poskozeni jater a Zzloutenku. Spontanni
anticholestaticka odpovéd’ hepatocyti zahrnuje snizeni exprese bazolateralnich
transportnich proteinii (napf. Ntcp, Oatplal, Oatplb2) a kanalikularnich efluxnich
transportérti (napi. Mrp2, Bsep) spolecné s adaptacnim zvySenim exprese bazolateralnich
transportnim systémii (napi. Mrp3—6). Nasledné dochéazi ke zvySené expresi rendlnich
transportérii pro vychytavani a exkreci latek v primarnich proximalnich tubulech. VSechny
tyto zmény vedou ke zmirnéni kumulace zlu¢ovych kyselin a bilirubinu v organizmu.

P-glykoprotein (P-gp), koédovany MDR1 genem u lidi a Mdrla/Mdrlb geny
U hlodavcii, je na dodavce ATP zavisly efluxni transportér lokalizovany na apikalni
membrané napf. hepatocytt, stieva, ledvin, mozku, kde zprostiedkovava pienos
hydrofobnich 1é¢iv, jako jsou nekteré cytostatika, imunosupresiva, steroidni hormony nebo
blokatory kalciovych kanali. Cholestaza vede ke zvySeni exprese P-gp v hepatocytech, coz
by mohlo mit za nasledek zménu farmakokinetiky 1éCiv, které jsou substraty tohoto
transportéru. Ackoli je cholestazou navozena zména exprese P-gp dobie popsand, neni
zcela objasnéno, jestli ma tato zména také vliv na jeho funkci. Proto cilem studie bylo in
vivo hodnoceni biliarni a renalni exkrece rhodaminu 123, substratu P-glykoproteinu béhem
akutni a chronické cholestazy u potkanti.

Akutni cholestdza byla navozena podvazem zluovodu v trvani jednoho dne
a chronicka cholestaza navozena podvazem zluCovodu v trvani sedmi dnd. Poté byl
obnoven tok zlue a po dosazeni koncentrace v ustaleném stavu rhodaminu 123 byly
zahajany sbéry zluce i moce. Exprese P-gp Vv jatrech a ledvinach byla hodnocena metodou
Western blot a kvantitativni imunohistochemii.

V jatrech byla pozorovana zvySend exprese P-gp u akutni i1 chronické obstrukéni
cholestazy. Periportalni lokalizace P-gp se rozsifila také do pericentralni zony. V ledvinach
byla imunohistochemicky prokézéna zvySend exprese P-gp u akutni cholestazy, ktera
klesla po sedmi dnech podvazu zlu¢ovodu. Zmény biliarni a renalni clearance rhodaminu
123 neodpovidaly nicméné zméndm exprese P-gp. Zatimco biliarni clearance byla snizena
u akutni cholestdzy a zachovana u chronické cholestazy, renalni clearance byla u akutni
cholestdzy zachovana a klesala po sedmi dnech podvazu Zlu¢ovodu. Z vysledka studie

vyplyva, ze extrahepatalni cholestaza zplisobuje cCasové zavislé zmény eliminace
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rhodaminu 123, které neodpovidaji pln¢ zménam exprese P-gp V jatrech a ledvinach.
Zaverem lze konstatovat, ze data z této studie prispivaji k vysvétleni, proC je béhem akutni

cholestazy ¢asto poSkozena eliminace substrati P-glykoproteinu.
Clanku byla udélena prvni cena vsoutdZi o nejlepsi praci v kategorii

Experimentalni farmakologic za rok 2008 Ceskou spolo¢nosti pro experimentalni

a klinickou farmakologii a toxikologii Ceské lékat'ské spole¢nosti J. E. Purkyng.

48



P-glycoprotein function and expression during obstructive cholestasis in rats

404  Original article
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Objectives The present study was aimed at evaluation of
in vivo biliary and renal excretion of rhodamine 123
(Rho123), a P-glycoprotein (P-gp) substrate, in rats during
either acute or chronic cholestasis induced by bile duct
obstruction (BDO).

Methods The Rho123 clearance study was performed
either one (BDO1) or seven (BDO7) days after BDO.
Bile flow was reconstituted, and bile and urine were
collected after steady-state plasma concentration of
Rho123 was attained. Tissue expression of P-gp was
evaluated by guantitative immunohistochemistry, and
immunoblotting.

Results Significant up-regulation of the liver P-gp protein
was observed in acute and chronic cholestasis. Primary
periportal location of P-gp was enlarged also to pericentral
areas. In the kidneys, immunohistochemistry showed
pancellular increase in P-gp after 1 day of BDO, which
subsided after 7 days of BDO. Nevertheless, biliary and
renal clearances (CLg;. and CLg) of Rho123 did not reflect
the induction of P-gp expression. While CLg;,, was reduced
one day after cholestasis and restored on the seventh day,
the CLr was preserved in BDO1 group and reduced in
BDOT group without change in glomerular filtration rate. In
parallel, biliary and renal clearances of conjugated bilirubin

Introduction

P-glycoprotein (P-gp), encoded by MDRY gene in humans
and mdrla/ld genes in rodents, functions as an ATP-
dependent efflux transporter identfied on apical mem-
branes of various tissues including the intestine, liver,
kidney, adrenal gland, brain, eye and testis. In these
organs, P-gp mediates the cellular efflx of many
structurally and pharmacologically unrelated hydrophobic
compounds, such as some anticancer agents, IMMUNO-
suppressants, steroid hormones, calcium channel blockers,
HIV protease inhibitors and cardiac glycosides [1]. As a
consequence, changes in expression and actvity of P-gp
are commonly associated with substantial interindividual
variability in the pharmacokinetics of these drugs,
producing unpredictable changes in patients’ response
to therapy. Besides genetic ‘polymorphism’ and drug—
drug interactions that have been most commonly
described as a cause of modified P-gp acuvity, some

0854-681X (@ 2008 Wolters Kluwer Health | Lippincott Wilkama & Wilkine

were significantly reduced in both cholestatic groups
compared with controls.

Conclusion These findings suggest that extrahepatic
cholestasis causes time-dependent changes in elimination
of Rho123 which do not exactly reflect alteration of P-agp
expression in the rat liver and kidney. These data may help
to explain impaired elimination of P-gp substrates after
short-term cholestasis that may commonly occur in
clinical practice. Eur J Gastroenterol Hepatol 20:404-412
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disease states such as endotoxemia, primary biliary
cirrhosis, hepatocellular carcinomas, chronic hepatitis C
virus infection and submassive cell necrosis are also
associated with changes in the expression of P-gp [2-5].
Pharmacokinetics of P-gp substrates is consequently
altered with subsequent impairment of clinical efficiency
of these compounds. This situation could be exemplified
by a significant 50% reduction in doxorubicin biliary
clearance during endotoxin-induced down-regulation of
hepatic P-gp protein expression [6,7]. The identification
and characterization of disease-induced changes of the
P-gp function could be, therefore, of clinical importance.

Extrahepatic or obstructive cholestasis is a pathological
condition caused by biliary obstruction leading to hepatic
and systemic accumulation of potentially toxic biliary
compounds, such as bile acids and bilirubin, with
consequent liver damage and jaundice [8]. Intensive
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research In recent vears revealed that obstructive
cholestasis implicates profound changes in the expression
of many he patic transporters. Spontaneous anticholestatic
defense mechanisms of hepatocytes against anionic
compounds comprise downregulation of sinusoidal uptake
(Nrep, QOatpl, Qatp4) and canalicular efflux (mrp2)

transporters, together with an adaptive inducuon of

basolateral alternative export pumps (e.g. mrpd) [9,10].
In addition, renal uptake and efflux transporters for
organic anions are upregulated (e.g. mrp2 and mrpd),
thus facilitating the excretion of toxic substrates through
unne [11]. Taken together, all these changes serve as
adaptive mechanisms that may reduce the dangerous
accumulation of bile acids and bilirubin within the
organism. In contrast, little is known about the function
of P-gp during obstructive cholestasis. It has been
demonstrated that hepatc expression of P-gp protein
and mBNA was several-fold upregulated starting from
the first day of cholestasis, and persisted at least for the
following 14 days [12-14]. In additon, immunohisto-
chemistry of rat livers showed that during obstructive
cholestasis, an increased P-gp remained localized at the
canalicular domain of hepatocyres [15] suggesting a
momphological basis for the potentially increased function.
Nevertheless, exact proof of this hypothesis is still
missing.

In this study, we determined the functional conse-
quences of increased hepatic P-gp expression dunng
acute and chronic obstructive cholestasis induced in rats
by bile duct obstruction (BDO) lasting for 1 (BDO1) or
7 days (BDO7). wltaneously, because the kidney
offers an alternative route for elimination of xenobiotics

in cholestatic liver disease, we examined the effects of

BDO on the expression and function of P-gp in the
kidney as well. Therefore, rhodamine-123 (Rhol23), a
model substrate for P-gp, was applied to bile duct-
obstructed rats after reconstitution of bile flow to study
its biliary and renal clearances as markers of P-gp
function. Immunohistochemistry and westem blot were
used to describe the expression of P-gp in the liver and
kidney. Verification of the present cholestatic in-vivo
model was performed by evaluation of plasma concentra-
tons and renal and biliary clearances of hilirubin, a
sensitive in-vivo marker of cholestatic liver impairment.

Methods

Materials

Rhol23 was purchased from Sigma Chemical Co.
(St Louis, Missouri, USA). Mouse monoclonal antibody
(219, directed to the mdriafh, was purchased from Signet
Laboratories, Inc. (Dedham, Massachusers, USA).
Horseradish peroxidase-conjugated goat antimouse im-
munoglobulin G was obtained from GE Healthecare
(Prague, Czech Republic). All other reagents were
obtained from Sigma Chemical Co. (St Louis, Missouri,
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USA) and SERVA Electrophoresis GmbH (Heidelberg,
Germany), respectively, and were of the highest purity
available.

Animal model

Male Wistar rats (#= 6 in each group) weighing 280-320 g
were subjected o BDO or sham-operation (controls)
under general anesthesia (pentobarbital sodium 50 mg'kg
of body weight intrapentoneally). The abdominal cavity
was opened and the common bile duct exposed and
cannulated. The open end of the cannula was sealed and
stitched to the abdominal wall just under the skin. In
sham-operated rats, the common bile duct was exposed,
but not cannulated. All the rats received humane care
according to the criteria outlined in the Guide for the
Care and Use of Laboratory Animals (revised 1996
ferp: ffwwenap. edulbooks| 03090537 T3 emli8 1 htmd). The study
protocol was approved by the animal welfare committee of
the Charles University in Prague, Faculty of Medicine in
Hradec Kralove.

For Rho123 clearance experiments, control rats and rats
with B were anesthetized by pentobarbital (50 mg/kg)
1 or 7 days after an earlier surgical procedure, and the bile
duct was either cannulated in sham-operated animals or
its obstruction was released (BDO animals) by curting
the free tip of the biliary canmula following a small
abdominal incision, and bile was consequently collected
in 20-min intervals. In addition, all the rats were
cannulated with polyethylene tubes in the right jugular
vein for drug administration, the left carotd artery for
blood sampling and the wrinary bladder for urine
collection. The body temperature of the animals was
maintained at 37°C with a heat lamp.

To elucidate the effect of BDO on steady-state biliary
excretion and renal handling of Rho123, the rats received
a bolus intravenous injection of Rhol23 in a loading
dose of 80pgkg followed by constant-rate infusion
(Perfusor Compact; Braun, Prague, Czech Republic) of
a 4% mannitol solution delivering a dose of 400pg of
Rhol23/h at a rate of Zml/h until the end of the study
A 60-min infusion was found to result in a steady-state
concentration of Rhol23. These dosages were calculated
using pharmacokinetic parameters obtained from an
earlier study [16]. Mannitol was used to obtain a suffi-
cient and constant urine flow rate. After a steady-state
concentration of Rho123 was reached, bile and urine were
collected in preweighed tubes at 20-min intervals for
60 min for pharmacokinetic analysis. Blood samples
were taken at the midpoint of the bile and urine
collection periods. Plasma samples were obtained by
centrifugation of the blood samples at 3000 x g for 10 min.
The volume of bile and urine samples was measured
gravimetrically, with the specific gravity assumed to be
1.0. All plasma, bile and urine samples were stored at
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—80°C until analysis. At the end of the experiments, the
animals were killed by exsanguination and the livers and
kidneys were immediately removed and stored at - 80°C
until analysis.

Analytical procedures

The concentrations of Rhol23 in plasma, urine and bile
were determined by the high-pressure liquid chromato-
graphy method described previously [16]. Briefly, the
apparatus used for high-pressure liquid chromatography
was a4 Shimadzu LO system (Ryoto, Japan) equipped with
a fMuorescence detector (REF-10A; Shimadzu) (excitaton,
480nm; emission, 520nm) consisting of an LOC-10AS
liquid pump and SIL-10A autoinjector. The conditons
were as follows: column, TSKgel ODS-80TM (Tosoh;
Tokyo, Japan); mobile phase, acetonitrile and 1% aceuc
acid (40:60, v/v); column temperature (LCO  100;
ECOM s.ro., Prague, Czech Republic), 50°C; and flow
rate, 0.7ml/min. The calibration curve of Rhol23 was
prepared each time in a concentration mange from 0 to
5.0pumol/l. The correlation coefficient (linearity) was
always more than 0.999, and the detection limit was
approximately 1 nmoll. The within-day coefficient of
variaton was below 5.6%, whereas the berween-day
coefficient of variation was found to be below 6.8%.
The concentrations of creatinine, total and conjugated
bilirubin in plasma and urnne were measured on Cobas
Integra 800 (Roche Iagnostics, Mannheim, Germany)
according to the manufacturer’s instructions.

Pharmacokinetic analysis

Total plasma clearance (Cluy, ) of Rhol23 was estimated
by dividing the constant infusion rate of Rhol23 by
the steady-state concentration in plasma (Cg). Bilary
and renal clearances (Clg;, and CLg) of Rhol23 and
bilirubin during each collection period were calculated by
dividing the respective excretion rate by C,; determined
for that collection period. Glomerular filtration rate
(GFR) was evaluated as clearance of endogenous
creatinine (Clcg). The renal clearance ratio of Rhol23
was calculated as CLg/GFR.

Western blotting analysis

Crude plasma membrane was prepared from rat liver and
kidney homogenates as described previously [16]. Fifty
micrograms of liver or kidney crude plasma membrane
were separated on a 6.25% polvacrylamide gel. After the
proteins were transferred to a nitrocellulose membrane
(GE Healtheare, Prague, Czech Republic), it was blocked
for 1h at room temperature with 5% nonfat dry milk in
Tris-buffered saline containing 0.053% Tween 20. The
membrane was then incubated with G219 (1:3500)
antibody for 1h, washed and incubated for 1h with a
peroxidase-conjugated goat antimouse lglG anubody
(1:1000). After the membrane was washed four times
with Tween 20 buffer, chemiluminescence development
was performed using ECL reagents (GE Healtheare).

The immunoreactive bands on the autoradiography films
were scanned with GS-800 Calibrated Densitometer
(Bio-Rad Laboratories, Hercules, California, USA) and
semiquantified using the QuanuwyOne imaging software
(Bio-Rad).

CQuantitative immunohistochemistry

Liver samples were frozen in hexane precooled in liquid
nitrogen and stored at - 80°C. Cryosections (5-6pm
thick) were prepared with a cryotome Minitome (Prague,
Czech Republic). Immunostaining was carried out using
€219 and horseradish peroxidase-conjugated rabbit
antimouse antibodies diluted in phosphate-buffered
saline containing 5% fetal calf serum at 1: 100, Visualiza-
tion was achieved by incubating with 3,3 diaminobenzi-
dine tetrachloride as the peroxidase substrate. Stained
samples were evaluated using the BX-31 microscope
(Olympus, Prague, Czech Republic) and computer
image analysis was done by ImagePro 411 (Media
Cyberneucs, Maryland, USA). Six microscopic fields at
a 600-fold oAginal magnification were randomly selected
from each rat sample. The immunoreactive structures
were detected in the inverted gray scale. Subsequently,
integral opucal densities of positive stained areas were
measured.

Statistical analysis

Data are presented as means and SEMs. Significant
differences between means were evaluated by analysis of
variance. Post-hoc comparisons between the different
groups were done by Tukey's test (Instat 3.0; Graphpad
Software, Inc., San Diego, California, USA). A difference
was considered significant when £ was less than 0.05
(P <0.05).

Results

Effect of bile duct obstruction on the steady-state
pharmacokinetics of rhodamine-123

Time-dependent influence of cholestasis on the pharma-
cokinetics of Rhol23, a model P-gp cauonic substrate,
under steady-state conditions in rats 1 or 7 days after
BDO, 15 presented in Table 1. In the rats 24 h after BDO,
bile flow rates, Rhol23 biliary excretion rate and Clgj,
were significantly reduced without marked changes in
either CLyg or Clep,. In contrast, 7 days of extrahe patic
cholestasis resulted in full restoration of hile flow rate
with a tendency to be higher than in the control group.
Plasma C,; rose significantly in BDO7Y group, which
corresponds with decreased renal and consequently total
clearance. The Clgg remained unchanged in both BDO
groups. The CLp/Clgp ratio of Rhol23 showed a
tendency to decrease, which was more prominent in the
BDO7 group (significant when compared with controls
using unpaired f~test), although the differences failed two
reach the 5% level of statistical significance.
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Table 1 Steady-state pharmacokinetics of Rho123 in control, and Table 3 Selected serum liver biochemical tests in control and bile
bile duct obstructed rats (n=6 in each group) duct obstructed rats
Rho123 Cantrols BDON BDO7
Cortrals BOO1 BDOY ALT (U 0.6+0. 1202344+ 15103
AST (1L 1.7t02 150+ 2.3%# 5714
Urine fiow rate (ul'min) 130106 15.0+141 13.0+£1.0 GMT (U 0.02+0.003 0.7 £ 0.04%* 0.07 £ 0.02
Bile flow rate {ulimin} 250+0.9 16.0% 1.8%* 26.0+18
Urinary excration rats 4.1+0.6 3.7+ 05 3.0+04 BDO1, BDOY, abstructive chalsstasiz indussd by bile dust abstruction lasting
{nmol/minfkg) for one or seven days.
Biliary excration rata 12+0.1 0.35+ 0.05%* 1.3+02 Valuas are means = SEM (n =E).
[nmal/minfkg) ALT, alsnine aminotransterase; AST, aspartate aminotransferase; BDO, bile duct
Plasma G (1moll) 05+0.02 0.6+ 0.02 0.8+0044 abstruction; GMT, gamma-glutamyftransferase.
CLz, (miimin/kg) TE+1.9 BE+D8 3.5+ 04% Significantly differant from control valus (P</0.08, **P<0.01, ***F<0.001).
Cls (mUmintkg) 2.1+0.3 0,810,144+ 1.5+02
CLs,, (mliminskg) 320+0.8 32.0+08 21.0% 1244+
Cles (mlfmin/kg) a1x14 10,110 B.6x20
Cla/Cles 08+0.2 0.7+0.1 0.5+0.05

BDO1, BDOT, obstructive cholestasie induced by bile duct obstrustion lasting
for one or seven days.

Values are means TSEM (n=g).

BDO, bile duct abstruction; Claw, bilsry clesrance; Clo, clearance of
endogenous creatining; Clg, renal cearance; C,,, steady-state concentration in
plasma; Clye, total plasma clearancs; Rho123, rhodamine-123.

Significantly different fram control value (*P<00.05, **FP<0.01, ***P<0.001).

Table 2 Kinetics of endogenous total (A) and conjugated bilirubin
(B)in rats (n=86 in each group) after bile duct obstruction or sham
operation

Caontrols BDOA BDO7
(&) Total bilirubin
Urinary excretion rate 0.3+ 005 0.6 0.07* 0.410.07
{nmal!mindtkg)
Biliary excration rats 4.6106 1720+2.7 25.0+5.6%*
[nmall minfkg)
Serum Cys (pmol/l) 431041 25.01 8.0* 28.0L6.3*
Clg (mUminfkg) 0.08+0.01 0.03+0.008* 0.02+0.002%*
Claie (ml'min'kg) 1.1t02 08103 0.6+£02
Cla/Cles 000810002 0.00320.001* 0.0021+0.0003%*
The totaliconugatad bilirubin ratio (fold changs)
Urinary excration 3.4105 1.8x02% 1.8 0.1%*
Biliary excration 2.5+08 1.2+002 1.2+0.07
Serum C,, 30.0t69 2.0 04% 2103+
(B} Conjugated bilirubin
Urinary excretion rate 0.1+0001 0.3+ 0.05%* 0.2+0.05
(nmal minfkg)
Biliary excration rats 3.0t08 15.0x24 2.0 5.4%*
{nmal/ min'kg)
Plasma G,, [umol'l 0.2+ 005 14.2+ 45 15,6+ 4.4
Cls (mlminfkg) 0.7£02 0.03L0.01*%* 0,021 0.004++*
Clais (ml'min'kg) 20.5+85 1.6+ 05* 1.6E04%
Cla/Cles 0.08+0.03 0.00410.001** 0.002+0.001**

Data on wine and flow ratez are listed in Table 1 - zamples from the zame
animals wers analyzed. Pharmacokinetic analysiz was performed on the base of
the assumption that bilirubin sarum concentrations were in steady state.

BDO1, BDOT, obstructive cholestasie induced by bile duct obstrustion lasting
for 1 or 7 days.

Values are means TSEM (nw=B).

BDO, bile duct obstruction; Clg, bilay clearance; Clos, clearance of
andogenous creatining; Clg, renal claarancs; Cas stesdy-state concantration
in plasma.

Significantly differant from control valus (*P<0.05, **F<0.01, ***F<0.001).

Serum, biliary and renal bilirubin kinetics after bile
duct obstruction

Io verify the efficacy of the model of cholestasis used, we
evaluated endogenous bilirubin (total and conjugated)
kinetics in sham-operated and BDO1/7 rars (Table 2),

assuming steady-state plasma concentrations. Both dura-
tions of extrahepatic cholestasis were associated with
an increase in both the determined serum bilirubin
levels. Most of elevated serum biliubin was of the
conjugated type as exemplified by decreased ratios of
total to conjugated serum bilimbin  concentrations
("Table 2). Biliary excretions of the total and conjugated
bilirubin were found increased in both groups of BDO
rats. Biliary clearances of total bilirubin remained un-
changed, however, whereas those of conjugated type were
profoundly reduced after both durations of cholestasis.
Urinary excretion of both types of bilirubin was found
increased after 1 dav of cholestasis and recovered after
7 days of operation. Renal clearance of both analytes was
markedly reduced by BDO1/7 with the tendency to be
worsened ‘with progression’ of cholestasis. Ratos of
bilirubin renal clearances to creatinine clearances were
reduced by both durations of cholestasis suggesting either
a fall in active tubular secretion or increased reabsorption,
which was much more prominent in conjugated bilirubin.
Changes in the serum biochemical tests of liver function
are demonstrated in Table 3. Significant increase in
serum alanine aminotransferase, aspartat aminotransfer-
ase and gama gluramyltransferase activities was observed,
especially 1 day after BDDO.

Immunochistochemistry of P-glycoprotein

Qualitative and quanttative aspects of P-gp tissue
distribution in the liver and kidney were assessed in
sham-operated and BDO rats. Fig. 1a shows the normal
staining pattern seen in the lwer of a control animal.
Weak labeling was restricted to the hepatocyte apical
membrane delineating the bile canaliculi preferentially
in the periportal arcas of the liver lobe. Livers from
BDO1/7 rats showed a markedly increased labeling of the
canalicular membrane with an extension of staining also
to pericentral hepatocytes (Fig. 1b and ¢). In the kidney
of control animals, P-gp vielded a weak signal on the
apical surface of the epithelial cells of the proximal
tubules (Fig. 1d). Quanuficavon of P-gp by densitometry
of the immunostained protein in controls and BIDO1/7
rat liver and kidney i1s shown in Fig. Zc. In the liver,
comparison of overall integral optical densities of stained
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Fig. 1

Immunohistochemical microscopy of P-glycoprotein (P-gp) in control and cholestatic (1 and 7 days) rat liver and kidneys. Representative images
(200-fold magnification) of six livers and kidneys per group of bile duct obstructed and sham-operated animals are shown. Cryosections (5-6 pm
thick) were labeled with the monocional antibody C219 directed against rat P-gp. In control rat liver, there was a weak P-gp immunastaining of

hepatocytes in the vicinity of periportal areas (a). Bile duct obstruction i
ximal tubular cells of control animals (d) was pancellularly increased 1 day after
7 animals (f). To quantify P-gp expression, six random visual fields were analyzed from each

i ,C). Inki weak apical P- taining detected i
il e abotrcton D) ) e sk o m BEOT ot

the intensity of P-gp staining preferentially in the areas of central

section at 600-fold of original magnification. Scale bar in images, 100 pm; same magnification for all panels.

P-gp protein between the sham-operated and either the
BDOT1 or BDO7 group indicated a 1.4-fold and a 1.9-fold
increase, respectively. In the kidney, the same comparison
revealed a significant 22.3-fold pancellular increase
observed especially in three animals from the BDO1
group, whereas no significant change was observed after
7 days of cholestasis (Fig. 1e and f).

Western blot analysis

To further determine whether the expression of P-gp is
altered at the protein level in obstructive cholestasis in
livers and kidneys, western blot analysis was performed in
total membrane fractions of these tissues obtained from

sham-opented controls and BDO rats. The protein blots,
probed with the polyclonal C219 antibody, identified a
band at 170kDa (Fig. 2a and b). As seen in Fig. 2a, one
day after BDO, there was a significant increase in the
hepatic P-gp protein level to 378.8 = 16.8% of sham-
operated controls (P < 0.001). A more prolonged period
of obstructive cholestasis (7 days) resulted in main-
tenance of upregulated P-gp protein in the liver to
427.6 £17.9% (P<0.05) of sham-operated controls
(Fig. 2a). In contrast, there were no significant changes
of P-gp protein levels in kidneys 1 day after BDO
with a slight, statistically insignificant, decrease in BDO7
animals (Fig. 2b).
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Fig. 2
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Effect of bile duct obstruction (BDO) on the expression of P-
glycoprotein (P-gp) protein. Membrane fractions were isolated from
Iver and kidney oblained from sham-operated and BDO rats 1 and 7
d?s after initial surgery. Representative immunoblots of rat liver (a) and
kidney are shown (b). Image (c) presents densitometric analysis on six
independent controls and BDO samples at each time point. Data
(mean £ SEM) are expressed as percentages of values in sham-
operated controls (*P<C0.05, **P<0.01, ***P<0.001 compared with
controls), IHC, immunchistochemistry; WB, westem blot.

Discussion

In this study, we evaluated the effect of acute and early
chronic obstructive cholestasis on the P-gp-mediated
biliary and renal excretion of its substrate, Rhol23, in rats
1 or 7 days after BDO. Simultaneously with Rhol23,
endogenous total and conjugated bilirubin kinetics was
analyzed in the same animals to ensure reliability of
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established in-vivo rat cholestatic model. To suppont
pharmacokinetic results of our in-vivo study, the expres-
sion of P-gp protein was evaluated by quantitative
immunohistochemistry and western blot analysis in the
liver and kidney.

A series of studies in humans and mats, including the
present one, have reported several-fold upregulation
of P-gp mRNA and protein expression dunng obstructive
cholestasis  [12,13,15,17,18]. This is an interesting
observation because hepatic expression of most drug-
transporting proteins  is  either preserved or, most
commonly, downregulated during cholestatic liver injury.
Hepatic uptake and biliary excretion of their respective
substrates 1s consequently impaired [9]. These changes
form the basic defense mechanism of hepatocytes against
toxic effects of organic anions such as bile acids and
bilirubin. Increase in hepatic P-gp expression, however,
has no such clear functional rationale. P-gp is the main
canalicular transporter for a variety of lipophilic xenobio-
tics with a large amphipatic or cationic molecule [1]. In
the rat liver, there are two other imporant transporters
for cationic compounds, Octl and Oatp2 [19]. Smdies in
Xenopaus  Jaevis oocytes demonstrated that rat Octl
represents the hepatic uptake system for type I small
organic cations. In contrast, Octl did not transport larger
organic cations rype Il whose hepatic uptake seems to be
primarily a function of the organic anion-transporting
polypeptide 2 (Oarp2, Sleolad) [19]. Nevertheless,
expression of both transporters is progressively down-
regulated after BDO, which could decrease disposition of
P-gp substrates intracellularly in hepatocytes and subse-
quently at the canalicular membrane, compromising the
efflux function of P-gp. This fact could, at least partially,
explain the disagreement berween increased expression
of Pgp protein after BDDO and unchanged or even
decreased biliary excretion of Rhol23 observed in our
study.

Rho123 is a well-known substrate of P-gp, which has been
widely used as an index of P-gp-mediated transport in
rodents and tissue cultured models [20,21]. On the basis
of these and our own [16] experience, we decided to use
this compound for the assessment of hepatic and renal
P-gp functon in controls and cholestatic rats. In general,
Rho123 pharmacokinetic parameters observed in sham-
operated animals in our swdy are similar to values
reported by other groups [20=22] suggesting reliability
of the chosen model. Comparison of Rhol23 renal and
hepatic excretion showed that this compound is elimi-
nated mostly by the kidney with only approximately 23%
of the eliminated amount being excreted into bile. The
difference between Rhol23 Clg,, and sum of Clg and
CLgje could be ascribed to Rhol23 intestinal exsorption
clearance previously described by others [22]. In chole-
static animals, we observed time-dependent differences
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in hepatic and renal elimination. Concerning hepatic
elimination, 1 day of cholestasis decreased bile produc-
won and also Rhol23 biliary excretion and clearance. In
contrast, ‘7-day cholestasis produced almost complete’
restoration of Rhol23 biliary excretion, and difference
from control values was not statistically significant. These
data are in disagreement with the detected increase
in P-gp expression in both durations of cholestasis. An

explanation could be based on a detailed analysis of

Rhol23 physicochemical properties. Rhol23 i1s a fluor-
escent dye, which exhibits a positive charge at physio-
logical pH. Therefore, despite the assumption that it
enters the cells by passive diffusion [23], partial water
solubility at physiological pH evenwmated the potential
contribution of active transport to basolateral permeation
of Rhol23 into hepatocytes. Indeed, evidence exists that
Rhol23 is also taken up by Octs [24]. Decreased Octl
reported during cholestasis supports this hypothesis [25].
Mevertheless, decrease in Octl expression is progressive
in time and we observed normalization of Rhol23 biliary
excretion after 7 days. Apparently, decreased hile
production observed 1 day after BDO also seems to play
a role. Although the exact mechanism for this phenom-
enon is not clear, acute increase in intrabiliary pressure
associated with impairment of tight junction interconnec-
tons berween hepatocytes and backward bile leakage
may be responsible, as exemplified by Chen er &/ [26] and
Kawaguchi er af. [27]. In addition, they also reported, in
agreement with our results ('Table 3), a higher intensity
of changes in serum biochemical markers of liver injury
during initial days of cholestasis compared with the more
prolonged state.

Important questons arise about mechanisms underlying
the increase in hepatic P-gp expression after BDO.
Induction of P-gp protein expression during extrahepatic
cholestasis has been described in association with
increase in its mRNA expression suggesting transcrip-
nonal mechanism [12,18]. One possible explanation
could be increased hepatic accumulation of lipophilic
endobiotics (e.g. bilirubin) and xenobiotics, which cross
the basolateral membrane of hepatocytes preferentially
by passive diffusion (without participation of otherwise
decreased basolateral uptake transpomers), and could
consequently actvate transcription factors, which control
P-gp expression such as CAR and PXR [28]. This fact is
indirectly supported by recent similar findings, that
some CAR and PXR receptor agonists, such as pheno-
barbital, Yin Chin, nfampicin and atorvastatin could
restoref/increase the expression and function of some
anionic transporters during cholestasis (e.g. mrp2, oatp2)
[29-31]. In addition, morphological patterns of redis-
tributed expression of P-gp from periportal also to
pericentral zone during cholestasis-induced upregulation
suggest a similar mechanism as in the case of enzyme
inducer-mediated upregulation of P-gp that we previously

described for dexamethasone, a PXR receptor agonist
|16]. To mention all possibilities, posttranscriptional
mechanism [28,32] in upregulation of P-gp has also been
described to be involved in P-gp protein induction afrer
administration of some enzyme inducers [33]. Never-
theless, evaluation of the exact mechanisms contributing
to the upregulation of P-gp after BDO is a matter of
further research.

It has been reported that Rhol23 is acuvely secreted into
urine by P-gp and that alterations in P-gp expression are
accompanied with changes in P-glycoprotein-mediated
renal tubular secretory clearance [20,34,35]. As shown
by our results, cholestasis induced by BDO produced
time-dependent changes in the renal excretion of the
compound. One day after cholestasis, the net tubular
secretion clearance, CLg/C Loy ratio, and renal clearance
of Rhol23 as well as the expression of P-gp protein were
preserved, which complies with the reported nephro-
protective effect of cyrokines released from the impaired
liver dunng the first day of cholestasis [36]. Seven days
after BDO, we observed an unchanged renal excretory
rate of Rhol23. Correction of the parameter to plasma
(gs, however, revealed a decreased renal clearance of
Rhol23 at that time. As urine producton was even
slightly increased in the BDO7 group, similarly to an
earlier report [17], it suggests an impairment in the
tubular excretory function. In agreement, increased
susceptibility of kidneys to damage has been previously
demonstrated 4-7 days after BDO [36]. Moreover, we
observed a slight reduction of P-gp protein expression on
the seventh day after BDO as measured by westem blot,
which complies with the kinetic results. Interestingly,
intensive pancellular increase in proximal mbular P-gp
staining was observed by immunohistochemistry after 1
day of cholestasis without a corresponding change in
western blot results or Rhol123 kineric paramerers. Strong
staining was seen, especially, in three animals. The reason
for this effect is not known. Cross-reactivity of antibody
could be the cause, bur no such effect was seen in other
animals from the group. One possible explanation is the
variably increased synthesis with an impaired insertion/
redistribution of antigen to plasma membrane as seen
with mrp2 n the hepatocytes of acute cholestatic animals
|37-39]. Diffuse cytoplasmic localization without clear
association with the plasma membrane could thereafter
produce a variable extraction of the antigen for western
blot analysis. The mechanism and significance of this
phenomenon requires further investigation.

To verify the reliability of our in-vive cholestatic model,
we also evaluated the serum concentration and biliary and
renal clearance of endogenous bilirubin  (total and
conjugated), an endogenous organic anion. This typical
marker of cholestatic liver injury is excreted from the
hepatocytes into bile almost exclusively by mrp2, mainly
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in glocuronosyl form [40]. The excretion across the
canalicular membrane of hepatocytes is the rate-limiting
step of overall hepatic transport of bilirubin [41] and is
deficient in two mutant rat strains, GY/TR [42] and Eisai
hypemhilirubinemic rat [43] with the absence of rat mrp2
|44]. During the extrahepatic cholestasis, mrp2 is rapidly
redistributed from canalicular membrane of hepatocytes
with consequent intensive downregulation of its expres-

sion [10,11]. As a compensatory mechanism, expression of

basolateral mrpd transporter is upregulated in the liver
together with induction of excretory- (mrp2/3) and
downregulation of apical uptake- (Isbt-ileal sodium-
dependent bile salt transporter) transporters in the
kidney [11,17]. Our data of increased serum concentra-
tion and urinary excretion of total and conjugated
bilirubin correspond to these reports. When we corrected
excretory data by plasma concentrations, we observed,
however, a marked decrease in renal clearances of both
bilirubin forms in either duration of cholestasis. The
reason for this observation i1s currently unknown. As a
similar observation was made previously for urinary
excretion of bile acids in rats with BDO, we could
accordingly suggest an altered plasma protein binding and
currently unidentified renal tubular impairment as the

interfering mechanism [43]. In contrast, our resules of

decreased biliary clearance of conjugated bilirubin are in
strong agreement with previously described downregula-
tion of hepatic mrp2 [9-11]. Moreover, we observed a
decrease in the rato of twrmal to conjugated serum
bilirubin concentration that might comply with an
increased expression of basolatem]l mrp3 and down-
regulation of apical mrp2
hepatic  UDP-glucuronosyltransferase  (UGT1AL), the
main enzyme involved in bilirubin conjugation [46], to
disproportionately increased serum-conjugated bilirubin
concentrations remains a matter of further research,
because expression of Ugtla protein was described to be
unchanged during cholestasis, whereas phase 1l metabo-
lism of xenobiotics was severely reduced [47].

In conclusion, this study is the fist report using in-vivo
clearnce experiments to reveal the function of hepatc
P-gp during obstructve cholestasis. We confirmed the
increased expression of P-gp protein in the mt liver and
kidney. This change, however, was not associated with a
comresponding increase in Rhol23 hiliary clearnce. One
day after obstruction, Rho123 CLg. was found significantly
reduced most probably as a consequence of
paracellular permeability and regurgitation of biliary con-
stituents into plasma. Seven days after obstruction, the
Rho123 CLg;j. was found restored but not increased above
values measured 1n sham-operated animals. In the kidneys,

we observed an unimpaired Rhol23 CLg after 1 day of

cholestasis whereas its reduction owing to tubular impair-
ment was seen on the seventh day afrer BDO. The
mechanisms involved in these discrepancies between

[10,11]. Contribution of
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morphological and functional changes of P-gp dunng
extrahepatic cholestasis  require further elucidation.
Imporantly, the selected in-vivo model of extrahepatic
cholestasis with a reconstituted bile flow offers an excellent
ool for the investigation of functional consequences of
cholestasis for the phammacokinetics and dynamics of
endobiotics and xenobiotics.
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Komentar k ¢lanku

Jednim z mechanizmtl, Ktery vyznamné ovliviwyje tvorbu zluce a pohyb latek mezi
krvi a zIuci, je tzv. hematobiliarni bariéra. Je tvofena intercelularnimi kontakty typu ,.tight-
junctions® a ,,gap-junctions®. Zatimco ,,gap-junctions” slouzi k vyméné latek mezi
bunkami charakteru intercelularni signalizace, ,,tight-junctions* tvofi pravé tu bariéru mezi
krvi a zluci, jejiz kvalita spolu s transportnimi procesy V hepatocytech fidi tvorbu Zluce.
Zajimavosti je, Ze oba mechanizmy jsou v naprosté vétSin¢ ptipada studovany oddéleng. Je
velmi dobie prokazano, Ze tésné spoje reguluji pohyb ionti, vody a rozpusténych latek
paracelularnimi prostory mezi hepatocyty, a proto pfi jakémkoli transportu 1€¢iv do Zluce
je nutno soucasné uvazit i funkénost dané bariéry. Zejména u obstrukéni cholestazy bylo
prokazano, ze kvalita bariéry je vyrazné porusena a dochazi ke zvySenému pohybu latek
mezi zlu¢i a krvi. Podobné¢ jako u transportért jsou sice detailné popsany zmény exprese
proteint bariéry (okludin, cladiny, ZO-1 atd.), informaci z funkénich testi je malo. Ve
vetsSing praci byla pouzita kienova peroxidaza jako indikator funkce hematobiliarni bariéry,
nasledné se vSak ukazalo, ze tato latka ma pfi priichodu do zlu¢e vyznamnou intracelularni
komponentu. Cilem studie bylo zavést spolehlivy test permeability za pouziti melibidzy
(disacharid) a rhamnézy (monosacharid). Toto pouziti vychdzelo z Sirokych znalosti
testovani permeability stievni sliznice zalozené na skutecnosti, Ze monosacharid prochazi
volné transcelularné, zatimco disacharidy paracelularné.

Akutni obstrukéni cholestdza byla navozena podvazem Zlu€ovodu v trvani jednoho
dne. Po uplynulé dob¢ byla provedena 4hod in vivo kineticka studie s inicialni intravenozni
aplikaci melibidzy a rhamnozy, kazda v davce 100 mg/kg.

U intaktnich potkani pfedstavovala biliarni exkrece melibidozy a rhamnozy
V porovnani s jejich renalni exkreci (71 % a 62 %) pouze minoritni podil z podané davky
(0,06 % a 0,4 %). Cholestaza vedla ke zvySeni exkrece obou cukrli do Zluce a soucasné se
zvySil pomér melibidoza/thamnoéza ve Zlu€i, coZ predstavuje vyznamny indikétor
paracelularni permeability. Rendlni clearance melibidzy ani pomér rendlni exkrece
melibiéza/rhamndza nebyl cholestazou ovlivnén.

Z vysledkt studie vyplyva, Ze melibiézo-rhamn6zovy permeabilitni test je vhodny

pro detekci a hodnoceni cholestazou indukovaného poskozeni hematobiliarni bariéry.
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Introduction

Abstract

Background and Aim: Melibiosethamnose permeability test is used for nonimasive
intestinal mucosa barrier testing. However, the possible escape route of the absorbed
saccharides through either intact or impaired blood—biliary barders has not so far been
explored. The ohjective of the present study was therefore two-fold: First, to describe in
detail the biliary pharmacokinetics of melibiose and rhamnose in rats; second, to evaluate
the changes of both sugars” pharmacokinetics upon impairment of the blood—hiliary barrier
by acute extrahepatic cholestasis in rats.

Methods: Bile duct obstructed (BDHY, sham-operated and intact (unoperated) male
Wistar rats were administerad, 24 h after the appropriate intervention, with a single intra-
venous dose of melibioze and rhamnose, and a 4-h pharmacokinetic study was performed.
Results: In intact animals, the biliary excretion of melibiose and rhamnose was only
0.06% and 0.4% of the administered dose, respectively, while the urinary excretion
accounted for TO6% and 61.7%, regpectively. In BDO animals, the biliary excretion rate of
both saccharides. especially that of melibiose, was increased with a consequent 4 4-fold
rize of the hiliary melibices/thamnose ratio, the accepted parace!lular permeability indica-
tor. Both, the remal clearance of melibiose and the wrinary melibioseirthamnoze ratio
remained uninfluenced by cholestazis.

Conclusion: The present study is the first to describe in detail pharmacokinetic parameters
and the biliary excretion of melibicse and rhamnose in healthy and cholestatic rats, The
altered melibiozse/tThamnose biliary excretion ratio in BDO rats indicates that the test is ahle
to detect the impairment of the blood—hiliary barrier in acute extrahepatic chol estasis.

animalz**~ On the other hand, more detailed kinetic data with the
use of other well-accepted permeability tests are still missing. In

“Blocd-hiliary bamrier”™ is the term designating the connection of
hepatocytes by tight junctions to form cell plates strictly sealing
the bile canaliculi and thus ensuring bile Aow without its backward
leakage into the blood. In particular, tight junctions play a central
roleinregulating the movement of solutes, ions. and water through
the paracellular spaces between hepatocytes and maintaining the
cellular polarity. Previous studies have indicated that most chole-
static liver diseases are associated with the alterations of tight
junctions which might produce a functional deficit of this harrier.
as scen in obstructive jaundice.? However, while structural changes
are well described in this patophysiological sitation,” limited
information is available for quantitative estimation of the blood—
hiliary barrier function. Most permeahility data come from short-
term (530 min) studies with horseradizh peroxidaze (HRP) and
[MC]sucrose, An increpze in the movement of the compounds
between the bile and the blood has besn seen in cholestatic

1934

addition. no information is available about the permeability of the
blood—biliary barrier 24 h after bile duct obstruction in rats, a
widely used model of acute cholestasis.

Drual-sugar tests of permeability are generally accepted as a
noninvasive means of assessing intestinal damage in humans and
animals.=" In addition, they serve as o useful screening tool for
the evaluation of the paracellular pathway of the intestinal epithe-
lium in experimental animal models."™" The concept is based on
the assumpticn that larger disaccharides penetrate barriers through
intercellular spaces, whereas monosaccharides go via the ranscel-
lular pathway. The testing sugars are administersd orally and a
consequent measurement of their ratio in the 5-h urine collection
serves as the marker of the intestinal permeability. The most
commonly uwsed sugars for such evaluation are lactulose and
L-thamnose. Mevertheless, thanks to the diartheal potential of
lactuloze, another nonphysiclogical disaccharide. melibiose, has
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also been successfully introduced for testing in humans, ™" With
the vuse of these tests, it was shown that intestinal permeability
is increased in sitwations like sepsziz, burn injury, and willous
atrophy.” Howewver, the sugar testing is based on assumptions
that may not ke valid during disease states. One of the main ones
is the stable tissue distribution of the compound during evaluation.
Mevertheless. this parameter is unpredictable in diseases such as
extrahepatic cholestasis or cirthosis, where the broken integrity of
the Blood—hiliary bamier may offer disaccharides an alternative
pathway to escape from the onganism, and the results of intestina
permeability testing might be highly modified 4% This fact is
poorly studied. Moreover, there are no published studies describ-
ing the biliary excretion of either thamnose or melibiose and the
possible contribution of this pathway to their overall elimination.
The aimsz of present study were: first. to describe in detail the
pharmacokinetics of thamnose and melibicse in rats with special
attention to their biliary excretion, and second, to evalvate the
integrity of the blood-hiliary bamrier during acute extrabepatic
cholestasis induced by bile duct obstruction (BDO in rats. We
uzed a tried dual-sugar permeability test based on intravenous
coadministration of a single bolus dose of melibioze and
rhamnose. In addition., we established a simple and sensitive
high-performance liquid chromatography (HPLC) method for
simultaneons detection of both sugars in biological fluids.

Methods

Materials

L-rhamnose, melibiose, cellobiose, and Auorenylmethylcarbazate
(Aucrenylmethoxycarboryl  hydrazine) were purchased  from
Sigma (St. Lowis, MO, USA) All other reagents were obtained
from Sigma and SERVA Electrophoresis (Heidelberg, Germany),
respectively, and were of the highest purity available.

Animal models

Male Wistar rats (n=T in each group) weighing 280320 g were
subjected to BDMO or sham operation {controls) under general
anaesthesia (sodivm pentobarbital 50 mgfkg body weight intra-
peritoneal [ip.]) The abdominal cavity was opened and the
common bile duct exposed and cannulated. The open end of the
cannula was sealed and stitched to the abdominal wall just under
the skin. In sham-operated rats, the common bile duct was
exposed, but not cannulated. Intact group animals underwent phar-
macokinetic study without any previous surgical procedure. All
rats received humane care according to the criteria outlined in
the Guide for the Care and Use of Laboratory Animals'® The
study protocol was approved by the animal welfare committes
of Chares University in Prague, Faculty of Medicine in Hradec
Kralowve.,

Melibiosejrhamnose pharmacokinetics in rats

In rats under anaesthesia by ip. injection of sodinm pentoharbital
(50 mg/kg) the bile ductwas either cannulated (sham-operated and
intact rats) or its obstruction was released (BDOY). Thereafter, the
right jugular vein, left carotid artery, bile duct, and urinary bladder
were cannulated for drug administration. blood sampling, bile
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collection, and urine collection, respectively. After surgical prepa-
rations, the rats received a single bolus dose of melibicse and
L-rhamnosze { 100 mgfkg). Blood samples (=0.% mL) were taken at
designated time intervals (=5, 4. 10, 30, 60, 90, 120, 180, and
240 min after injection of sugars). Plasma samples were obtained
from the whole blood by centrifugation at 1200 g for 5 min at 4°C.
Bile and urine samples were collected in preweighed tubes at
30-min intervals throughout the experiment. Samples were stored
at —30°C until analysis. The body temperature of the animals was
maintained at 37°C by placement of the animals on a heating
platform.

Drug analysis

The concentration of both sugars was determined by the HPLC
method with a system {Shimadzo, Kyoto, Japan) consisting of an
LC-20A0 pump, RF-104Ax] fAuorescence detector, SIL-2040C
autozsampler, CBM-204A communication bus module, and LCsolu-
tion chromatography workstation, The derivative reagent was pre-
pared by dissolving 5 mg fuorenylmethoxycarbonyl-hydrazine
per ml acetonitrile followed by the addition of 40 PL/mL acetic
acid. For the anal yaiz, 20 JL of unknown sample, calibration stan-
dard. or spiked quality contral sample were added to 100 pL of
internal standard solution (30 pmol/L cellobiose in 9% ethanol .
The mixture was centrifuged at 18 000 ¢ for 10 min, and then
60 WL of supernatant were added to 1500 W of derivative reagent.
The reaction mixture was heated at 65°C for & h, then cooled to
room lemperature and centrifuged again (18 000 g for 10 min).
100 JL of the supernatant were tranaferred into a 2-mL vial with a
F00-L glass insert. A& 1 UL aliquot was injected onto the Spher-
igsorh ODSI colomn (125 x4 mm. 3 Wm; Waters, Milford, MA,
USA) equipped with a Cig precolumn (4 = 3.2 mm; Phenomenex,
Torrance, CA, USA). Sugars were chromatographed at 40°C by a
linear gradient at a fAow rate of | mL/min. The starting eluent
consisted of 22.5% acetonitrile and 77.5% water. The content of
acetonitrile was increased to 26.5% over the course of 22.5 min.
The column was washed with methanol containing | mLJ/L acetic
acid for 19 min to remove excess of reagent'byproducts and then
equilibrated with starting eluent for 17 min before the next injec-
tion, The excitation and emission wavelengths of the Aucrescence
detector were 270 nm and 320 nm. The autosampler temperatures
was set at 10°C, Calibration curves exhibited good linearity for
melibiose from 12 to 1250 pmol/L and also for thamnose from 25
to 2500 pmol/L., where the coefficient of determination, r2, was
0,999 for melibicse and 0998 for thamnose. The concentrations
carresponding to the lowest nonzerm calibration standard were
taken as a lower limit of quantification and were 12 pmol/L for
melibiozse and 25 mol/L for rhamnose, To assess accuracy and
precizion, the spiked quality control samples prepared at four
concentration levels in blank plasma. bile and diluted urine (dilu-
tion 1:20 with water) were analyzed within the batch (s = 6). The
analytical recovery was from 953% to 105.6% in all but the lowest
concentration of melibiose in urine examined (12 Pmol/L). In this
case, the recovery was 118.6%. The precision expressed as a
coefficient of variation was between 1.3% and 5.3% for both
compounds in all three matrices.

The concentrations of creatinine and bilirubin {direct and total)
and activities of aspartate aminotransferase (AST) and alanine
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aminotransferase (ALT) in plasma were measured on Modular PP
{Roche Diagnostics, Mannheim, Germary) according to the manu-
facturer’s instructions.

Pharmacokinetic analysis

Data were anal ysed with Kinetica and M5 Excel software. Phar-
macokinetic parameters of hoth sugars administered intravenously
{i.v.) to rats as a single bolus dose were calculated according to
standard noncompartmental technigques.'” The highest detected
plazma concentration of the compound (C_.) and the correspond-
ing time to reach this concentration (Tawe) were determined from
the plasma concentration—time data. The elimination rate constant
(Ea) was estimated by subjecting the plasma concentrations in the
terminal phase to linsar regression analysis. The terminal elimina-
tion phase half-life (b)) was caloulated by dividing In2 by K. The
area under the plasma concentration—time curve (AUC..) was
calculated as the sum of the AUCq 1, estimated by the log-linear
trapezoidal rule from time O to the time of the last measured
concentration (Twe) and the AUC extrapolated to infinity
(AU Ty} caloulated as the last measured concentration divided
by B, Total clearance (CLr.) was calculated as Clp, = Dosed
AUCH .. The apparent volome of distribution (%d.) was calculated
as Wi, = CLy/Ka. The steady-state volume of distribution (Vda)
was calculated as Vi, = Clpy « AUMC AUC 0., where AUNMC
i= the area under the first moment plasma concentration vs time
curve. The biliary (Clgg) and renal {(CLy) clearance was calcu-
lated as CLgge = X' AU Cotien and CLlp = X! AUCo 1w, where
Kiite A0 Xyre were the amounts of melibiose or rhamnose
excreted to hile and urine, respectively, during the evaluated
period, and Tie was 240 min. '

Melibioze/rhamnose ratio in biological fluids was calculated in
all collection periods separately as well as from cumulative data,

Statistical analysis

Experiments were carried out on five animals per group. All
experimental data are expressed as mean = SEM. Statistical sig-
nificance was examined by aMOVa using Graphpad Frism 5.0
software (Graphpad Software, San Diego, CA, USA). P < 005
was considered statistically significant.

F Tomnsik et &

Results

Pharmacokinetics of melibiose and
rhamnose in rats

Semilogarithmic plots of concentration—time data for melibiose
and thamnose after a single i.v. injection of 100 mg'kg to rats are
shown in Figure 1. Pharmacokinetic parameters for both com-
pounds are summarized in Table 1. Importantly, no significant
differences in pharmacokinetic parameters of both compounds
have bezn detected between intact and sham-operated animals.
The volumes of distribution measured by both approaches (Vd,
and ¥d,) gave similar values. Comparizon of the clearance values
showed highly prevailing renal elimination of both sugars. To
study the mechanisms imvolved in the renal excretion of both
sugars, the ratics of renal clearances and the glomerular fltration
marker. creatinine clearance was evaluated and showed values
approximately 1 for both sugars (Table 1) In BDO animals, the
tostal clearance of melibiose was slightly but insignificantly higher
than control values, which was associated with a significant
increase of Cly,e when compared with data from sham-operated
animalzs. Similar results were measured for rhamnose (Table 1k
In contrast, we did not observe change in any other of the mea-
sured pharmacokinetic parameters of melibioze or thamnose after
BDO.

Biliary and renal excretion

The urinary and bile Aow rates throughout the experiment in
respective groups of animals are presented in Figure 2. There was
no statistically significant difference between the groups in any of
measured intervals. Figure 3 shows the ratios of corresponding
plasma to bile concentrations of melibiose and rhamnoze. While
this ratio was markedly decreased for melibicse in the BDO group,
no significant decrease was scen for thamnose in BDOY animals.
The cumulative biliary and urinary excretion time courses of meli-
bioge and rhamnose in rats are shown in Figure 4. In intact (unop-
erated) rats, the principal route of elimination of both melibiose
and thamnose was urnnary excretion. accounting for 706% and
61.7% of the administered dose, respectively, when urine was
callected for 4 h. In contrast, biliary excretion of bath compounds
wis minor, taking only 0.06% and 0.4% of the applied melibiose

{2) Ml e {b) Rhammaase (&) Malibiosw/'Rhamrose plasma
gv:-:-m - SHAM immu e 20F - SHAM
E - BOC 5 - EOO g - BOD
& oo < INT g 1o - INT fus -+ INT
: i £ =
= 100 £ 100 0.4
= = 2 * § 3
5 10 g 10 0.2
5 = - b}
3
£ 4 : : : g : : : Tl
a [ 100 200 00 0 100 200 300 [ R Y
Tima {min) Tims {min) —— [m?nj " r

Figure 1 Plasma concentrations versus time plots of melibioss (& and rhamnose b) and their ratio (2 in intact [INT), sham-operated ISHAM), and
bile duct obetructed (EDCN rats applied the single intravenous bolus dose of 100 mg'kg. Values are the mean £ 5EM (n=7 in each group).

Significantly different from sham-operated animals (** P < 0.011.
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Table 2 Selected ssrum liver biochemical tests in intact, sham-
operated, ard bile duct obstructed rats

INT SHAM BOO
ALT {IUL) 2608 3008 16.3 £ 13"
AST UL 4808 4711 160 = 1.2%="
Total bilirukin 3001 30=x02 116 18"
Conjugated bilirubin 20=01 20=01 E3=x149*
Valuss are mean = SEM [n= 7).
Significantly  different from control welue (*F<0.05, **F<001,

=R 0.001).
ALT, alanine aminotransferase; AST, sspartate aminctransferase; EDO,
bile duct cbstructed; INT, intact; SHAM, sham aperated.

cperated animals (*F < 0.05,
FERP 00070

2P 0,01,

The permeability of the blood—biliary barrier is one of the main
factors contributing to the regulation of bile formation. Itis formed
by tight junction interconnections of hepatocytes and together with
gap junctions it is regulated by a complex interplay of evenis.!
Dunng the extrahepatic cholestasis, the integrity of the barrier is
impaired, which is associated with leakage of compounds from
bile to blood and vice versa. However, most results come from
microscopical techniques with the functional data being limited to
a few studies using HRP> According to these reports, ohstructive
cholestasis-induced HRP leakage from blood to bile shows two
peaks: the first one, at 4—6 min after HRP imection, involves the
paracellular pathway and the second, at 20-25 min, the transcel-
lular patheway. > This raised the question of a possible limitation
for the interpretation of such a test because transport processes of
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Table 1 Pharmacokinetic parameters of melbioss and rhamnoss after
3 single intravercus boluz doss of 100 mafkyg inintact, sham-operated,
and bile duct cbstructed rats 24 h after surgical procedurs)

[a) Melibiose

INT SHAM BDO
Dioee furrel) 103 =16 97 =12 0119
Coraw () 1033 £ 61 1003 = 66 1180 = 77
AL, (ph.h) BBZ =64 7EB = 88 BOB =33
Ko trrirr ™) 002 £0002 001 =0002 0.01 = 0.002
ALUMC S, (pM.hI 648 = 158 1190 = 364 B31 =61
tyz [minl 445 =64 733 =122 B1 = 4E
MRAT 0.8 =01 14 =03 0.0 =006
Cle. ImLMh} 160 = 14 141 =19 172 £ 111
W (LI 0,17 £0.02 022 =002 0.2 002
Wy (L) 014 = 0.0 017 =002 0,16 £ 0.01
Cli, (ML} 010 =00 013 =00 128 £ 015"
Clee imLH M7 +£13 102 =18 134 £12
CLex (Ll 104 =13 126 =10 106 =15
Clon/Cles 1.2+02 0B=02 14=+02

(bl Fhamnoze

INT SHAM BDO
Dioee fprmel) 214 = 3.4 202 =25 210 =39
[—TY 1910 =124 1780 = 114 2080 = 134
AL (uhih) 1610 £ 122 1780 = 204 1480 = 99
Ko trrirr ™) 0.071 = 0.0 0071 = 0.0 0.01 = 0.0
AUMC o (uh-R0 o 2200 = 425 4400 = 1080 2240 = 262
Tz [minl 783 £10.2 127 =12 86 = 44
MRT hi 14 £02 23=03 1.6 +£009
Clez. ImLMY 145 =11 124 =16 144 £ 9.8
Wd, il 0.27 +0.04 036 = 0.03 028 +0.02
Wi (LI 0.2 £0.02 0.26 =002 0.21 =0.01
Clis, [mLM) 0.63 = 0.07 058 = 0.08 1.2 018"
Clo, imLH =N 45 =16 108 =12
CL:s (mLmi 104 =13 126 =10 106 =15
Clad/Cles 1.0+02 07 =01 11=02

Diata are mean = SEM [n=7 in each group).
Significantly different from SHAM group arimals [***F < 0.001).
BOO, bile duct obstructed; INT, intact; SHAM, sham opsrated.
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Figure 2 Urinary [al ard kbiliary (b1 flow rates in intact (INT), sham-
operated [SHAM), ard bile duct obstructed (BDC) animals. The onky
statistical difference was detected betwssn shamyintact animals and
BDD animale in bie flow rate during the first 304min collection period
(=001, Valuss are the mean = SEM [n=7 in each groupl. Signifi
cantly different from sham-operated animals [**F < 0.01).
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Figure 3 Rafios of plasma to biliary concantrations of melibioss (&) and
rharrnoss (B). Values sne the mean = SEM (n=7 in each group). Sig-
nificantly differant from sham-opersted anirals (SHAMI (**P<=0.01,
***F .« 0.001). BDO, bile duct obstructed; INT, intact.

and rhamnose doses, respectively. There were no significant dif-
ferences in either urinary or hiliary cumulative excretions hetween
intact and sham-operated animals in any evaluated collection
period. A 24-h hile duct obstruction produced a significant rize in
hiliary excretion of both compounds during the first 60 min of the
experiment. As a consequence, cumulative biliary excretions of
hoth compounds in BCHO animals were substantially higher thanin
contral rats (Fig. 4). The cumulative urinary excretion of both
compounds was unchamged in BDO animals. The marker of para-
cellular permeahility, the melibiozefthamnose ratio, was calculated
from quantitative excretion values. We detected o significant
increase of this ratio in biliary excretion of BDO rats during the
first four intervals (120min) after administration of both sngars
(Fig. 43 Therefore, curmulative hiliary excretions showed an
increased melibiosefthamnose ratio throughout the experiment.
Importantly, the sugar ratio of wrinary excreted compounds
remained uninfluenced in BDO animals. As a consequence. we
detected no influence of BDO on the melibiose/thamnose ratio in
urinary excretion curnulative values (Fig. 5.

Changes in the serum hiochemnical tests of liver function are
demonstrated in Table 2. A significant increase in serum ALT, and
AST activities and concentrations of total and conjugated hilirubin
was ohserved | day after BN,

Discussion

In the present study, we wsed a dual-sugar test to evaloate the
changes in permeability of the blood-hiliary barrier in rats with
acute extrahepatic cholestasis lasting for 24 h when compared to
sham-operated and intact animals. A detailed pharmacokinetic
study of intravencusly applied melibicse and rhamnoze showed
that the biliary excretion rate of both compounds was increased
during the first &0 min after administration to BDO animals in
comparison to sham-operated rats. The increase was more marked
for melibicss. As a consequence, the ratio of melibicesrhamnose
obtained from hiliary excretion rate values was increased during
the first 120 min of the kinetic study in BDO animals. When the
cumulative data of biliary excretion were taken into consideration,
the melibiosefthamnose ratio was increased throughout the whole
4 hof the study. Importantly, the biliary excretion of both sugars is
so negligible in comparizon with their renal elimination that the
urinary excretion rate of hoth compounds and their cumuolative
values were not influenced by chol estasis.
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Table 2 Selected ssrum liver biochemical tests in intact, sham-
operated, ard bile duct obstructed rats

INT SHAM BOO
ALT {IUL) 2608 3008 16.3 £ 13"
AST UL 4808 4711 160 = 1.2%="
Total bilirukin 3001 30=x02 116 18"
Conjugated bilirubin 20=01 20=01 E3=x149*
Valuss are mean = SEM [n= 7).
Significantly  different from control welue (*F<0.05, **F<001,

=R 0.001).
ALT, alanine aminotransferase; AST, sspartate aminctransferase; EDO,
bile duct cbstructed; INT, intact; SHAM, sham aperated.

cperated animals (*F < 0.05,
FERP 00070

2P 0,01,

The permeability of the blood—biliary barrier is one of the main
factors contributing to the regulation of bile formation. Itis formed
by tight junction interconnections of hepatocytes and together with
gap junctions it is regulated by a complex interplay of evenis.!
Dunng the extrahepatic cholestasis, the integrity of the barrier is
impaired, which is associated with leakage of compounds from
bile to blood and vice versa. However, most results come from
microscopical techniques with the functional data being limited to
a few studies using HRP> According to these reports, ohstructive
cholestasis-induced HRP leakage from blood to bile shows two
peaks: the first one, at 4—6 min after HRP imection, involves the
paracellular pathway and the second, at 20-25 min, the transcel-
lular patheway. > This raised the question of a possible limitation
for the interpretation of such a test because transport processes of
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hepatocytes are also deeply influenced by cholestasis.™ Therefore,
in our study, we applied one of the well-described approaches for
testing paracellular permeability: a dual-sugar test with rhamnose
and melibiose, which is used for testing the integrity of the intes-
tinal barrier.'*"* As proposed. L-rhamnose permeates barriers by
nonmediated transcellular diffusion, whereas melibiose penctrates
selectively across the paracellular junctions.® In agreement. our
data on distribution volume correspond with reported TEW (total
body water) volume in rats and point to the ability of rhamnose
to penetrate intracellulady while melibiose, according o Vd,
remained extracellular. Moreover, the observed increase in biliary
excretion, especially of melibiose, in 24-h BDO animals was con-
sequently associated with increased melibiose/thamnose mtio in
the bile samples collected during the first 120 min afteri.v. admin-
istration of both sugars. These data point to increased paracellular
permeabi ity similar to previously reported HEP values but for the
first time this detailed information has been shown for 24-h BDO,
the commonly wsed model of acute cholestasis. Therefore, the
dual-sugar test may serve as an indicator of paracellular perme-
ability in the blood to bile transport of compounds. Another ques-
tion was if the climcal status of altered blood-biliary barrier could
influence the results of intestinal permeability testing. During such
testing, the melibioss/thamnose ratio is evaluated in urine col-
lected for 5 h.'? In cur stady. 4-h urine cumulative collection data
did not show a difference in melibicsefthamnose ratios between
control and BIMD animals, despite the fact that CLlape of melibiose
was increased by cholestasis, This suggests relability of the intes-
tinal barrier testing by sugars even in a status of aliered bload—
biliary barrier.

The kinetic behaviour of the studied sugars in the mammalian
organism 15 poorly known, Rhamnose (6-deoxy-mannose) is a
decxy-hexose or methyl-pentose synthesized langely in its L-form
in plants and bacteria but not in animal cells. ' When administersd
intravenously to mammals, &t is eliminated primarly by the
kidneys and the reported cumulative 24-hour urinary recovery of
the compound in rats and humans 1s 63% and about 74%, respec-
tively.*" The rest of the applied dose was supposed to be metabo-
lized." Malagon e af = recently found increased concentrations of
rhamnitol in urine during the testing of gut permeability in chil-
dren and considered rhamnitol to be a relevant metabolits of rham-
nose in humans, However, the origin of that rhamnite] has not been
vet satisfactorily evidenced. Moreover, L-rhamnose is phosphory-
lated in vitre by mammalian L-fucose kinase preparation™ and
therefore could be converted into thamnosides, which have been
indeed sporadically found in mammal cells** Melibiose (£-0-
-D-galactopyrancsyl-Dglucose) is a disaccharide produced by
the fermentation of raffinose, found to be not convertible to gly-
cogen in fasting mts® and since that time not reported to he
metabolized in mammals. In our experiments, the 4-hour urine and
bile collection yielded excretion of 70.6% and 61.7% of the
applied melibiose and rthamnose doses, respectively, with highly
prevailing urinary excretion. These data comply with previously
reported values." The suggested influence of other pathways,
such as the metabolic conversion, awaits future clarification but
for the permeability testing may be considered wnimporant. Cur
results bring quantification of biliary excretion of both sugars in
rats and we have shown that this pathway plays only a minor role
in the overall turnover of both sugars. However, the stable values
of plasma to bile concentration ratios of rhamnose slightly above
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one suggest that a quick passive diffusion of rhamnose through
hepatocytes occars similarly to that n enterocytes and that this
sugar quickly equilibrates between plasma and newly synthesized
bile. Important valoes are the measured volumes of distribution
which suggest that both compounds are distributed into intravas-
cular and extracellular spaces. The higher distribution volume of
rhamnose corresponds well with the reported ability of the com-
pound to penetrate transcellularly.®

In conclusion, the present study i= the first to report that the
dual-sugar permeability test is a useful probe to describe the alter-
ation of the blood-biliary barnier during acute 24-h lasting extra-
hepatic cholestasis in rats. Using this test, we demonstrated that the
blood—biliary barrier becomes highly leaky in BDO animals and
that this impaiment could be reliably measured during the first
60 min after administration of the probes. In addition, for the first
time, we have described in detail the excretion of both sugars into
bile. Despite the cumulative data having shown that this pathway
takes only a negligible part of the applisd dose of bath sugars, the
quick equilibration of thamnose concentrations was seen between
the plasma and bile which may be interesting for the future evalu-
ation of biliary drug excretion with respect to bile production.
Importantly for sugar peomeability studies in animals and humans,
our data provides the evidence that overall resulis of intestinal
mucosa integrity testing which are based on cumulative 5-h urine
callection should not be altered by extrahepatic cholestasis.
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Komentar k ¢lanku

Cholestaza je porucha toku zluci, nasledkem které mutze dojit k poskozeni
transportu latek v hepatocytech a intrahepatalnich Zlu€ovodech (intrahepatalni cholestaza)
nebo k blokadé zluCovodu (extrahepatalni cholestaza). Dochazi k jaterni a systémové
kumulaci potencialné toxickych latek, jako jsou zlucové kyseliny a bilirubin. Ve snaze
kompenzovat vzniklou situaci se Vv hepatocytech aktivuji spontanni anticholestatické
mechanizmy. Zahrnuji sniZzeni exprese bazolaterdlnich transportérii pro vychytavani latek
do hepatocytti (Ntcp, Oatplal, Oatplad4, Oatplb2) a kanalikularnich efluxnich proteint
(Mrp2, Berp) spole¢né s indukci bazolateralnich efluxnich transportéra (Mrp3—6, Osto/p).
Béhem extrahepatalni cholestazy dochéazi nasledné ke zvySeni exprese kanalikularnich
efluxnich proteinti v ledvinach (Mrp2), coz podporuje exkreci toxickych latek do moci.
Béhem cholestazy navozené podanim LPS (lipopolysacharidu) dochazi k podobnym
zm&nam V expresi transportnich proteind jako pii extrahepatalni cholestaze. Tyto zmény
jsou vyvolany zvySenou produkci prozanétlivych cytokint TNF-a, IL-1p a IL-6
v Kupfferovych buiikach a produkci oxidu dusnatého Kupfferovymi bunkami
a hepatocyty. Hepatocyty reaguji na produkci cytokinii zménou genové exprese predevsim
na transkripcni trovni.

Metotrexat je klinicky vyznamné cytostatikum a imunosupresivum, které¢ jiz bylo
recentné pouZzito pro terapii primarni biliarni cirhézy. Eliminace metotrexatu je vyznamné
ovlivnéna aktivitou transportnich systéma (Oatplal, Oatpla4, Oatp1b2, Mrp2—4 a Bcrp),
ktera je béhem cholestazy zménéna. Farmakodynamika a toxicita metotrexatu je zavisla na
jeho plazmatické koncentraci anasledné pitimo spojena sjeho eliminaci V jatrech
a ledvinach. Cilem studie bylo detailn€ popsat zmeény farmakokinetiky metotrexatu béhem
extrahepatalni a intrahepatalni cholestazy.

In vivo studie byla provedena za pouziti potkaniho modelu akutni a chronické
extrahepatalni cholestdzy (podvaz zlucovodu Vtrvani jednoho a sedmi dni)
a intrahepatalni cholestazy (aplikace lipopolysacharidu izolovaného ze Salmonella
Typhimurium). Farmakokinetické parametry metotrexatu po dosazeni koncentrace
Vv ustaleném stavu byly hodnoceny jeden, resp. sedm dni po podvazu zlu¢ovodu a 18 hodin
po aplikaci lipopolysacharidu.

Biliarni a celkova clearance metotrexatu byla snizend u obou modeld cholestazy.
Naproti tomu extrahepatalni cholestaza neovlivnila renalni clearance 1éCiva, ale

intrahepatalni cholestaza vedla k jejimu sniZzeni. Biochemicka analyza séra a exprese
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hlavnich transportéri odpovédnych za transport metotrexatu potvrdily cholestdzou
navozené zmeény Vv jatrech a CasteCné objasnily zmény farmakokinetickych parametrii
metotrexatu.

Tato studie poprvé popisuje vyznamné zmény ve farmakokinetice metotrexatu
béhem obstruk¢éni a intrahepatalni cholestazy. I pres fakt, ze nckteré zmeény exprese
transportnich proteini koreluji se zménami farmakokinetiky, nesrovnalosti v charakteru
ptislusnych kinetickych vysledkt a dat ze studii exprese naznacuji dulezitost kinetickych

studii pro urceni finalniho efektu cholestazy na eliminaci léCiva.

68



Alteration of methotrexate biliary and renal elimination during cholestasis in rats

December 2009

Biol. Pharm. Bull. 32(12) 000—000 (2009)

Alteration of Methotrexate Biliary and Renal Elimination during
Extrahepatic and Intrahepatic Cholestasis in Rats

Eva Brcakova,’ Leos Fuksa,” Jolana CErMANOVA,” Gabriela KoLoucHova,” Milos HrRocH,"
Petra Hirsova,” Jirina MarTINKOVA, Frantisek Staup,” and Stanislav Micupa®*

“ Department of Pharmacology, Faculty of Medicine in Hradec Kralove, Charles University in Prague; Simkova 870, 500
38 Hradec Kralove, Czech Republic: ® Department of Pharmacology and Toxicology, Faculty of Pharmacy in Hradec
Kralove, Charles University in Prague; Heyrovskeho 1203, 500 05 Hradec Kralove, Czech Republic.

Received October 13, 2008; accepted September 15, 2009; published online September 17, 2009

Methotrexate (MTX), an important anticancer and immunosuppressive agent, has been suggested for the
treatment of primary biliary cirrhosis. However, the drug’s pharmacodynamics and toxicity is dependent on its
concentrations in plasma which in turn are directly related to MTX’s elimination in the liver and kidney. There-
fore, the aim of this study was to evaluate changes in MTX biliary and renal excretion during either intrahepatic
or obstructive cholestasis in rats. The steady state pharmacokinetic parameters of MTX were evaluated in rats
one (BDOT1) or seven (BDO7) days after bile duct obstruction (BDO) or 18 h after administration of lipopolysac-
charide (LPS). In comparison to the respective control groups, biliary and total clearances of MTX were
decreased to 12% and 49% in the BDO1 group, to 5% and 56% in the BDO7 animals, and to 42% and 43% in
the LPS group, respectively. Renal clearance of MTX was unchanged in BDO groups, but decreased to 23% of
controls in the LPS animals. The serum biochemistry and expression of main hepatic MTX transporters (Mrp2,
Mrp3, Mrp4, Berp, Oatplal, Oatplad and Oatp1b2) confirmed the pathological cholestatic changes in the liver
and partly elucidated the cause of changes in MTX pharmacokinetic parameters. In conclusion, this study is the
first describing marked alteration of MTX hepatic and renal elimination induced by cholestasis in rats. More-
over, the reported changes in MTX pharmacokinetics and respective transporter expression suggest important

mechanistic differences between the two widely used cholestatic models.

Key words

Cholestasis is a reduction in bile flow, which may result ei-
ther from the failure of the secretory transport in hepatocytes
or ductular cells (intrahepatic cholestasis), or from blockage
of the biliary tract outside the liver (extrahepatic cholestasis).
The consequence is hepatic and systemic accumulation of
potentially toxic biliary compounds such as bilirubin, which
is associated with progressive liver damage and jaundice. In
an effort to limit hepatic impairment produced by intracellu-
lar accumulation of these anionic compounds, spontaneous
anticholestatic defense mechanisms develop in hepatocytes."
They comprise down-regulation of sinusoidal uptake trans-
porters (Ntcp—sodium taurocholate cotransporting polypep-
tide, Oatps—organic anion transporting proteins) and canalicu-
lar efflux transporters (Mrp2—multidrug resistance associ-
ated protein 2, Berp—breast cancer resistance protein)
together with induction of basolateral export pumps (e.g.
Mrp3 and Mrp4—multidrug resistance-associated protein 3
and 4)."” During extrahepatic cholestasis, the compensatory
mechanism also includes changes in the kidneys, where
efflux transporters (e.g. Mrp2) for the organic anions are
up-regulated, and thus facilitate the excretion of toxic sub-
strates into urine.” However, these adaptive changes are too
weak to prevent ongoing liver injury.”

Lipopolysaccharide (LPS)-induced cholestasis is associ-
ated with changes in the expression of hepatic transporters in
the similar manner as during extrahepatic cholestasis. These
changes are thought to be mediated by proinflammatory
cytokines, such as TNF-o (tumor necrosis factor ), IL-1f3
(interleukin 1) and IL-6 (interleukin 6) prodnced by Kupf-
fer cells, and formation of nitric oxide in Kup. fer cells and
hepatocytes, as a result of LPS-induced NF-«B activation.”
Hepatocytes responds to these cytokines by the alteration of

* To whom correspondence should be addressed.
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gene expression, mainly at the transcriptional level.”

Moreover, serious liver impairment produced either by
acute toxic insult (intrahepatic endotoxin-induced cholesta-
sis) or long-term severe cholestatic damage, may also be
associated with alteration of renal elimination,®” an effect
ascribed to the reduced glomerular filtration and impairment
of proximal tubular cells.”® Hence, pharmacokinctics of
compounds that are substrates for the abovementioned trans-
porters could be altered during cholestasis by several mecha-
nisms. This is especially important for drugs which are con-
sidered for the treatment of cholestatic diseases.” In such
cases, changes in the pharmacokinetics of the drug could be
partly predicted from the results of the detailed studies of
transporter expression in the liver and kidneys and from
in vitro studies in isolated cells. Nevertheless, the existence
of other mechanisms involved in the pathophysiology of
cholestasis such as paracellular leakage through an impaired
blood-biliary barrier (tight-junction connection of hepato-
cytes) or decreased perfusion of organs'? makes such predic-
tions less accurate and raises the need for data from in vivo
kinetic studies.

Recently methotrexate (MTX), a folate antagonist, has
been used for the treatment of primary biliary cirrhosis, the
cholestatic condition characterized by pathophysiological
changes similar to those described in experimental models of
cholestasis.'""'? Moreover, widespread use of the agent in
cytostatic or immunosuppressive therapy also increases the
probability of its administration in other types of cholestatic
diseases. Importantly, elimination of MTX from the organ-
ism is significantly influenced by the activity of several trans-
port proteins in the liver, expression of which is profoundly
altered by cholestasis (e.g. Organic anion transport polypep-
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tide lal (Oatplal), Slcolal; Organic anion transport polypep-
tide la4 (Oatpla4), Slcolad; Organic anion transport polypep-
tide 1b2 (Oatp1b2); Oatp1b2, Slcolb2; members of the mul-
tidrug resistance-associated protein subfamily Mrp2, Mrp3,
Mrp4, (Abcc2, Abce3, Abceced); and Breast cancer resistance
protein—Bcrp, Abcg2).>~'9) As the outcome of MTX ther-
apy is highly determined by its pharmacokinetics, an increase
in its disposition is associated with the symptoms of drug
toxicity. This is commonly seen with impaired MTX elimina-
tion as the consequence of the drug-drug interaction pro-
duced by inhibition of involved transport proteins at the ba-
solateral and apical membranes of hepatocytes and proximal
tubular cells.'®

The aim of the present study was to describe changes in
the pharmacokinetics of MTX during cholestasis in rats. A
detailed clearance study of MTX was performed using the
in vivo rat model of both intrahepatic (lipopolysaccharide-
induced) and extrahepatic (bile duct obstruction-induced,;
acute and chronic) cholestasis with special focus paid to bil-
iary excretion. In parallel, the kinetics of endogenous conju-
gated bilirubin was evaluated in the same animals to further
extend the information about disposition of this organic
anion in these two models of cholestasis in rats. Verification
of cholestatic liver impairment was performed by serum bio-
chemistry and analysis of mRNA and protein expression of
the principal anionic drug uptake and efflux transporters
which are at the same time main transporters for MTX
(Mrp2, Mrp3, Mrp4, Berp, Oatplal, Oatpla4, and Oatp1b2)
in the liver.

MATERIALS AND METHODS

Materials Methotrexate was purchased from Ebewe
Pharma (Ebewe Pharma GmbH. Nfg. KG, Austria). Mouse
monoclonal antibodies M,III5 and BXP-21, directed to the
Mrp2 (170—180kDa) and Berp (70kDa) were obtained
from Signet Laboratories, Inc. (Dedham, MA, U.S.A.). Rab-
bit polyclonal antibodies anti-Oatpla4, anti-Oatplal and
anti-Mrp4, directed to the Oatpla4 (75kDa), Oatplal
(80kDa) and Mrp4 (150 kDa) were obtained from Millipore
(Billerica, MA, U.S.A.) and Mrp4 from Abcam plc (Cam-
bridge, U.K.). Mouse monoclonal antibody M,II-21 directed
to Mrp3 (180—190kDa) was obtained from Alexis Co.
(Lausen, Switzerland). Goat polyclonal antibody anti-
Oatplb2 directed to Oatplb2 (85kDa) was purchased from
Santa Cruz Biotechnology, Inc. (CA, U.S.A.). As the loading
control for Western blot, rabbit polyclonal anti-S-actin anti-
body (42—45 kDa) was purchased from Sigma Chemical Co.
(St. Louis, MO, U.S.A.). Horseradish peroxidase-linked
sheep anti-mouse and donkey anti-rabbit immunoglobulin G
were purchased from GE Healthcare (Prague, Czech Repub-
lic) and horseradish peroxidase conjugated rabbit anti-goat
immunoglobulin G was obtained from Pierce Biotechnology
(Rockford, U.S.A.). All other reagents and supplies were ob-
tained from Sigma Chemical Co. (St. Louis, MO, U.S.A.)
and Electrophoresis GmbH (Heidelberg, Germany), respec-
tively, and were of the highest purity available.

Animal Model Male Wistar rats (=6 in each group)
weighing 280 to 330 g (Konarovice, Czech Republic) were
used throughout the study. In these animals, extrahepatic
cholestasis was induced by bile duct obstruction (BDO)
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under general anesthesia (pentobarbital sodium 50 mg/kg
body weight intraperitoneally (i.p.)). The cannula was in-
serted into the bile duct, closed and fixed subcutaneously.
Obstruction lasted for either one (BDO1) or seven days
(BDO?7). Intrahepatic cholestasis was induced by the admin-
istration of endotoxin (lipopolysaccharide isolated from Sa/-
monella Typhimurium; 4 mg/kg i.p.) 18h before the experi-
ment. Control rats were either sham-operated (the bile duct
was only manipulated and left unobstructed) or injected i.p.
with physiological saline (LPS-control). Rats were housed
under controlled environmental conditions (12-h light-dark
cycle; temperature, 22+°C) with a freely available commer-
cial food diet and water. The study protocol was approved by
the animal welfare committee of the Charles University in
Prague, Faculty of Medicine in Hradec Kralove.

In Vivo Clearance Study Under the anesthesia induced
by pentobarbital (50 mg/kg, i.p.), the bile duct was either
cannulated (sham-operated and LPS/LPS-control animals) or
its obstruction was removed (BDO animals) by cutting the
free tip of the biliary cannula, and bile was consequently col-
lected at 10 min intervals. In addition, all rats were cannu-
lated with polyethylene tubes in the right jugular vein for
drug administration, the left carotid artery for blood sam-
pling, and the urinary bladder for urine collection. Body tem-
perature was maintained at 37 °C with a heated platform.

To elucidate the effect of cholestasis on clearance parame-
ters of MTX, all rats (both control and cholestatic animals)
were infused with methotrexate solution (0.65mm in 2.5%
mannitol) into the right jugular vein as a bolus of 10 mg/kg,
followed by constant infusion at a rate of 15ml/h-kg™" (Per-
fusor Compact; Braun, Prague, Czech Republic) to attain a
steady-state plasma concentration (Cy). After C; of MTX
was achieved (60 min after administration of MTX infusion),
bile and urine samples were collected at 10 and 20 min inter-
vals, respectively, over 1 h. Blood samples were taken at the
midpoint of the bile and urine collection periods. Plasma
samples were obtained by centrifugation of the blood sam-
ples at 3000 g for 5 min. The volume of bile and urine sam-
ples was measured gravimetrically, with specific gravity
assumed to be 1.0. All plasma, bile and urine samples were
stored at —80°C until analysis. At the end of the experi-
ments, animals were exsanguinated and the liver and kidneys
were immediately removed, frozen by liquid nitrogen and
stored at —80 °C until analysis.

Analytical Procedures The concentrations of MTX in
plasma, urine and bile were determined by high performance
liquid chromatography (HPLC) after deproteination of sam-
ples according to a previously described method.'” Briefly,
the instrument was an Agilent 1100 series (Agilent, Palo
Alto, CA, U.S.A.) chromatograph provided with a fluores-
cence detector (excitation, 350 nm; emission, 430 nm). Separa-
tion was achieved at 30 °C using a Gemini C g, 110A, 4.6X
150 mm column and a Gemini C g, 4X3 mm pre-column (Phe-
nomenex, Torrance, CA, U.S.A.). The mobile phase flowing at
the rate of 0.6 ml/min was ammonium acetate and acetoni-
trile (87%:13%, v/v). The concentrations of bilirubin and
creatinine in plasma, bile and urine were measured on Cobas
Integra® 800 (Roche Diagnostics, Mannheim, Germany) ac-
cording to the manufacturer’s instructions.

Pharmacokinetic Analysis Pharmacokinetic parame-
ters—total body clearance (CLy,), biliary clearance (CLyg;,)
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and renal clearance (CLy) of MTX and conjugated biliru-
bin—were calculated by the following equations:

CLyy=1Cy ()]
CLgje= Ry Cs )
CLg=Ry/C, 3)

where / is the infusion rate (nmol/min-kg™'), C, is the
plasma concentration at steady state (Cy, of methotrexate—
60—120 min after the initiation of MTX infusion—pum), Ry,
is the biliary excretion rate at steady state (nmol/min-kg ")
and Ry is the renal excretion rate at steady state. The
glomerular filtration rate (GFR) was evaluated as the clear-
ance of endogenous creatinine (CLg). The renal clearance
ratio of methotrexate was calculated as (CLg/f) CLcy ',
where f; represents the unbound fraction of the drug. Each
parameter was calculated using the mean value of three
points during 60 min of steady state.

Real Time RT-PCR Analysis Total RNA was isolated
from liver and kidney tissue samples using TRIzol reagent
(Invitrogen, U.S.A.) and converted into cDNA via an iScript
reverse transcription kit (Bio-Rad Laboratoires, Hercules,
U.S.A.). 10ng cDNA were loaded into one reaction, all per-
formed in triplicate. The amplification was completed using
the 7ugMan® Fast Universal PCR Master Mix, pre-designed
TagMan® Gene Expression Assay kit for the following genes:
Mrp2 (Abce2, Rn00563231_m1), Berp (Abeg2, Rn00710585_
ml), Mrp3 (Abcc3, Rn00589786_ml), Mrpd (Abccd,
Rn01465702_ml), Oatplal (Slcolal, Rn00755148_ml),
Oatpla4 (Slcola4, Rn00756233_ml), Oatplb2 (Slcolb2,
Rn00668623_ml), and GAPDH rat endogenous control kit
(4352338E) all provided by Applied Biosystems (Foster City,
US.A.). The time-temperature profile used in the “fast”
mode was: 95 °C for 20s; 40 cycles: 95°C for 3's, 60 °C for
30s. The relative expression ratio was then calculated ac-
cording to Pfaffl, 2001:

At
target

A g
housekeeping

_E

E
where By and g cepeeping are the effectivity values deter-
mined from the calibration curve slopes for each gene, and
AClyge and AChygysereeping are the differences in threshold
values (Ct) between control and cholestatic samples for each
of the targets, ie. Mrp2, Berp, Mrp3, Mrp4, Oatplal,
Oatplad, Oatplb2 and the housekeeping (GAPDH) gene.

Membrane Preparation Kidneys and livers were
minced in ice-cold Tris—sucrose buffer (10 mmol/l Tris—HCI,
250 mmol/l sucrose, pH 7.6), containing 0.5 pg/ml leupeptin,
0.5 ug/ml pepstatin, 2 pg/ml aprotinin, 50 ug/ml benzami-
dine, and 40 pug/ml phenylmethylsulfonyl fluoride (PMSF)
and then homogenized with a motor-driven teflon homoge-
nizer (Braun Melsungen, Germany) operating at 1500 rpm. A
membrane-enriched microsomal pellet was obtained from the
postnuclear supernatant after a 100000 g ultracentrifugation
at 4°C for 23 min. The pellet was resuspended in Tris—HCI
buffer (50 mmol/l Tris—HCI, pH 7.4, protease inhibitors). The
protein concentration was determined with the BCA assay
(Pierce, Rockford, IL, U.S.A.) and samples were stored at
—80°C.
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Immunoblot Analysis Crude membrane-containing ho-
mogenates (100 ug of liver or 50 ug of kidney proteins) from
livers and kidneys were incubated with sample buffer at
room temperature for 30 min and separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
on 6.25% polyacrylamide gels. After the proteins were trans-
ferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA,
U.S.A.), the membrane was blocked for 1h with 5% nonfat
dry milk in Tris-buffered saline containing 0.05% Tween 20
(TBST). The membrane was then incubated with primary an-
tibodies at the following concentrations: M2III6, M;II-21
and BXP-21 at 1:500; anti-Oatplal and anti-Oatpla4 at
1:5000, horseradish peroxidase-linked sheep anti-mouse an-
tibody at 1: 1000 or 1:500, donkey anti-rabbit IgG antibody
at 1:5000 and rabbit anti-goat at 1:1000. After washing
with TBST buffer, the membranes were developed using en-
hanced chemiluminescent reagent (GE Healthcare, Prague,
Czech Republic) and subjected to autoluminography for 1—
5 min. The immunoreactive bands on the exposed films were
scanned with a densitometer ScanMaker 1900 (UMAX,
Prague, Czech Republic) and semiquantified using the Quan-
tityOne imaging software (Bio-Rad). Equal loading of pro-
teins onto the gel was confirmed by immunodetection of
beta-actin.

Statistical Analysis Experiments were carried out in 6
animals per group. All experimental data are expressed as
mean*S.E.M. Statistical significance was examined in groups
of control and cholestatic animals with unpaired #-test using
Graphpad Prism 5.0 software (Graphpad Software, Inc., San
Diego, California, U.S.A.). A difference of p<<0.05 was con-
sidered statistically significant.

RESULTS

Effect of Cholestasis on in Vivo Steady-State Pharma-
cokinetics of Methotrexate The effect of extrahepatic (1
or 7d after BDO) and intrahepatic (18 h after administration
of LPS) cholestasis on the steady-state pharmacokinetics of
MTX is presented in Table 1. Time course of MTX plasma
concentrations, biliary excretion rate and urinary excretion
rate are shown in Fig. 1. Biliary and urinary flow were not
significantly different between experimental and control
groups. Cholestasis produced rise in MTX plasma C; (Fig.
1A) to 220%, 201% and 247% in the BDO1, BDO7, and
LPS group, respectively. Analysis of elimination organ kinet-
ics showed marked decrease in the biliary excretion rate of
MTX to 19% and 8% of control values 1 and 7 d after BDO,
respectively, but no change was observed in LPS animals
(Fig. 1B). Nevertheless, calculation of MTX biliary clear-
ance demonstrated its reduction in all cholestatic groups to
12%, 5% and 42% in BDO1, BDO7, and LPS animals, re-
spectively. MTX urinary excretion (Fig. 1C) was significantly
increased in both BDO groups (to 250% and 249% in rats 1
and 7 d after BDO, respectively), which was, however, not as-
sociated with significant increase in MTX renal clearance.
Urinary excretion and renal clearance of MTX were both de-
creased in LPS animals and were 55% and 23% of control
values, respectively. In agreement, the glomerular filtration
rate remained unchanged in BDO1 and BDO7 rats, but was
significantly decreased in the LPS group to 32% of control
values, which corresponded to extend of reduction of CLy in
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Table 1. Effect of Cholestasis on Pharmacokinetic Parameters of MTX in Rats
MTX
Shaml BDO1 Sham7 BDO7 LPS-C LPS
Urine flow rate (ml/min) 21*4.5 33x7.6 18+3.1 25%3:6 23+4.6 20+4.6
Bile flow rate (ml/min) 26x1.3 21x3.1 25*1.6 31£3.6 27x1:5 27%32
Ry (nmol/ml-kg™") 53%3.6 13246.6%** 56+2.0 140+ | 4% 98+4.5 5449 4%
Rgye (nmol/ml-kg™") 124+4.9 23| [k 145+4.3 113,75 116+8.8 110+12
Plasma C (um) 14+0.9 31x4.1%* 15+0.4 30£5.0* 11x0.7 27%4.1**
CLy (ml/min‘kg_') 4.3%0.5 4.7%0.5 3.9+04 5.0+0.6 9.3+0.6 2.1E04%%%
CLg;, (ml/min-kg™") 8.9+0.5 1.120.6%%* 9.7£0:5 0.5£0.2%%= 11£0.6 4.5+0.6%**
CLyy, (ml/min-kg™") 13+0.8 5.9%0.8%ax 1103 6:2:5.0.9%m4 17+0.9 6.720.9***
CL (ml/min-kg™") 7.7%0.9 10+1.4 6.0+1.2 42+0.8 1009 32E0:T4*>
V& 0.7+0.1 0.9+0.02* 0.6*0.1 0.9%0.02%** 0.60.04 0.7%0.03
CLglf, 7113 5.3*0.6 6.7+1.0 5.5+0.6 15E1.7 2.9%0.6***
CLyf2CLex™ 1.0£0.2 0.60.04 1.6+0.4 1.8+0.6 1.6+0.02 1.0+0.2
Total plasma protein (g/1) 50+1.2 49+0.9 48+1.2 53+2.4 49+0.6 50+2.1
Plasma albumin (g/1) 28+13 29*13 28*1.3 30%1.6 29*0.5 28*1.1
Selected serum liver biochemical tests in control and cholestatic rats
ALT (1U/1) 0.9+0.1 163.2%* 0.7%0.1 2.4£(0.3%** 0.8+0.1 1.6+1.0
AST (1U/) 2.1+0.1 22+3.9%%x 1:7£0.3 8i5:t]. Jane 1.3+0.1 2.6+0.8

Values are means=S.E.M. (=6, in each group). Shaml, Sham7 and LPS-C-control rats (1 and 7d sham-operated or pretreated with physiological saline), BDOI and
BDO7—common bile duct obstruction lasting for 1 or 7 d, LPS—administration of LPS. Significantly different from control value (* p<0.05, ** p<0.01, ##% p<<0.001). Ry, —Dbil-
iary excretion rate of MTX, Ry—renal excretion rate of MTX, CLz—renal clearance of MTX, CLy, —biliary clearance of MTX, CLy,—total clearance of MTX, CL,—glomeru-

lar filtration rate evaluated as cl of end creatinine, f; bound fraction of MTX.
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Fig. 1.
(60 min after Administration of MTX Infusion)

Time-Course of MTX Plasma Concentrations (A), Biliary Excretion Rate (B) and Urinary Excretion Rate (C) Measured during Steady-State

Shaml, Sham7 and LPS-C-control rats (1 and 7d sh p d or p:

1 with physiols

ical saline), BDO1 and BDO7—common bile duct obstruction lasting for 1 or 7d,

LPS—administration of LPS. Values are means*S.E.M. (n=6, in each group). * p<0.05, ** p<0.01, ##* p<<0.001, compared with controls.

LPS animals. At the same time, total plasma protein, and al-
bumin concentrations, and MTX unbound fraction in plasma
were not affected by either type of cholestasis.

Effect of Cholestasis on Conjugated Bilirubin Kinetics
The influence of intrahepatic and extrahepatic cholestasis on
pharmacokinetics (supposing steady-state conditions) of en-
dogenous conjugated bilirubin is presented in Fig. 2. Plasma
concentrations of conjugated bilirubin rose to 9873% and
14456% after 1 or 7d of BDO, respectively, and increased to
173% in LPS rats, but the difference was not significant (Fig.
2A). The rate of urinary excretion of the conjugated bilirubin
increased to 627% 1d after BDO and recovered to control
values 7 d after BDO. In the LPS group, the urinary excretion
rate remained unchanged (Fig. 2B). The biliary excretion rate
of the conjugated bilirubin increased to 677%, 733% and
467% in BDO1, BDO7 and LPS animals, respectively (Fig.
2C). Importantly, the ratios of conjugated bilirubin excretory
parameters to serum concentrations revealed a profound drop
in renal as well as biliary clearance values in all cholestatic
groups except for biliary clearance in the LPS group (Figs.
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2D, E). Changes in the liver function as shown by serum bio-
chemical tests are summarized in Table 1. ALT and AST ac-
tivities were significantly increased 1 and 7 d after BDO, but
a non-significant increase was observed in LPS animals.
Characterization of Quality of Cholestatic Model Used
by Measurement of mRNA Expression of Main Drug
Transporters The mRNA levels of selected molecules in
the liver and kidneys as evaluated by qRT-PCR are shown in
Fig. 3A (livers) and Fig. 4A (kidneys). In the liver, Mrp2
mRNA levels decreased to 86%, 66% and 62% compared
with controls in BDO1, BDO7 and LPS rats, respectively.
Unlike in BDO1 and BDO7 animals, where the liver Berp
mRNA levels declined to 37% and 44%, respectively, mRNA
levels increased to 491% in the LPS group. In contrast, liver
Mrp3 expression increased in all cholestatic groups to 189%,
970% and 304% in BDO1, BDO7 and LPS rats, respectively.
Liver Mrp4 mRNA levels increased to 172% in BDO1 group
with no significant increase in BDO7 and LPS animals
(116% and 115%, respectively). The mRNA expression of
the liver Oatplal, Oatplad and Oatpl1b2 decreased to 44%,
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Effect of Cholestasis on the Endogenous Conjugated Bilirubin Kinetics in Rats

Respective panels describe plasma concentrations, urinary and biliary excretion rate, renal and biliary clearance, in control (1 and 7 d sham-operated, LPS-control), and cholesta-

tic (BDO1, BDO7, LPS) rats. Sham1, Sham7 and LPS-C-control rats (1 and 7 d sham-op

1orp 1 with physiological saline), BDO1 and BDO7—common bile duct ob-

struction lasting for 1 or 7d, LPS—administration of LPS. Values are means=S.E.M. (n=6, in each group). * p<0.05, =# p<<0.01, *** p<0.001, compared with controls.

78% and 63% in BDOI, 53%, 57% and 53% in BDO7 and
17%, 19% and 5% in LPS rats, respectively. Compared with
control animals, kidney Mrp2 and Mrp3 mRNA levels in-
creased to 172% and 156% in BDOI1, 168% and 287% in
BDO7, and 288% and 156% in LPS rats, respectively. Kid-
ney Mrp4 mRNA levels increased to 209% in LPS group, de-
creased to 68% in BDO7 animals and remained unchanged
in BDO1 group. Kidney Oatplal mRNA levels decreased in
all cholestatic groups to 80%, 80% and 37% in BDOI,
BDO7 and LPS rats, respectively. No mRNA of Berp,
Oatpla4, and Oatplb2 transporters was detected in the kid-
neys.

Characterization of Quality of Cholestatic Model Used
by Measurement of Protein Expression of Main Drug
Transporters Protein quantification was performed in total
membrane fractions of the liver and kidneys from control (1
and 7d sham-operated or pretreated with physiological
saline), BDO1, BDO7, and LPS rats (Figs. 3B, 4B). The rela-
tive amount of protein was expressed as a percentage of the
respective control animal values. In the liver, Mrp2 protein
expression was unchanged 1 d after BDO, while a decrease to
49% and 84% of control values was observed 7 d after BDO
and in-LPS rats, respectively. The amount of liver Berp pro-
tein decreased to 56% and 70% in the BDO1 and BDO7
group, respectively, but remained unchanged in LPS animals.
Expression of liver Mrp3 protein decreased to 71% and 75%
1d after BDO and in the LPS group, respectively, but in-
creased to 190% 7d after BDO. Liver Mrp4 protein expres-
sion decreased in all cholestatic groups to 65%, 55% and
82% in BDOI, BDO7 and LPS animals, respectively. Oatplal
protein levels in liver increased to 125% and 157% in BDOI
and BDO?7 rats, respectively. Liver Oatplad protein levels
significantly decreased to 74% and 28% after 1 and 7d of
BDO, respectively. LPS pretreatment had no influence on
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Oatplal and Oatpla4 levels. Liver Oatplb2 protein levels
decreased to 70% and 50% in BDO7 and LPS, but remained
unchanged in BDO1 group. In the kidneys, the amount of
Mrp2 protein increased to 3869% and 661% of controls after
1 and 7d of BDO, respectively. Conversely, LPS caused a de-
crease in kidney Mrp2 protein content to 87%. The level of
Mrp3 protein in the kidney was unchanged in BDO1 group,
decreased to 71% in LPS rats, and increased to 251% 7d
after BDO. Kidney Mrp4 and Oatplal protein levels de-
creased in all cholestatic groups to 68% and 57% in BDOI,
35% and 46% in BDO7 and 73% and 64% in LPS rats, re-
spectively. No Berp, Oatplad, and Oatplb2 protein was de-
tected in the kidneys.

DISCUSSION

In the present study, we investigated the influence of
cholestasis on the pharmacokinetics of MTX in rats (Table 1,
Fig. 1). Intrahepatic (LPS-induced) or obstructive cholestasis
was induced in respective groups of animals as confirmed by
changes in serum biochemical parameters and liver trans-
porter expression. According to the type of cholestasis, ad-
ministration of MTX was associated with the differential al-
teration of CLg;, and CL, of MTX. While acute or chronic
bile duct obstruction was associated with a drop in CLg;,, of
MTX and a slight compensatory rise in its CLy, pretreatment
with LPS decreased the capacity of both excretory mecha-
nisms with more pronounced impairment of MTX CLj;. Sig-
nificant changes were seen in endogenous conjugated biliru-
bin kinetics (Fig. 2).

In humans, the biliary excretion is finally responsible for
elimination of 10—30% of applied MTX dose.'® Neverthe-
less, the real contribution of hepatic transporters seems to be
much higher because the median ratio of biliary/renal excre-
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Fig. 3. mRNA (A) and Protein (B) Expression of Mrp2, Berp, Mrp3,
Mrp4, Oatplal, Oatpla4 and Oatp1b2 in Liver

mRNA and proteins were isolated from control and cholestatic rat livers and ana-
lyzed by RT-PCR and Western blot, respectively. mRNA data normalized to those of
GAPDH and protein data after densi ic analysis are 1 as a percentage of
controls, as described in the Materials and Methods. Data were expressed as
mean+S.E.M. (n=6, in each group). Sham1, Sham7 and LPS-C-control rats (1 and 7d
sham-operated or pretreated with physiological saline), BDO1 and BDO7—common
bile duct obstruction lasting for 1 or 7d, LPS—administration of LPS. #p<0.05,
#% p<0.01, ##%p<0.001, compared with controls. For the Western blot images: top:
densitometric analysis (controls=100%); bottom: representative western blots. Equal
loading of protein was confirmed by beta-actin.
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Fig. 4. mRNA (A) and Protein (B) Expression of Mrp2, Mrp3, Mrp4 and
Oatplal in Kidneys

mRNA and proteins were isolated from control and cholestatic rat kidney and ana-
lyzed by RT-PCR and Western blot, respectively. mRNA data normalized to those of
GAPDH and protein data after densitometric analysis are expressed as a percentage of
controls, as described in the Materials and Methods. Data were expressed as
mean=S.E.M. (#=6, in each group). Sham1, Sham7 and LPS-C-control rats (1 and 7d
sham-operated or pretreated with physiological saline), BDO1 and BDO7—common
bile duct obstruction lasting for 1 or 7d, LPS—administration of LPS. *p<0.05,
#%p<0.01, **# p<0.001, compared with controls. No expression of Berp, Oatplb2 or
Oatplad protein was detected in the kidneys. For the Western blot images: top: densito-
metric analysis (controls=100%): bottom: representative Western blots.

tion of MTX in humans was 0.94, which indicates extensive
entero-hepatic cycling and active reabsorption of the drug
from GIT.'” Indeed, oral administration of resin colestimide,
which binds MTX effectively in vitro, markedly accelerated
MTX elimination in patients undergoing high-dose intra-
venous MTX treatment.’” As a consequence, alteration of
this pathway by chronic cholestasis might have much deeper
impact on MTX accumulation than expected. Nevertheless,
only a few kinetic studies have previously directly demon-
strated that extrahepatic cholestasis is associated with marked
impairment of biliary excretion of xenobiotics.*' % Dietrich
et al. reported a significant reduction of biliary excretion of
the food-derived carcinogen, 2-amino-1-methyl-6-phenylimi-
dazol[4,5-b]pyridine 1 and 6 weeks after bile duct obstruc-
tion in rats.?" In similar studies, Chen et al. and Rodriguez-
Garay et al. showed an acute decrease of biliary excretion of
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sulfobromophthalein and ciprofloxacin after 1-—7d of ob-
struction of the bile duct.”**¥ Our results with MTX comply
with these observations. We noticed a marked decrease in
Ry, and CLy;. of MTX, which produced a considerable re-
duction in its systemic clearance (Table 1). In comparison,
we observed a less intensive reduction in CLy;. of MTX in
endotoxin-induced cholestasis. Importantly, the extent of the
reduction agrees with previous studies using LPS where au-
thors indicated similar decreases in biliary excretion of other
organic anions such as taurocholate, temocapril, and doxoru-
bicin.?*?® Importantly, the changes in MTX hepatic kinetics
are only in partial agreement with observed alterations of the
main MTX transporting proteins, and the relationship is
influenced by type of cholestasis (Fig. 3).

As described previously, MTX is taken from the blood into
hepatocytes via the Oatps (mostly by Oatplad). The canalic-
ular transport of MTX from hepatocytes into bile is accom-
plished by the Mrp2 and Berp transporters.'>'> Mrp3 and
Mrp4 are efflux proteins expressed at the basolateral mem-
brane of hepatocytes and mediates backward transport of
MTX from hepatocytes to blood.?”?® Thus, spectrum of in-
volved rat transporters closely resembles those mediating he-
patic elimination of MTX in humans.'>'**—3% The down- or
up-regulation of these transporters during either intrahepatic
or extrahepatic cholestasis has been suggested to be a com-
pensatory mechanism protecting the liver against the damage
produced by cumulating endobiotics."” Regarding obstruc-
tive cholestasis, present data united the mRNA and protein
expression of the evaluated transporters in one study. Ob-
served changes in expression of selected transporters were
similar to previous reports.?'**3% confirming the correctness
of the cholestatic model used, and supporting the detected al-
teration of MTX biliary kinetics. Expression of transporter
protein corresponded in our study with mRNA levels sug-
gesting transcriptional regulation of the expression during
extrahepatic cholestasis (Fig. 3).

In contrast to obstructive cholestasis, administration of
LPS produced changes in hepatic transporter expression
mostly at the mRNA level, where the down- or up-regulation
of respective molecules comply with the results of previous
studies (Fig. 3).>* However, at the protein level, only Mrp3
and Oatplb2 were affected. Regarding other protein expres-
sion, only a few data are available describing the influence of
LPS on the level of transporter protein expression in addition
to the mRNA level. Therein, authors observed, as in our
study, decreased Oatplal, Oatplad and Oatplb2 mRNA but
unchanged protein, except decreased Oatp1b2 protein level.”
Our findings regarding Berp and Mrp3 protein expression are
new. The discrepancies between transporters mRNA, protein
expression and the reduction of in vivo MTX Ry, /CLg;,. after
LPS administration await elucidation (Table 1). Nevertheless
recently demonstrated retrieval of Mrp2 from canalicular
membrane of hepatocyte after administration of LPS may
help to explain the observation.*® Formerly, the same effect
was also described during extrahepatic cholestasis.*”

We observed a rise in R of MTX in BDO animals. Al-
though these data comply with the previously suggested in-
crease in urinary excretion of certain anionic compounds
such as bilirubin, p-aminohippurate, pravastatin or temo-
capril during obstructive cholestasis,**** recalculation of
this parameter of MTX to renal clearance using plasma con-
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centrations, which are increased too, bring only insignificant
increase in CLy of the drug (Table 1). This proves that in-
creased renal expression of efflux transporters such as Mrp2
(Fig. 4) cannot compensate anion systemic accumulation
during obstructive cholestatis. On the other hand, induction
of efflux transporters such as Mrp2 may protect the kidney
tubular cells from the accumulation of methotrexate under
cholestatic condition, which may contribute to nephroprotec-
tive effect of short-term obstructive cholestasis observed pre-
viously."” Decreased mRNA and protein expression of Mrp4,
another efflux transporter localized at brush border mem-
brane of proximal tubular cells, observed in our study was
shown also previously.*" The increased expression of Mrp3,
a basolateral transporter, seen in renal tubuli of our animals,
may contribute to this effect. Although the functional conse-
quence needs further elucidation, this finding is supported by
a similar increase in renal Mrp3 detected in hyperbilirubine-
mic rats with inherited deficiency of Mrp2.*» Unlike in ex-
trahepatic cholestasis, we observed reduced protein expres-
sion of Mrp2 and Mrp3 in the kidneys of LPS-administered
animals, thus providing novel data that support previously
described histological findings of impaired proximal tubular
cells during endotoxemia.®” In addition, glomerular filtration
was profoundly reduced in LPS administered animals simi-
larly as described previously.”® As a consequence, the
marked reduction of MTX renal clearance seen in our study
may be attributable not only to altered transporter expression
but especially to reduced kidney perfusion. This effect could
be caused by induction of cytokine production in kidneys
after LPS administration.*”

The kinetic parameters of conjugated bilirubin, an endoge-
nous Mrp2 substrate, are commonly used to evaluate the
severity of cholestasis (Fig. 2). In the present study, shown in
Fig. 2C, we identified increased Ry, of the compound in
both types of cholestasis, which complies with previous
report.) However, when the measurements were corrected to
the serum concentration of conjugated bilirubin, we observed
a marked reduction of the parameter (CLg;,.) in bile duct-
obstructed rats while only an insignificant decrease was de-
tected after LPS administration (Fig. 2E). This corroborates
the reduced transporter expression, and suggests this mecha-
nism as the main cause of increased plasma concentrations of
conjugated bilirubin in obstructive cholestasis (Fig. 2A). Be-
cause no relevant kinetic data are available as yet, we could
only compare them with our previous report, which demon-
strated similar results.*” Regarding the R, of conjugated
bilirubin, Tanaka et al. demonstrated an increase 24 h after
bile duct obstruction, as also seen in the present study (Fig.
2B). However, again, correction of Ry of conjugated bilirubin
to its plasma concentrations revealed marked reduction of
CLg in BDO animals (Fig. 2D). Although the exact mecha-
nism of this effect is not known because studies of trans-
porter expression does not reflect the situation, animal and
human studies point to the harmful effect of increased biliru-
bin serum concentration on proximal tubular cells during
cholestasis.”**® In agreement with this, the absence of in-
creased bilirubin concentration in plasma of LPS-adminis-
tered animals (Fig. 2A) was associated with only a moderate
decrease in the renal clearance of the compound (Fig. 2D), in
which reduction of glomerular filtration may take place.*”

In conclusion, the results of the present study demonstrate
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for the first time the marked alteration of methotrexate
(MTX) pharmacokinetics during obstructive and LPS-
induced cholestasis in rats. Moreover, detailed analysis of
endogenous conjugated bilirubin kinetics in the study pro-
vides information about its excretory parameters in two
widely used animal models of cholestasis. The reliability of
cholestatic models was verified by serum biochemistry and
study of expression of major drug transporting proteins,
which provide also partial explanations for mechanism re-
sponsible for the observed functional changes. Despite the
fact that some expression changes correlate with the kinetics,
the existence of discrepancies in the quantity and character
of the respective kinetic and expression results suggests the
importance of kinetic data for assessment of the final effects
of cholestasis on drug elimination. Finally, although we are
aware about limits of our animal models for prediction of
clinical behavior of the drug, based on results of kinetic stud-
ies presented herein, increased accumulation of MTX might
be expected in patients with cholestasis.
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Souhrn

Jatra jsou zivotné dulezitym organem zajistujicim fadu homeostatickych funkci.
Stézejni uloha jater je pii tvorbé a sekreci Zlu€i, vychytavani, detoxikaci a vyluCovani
endogennich latek a xenobiotik.

Tvorba zluCe je dilezitd jak pro absorpci lipidi ve stifevé, tak pro vylucovani
riznych endogennich latek a xenobiotik (napt. Zlucové kyseliny, bilirubin, cholesterol,
fosfolipidy a 1é¢iva). Tato funkce je vyrazné¢ porusena béhem extrahepatalni
a intrahepatalni cholestazy, tj. stavu charakterizovaném caste¢nou nebo Uplnou zastavou
toku zluCe. Dochazi k jaterni a nasledné i K systémové kumulaci toxickych latek typu
zlucovych kyselin a bilirubinu, které mohou v zavislosti na intenzit¢ a dobé trvani
cholestazy podminit vazné poskozeni organizmu. Ve snaze kompenzovat vzniklou situaci
se aktivuji tzv. spontdnni anticholestatické obranné mechanizmy, jejichZ Gcelem je zmirnit
stav pomoci alesponn ¢asteéného presmérovani exkrece danych latek z jater do ledvin.
Podstatou tohoto procesu je zména exprese, lokalizace a funkce odpovédnych
transportnich proteinti v jatrech a ledvinach. Druhym mechanizmem, ktery vyznamné
ovliviiuje tvorbu Zlue a pohyb latek mezi krvi a zluci, je tzv. hematobiliarni bariéra
tvofena intercelularnimi kontakty typu ,.tight-junctions® (tésné spoje) a ,,gap-junctions®.
Zatimco ,,gap-junctions® slouzi k vyméné latek mezi bunikami, ,tight-junctions® tvoii
pravé tu bariéru mezi krvi a Zzluci, jejiz kvalita spolu s transportnimi procesy na
hepatocytech fidi tvorbu zluce. Je prokazano, ze tésné spoje reguluji pohyb iontl, vody
a rozpusténych latek paraceluldrnimi prostory mezi hepatocyty.

V ramci této dizertani prace byly studovany oba mechanizmy odpovédné za
tvorbu a sekreci Zluce — transportni proteiny a hematobilidrni bariéra. Déle byly studovany
akutni a chronickou obstrukéni cholestdzou navozené zmény exprese transportérii
a integrity hematobiliarni bariéry a zmény farmakokinetiky 1éciv, které jsou substraty pro
vybrané transportni proteiny. V prvni studii jsme se zaméfili na sledovani zmén biliarni
arenalni exkrece rhodaminu 123, substratu P-glykoproteinu (P-gp), u potkant s akutni
a chronickou obstruk¢ni cholestazou navozenou podvazem zlu¢ovodu v trvani jednoho
a sedmi dnd. Jiz v mnoha studiich byla potvrzena zvySena exprese P-gp na tirovni mRNA i
proteinu béhem obstrukéni cholestazy. Jde prakticky o jediny zndmy kanalikularni efluxni
transportér, jehoz exprese je béhem tohoto patologického stavu indukovana. Jednim
z moznych vysvétleni je pokles koncentrace jeho substratii v hepatocytech a nasledné i na
kanalikularni membran¢ v disledku snizené exprese bazolateralnich ,,Organic cation
transporter 1 (Octl) a ,Organic anion transporting polypeptide 1a4“ (Oatpla4d)

transportérit pro vychytavani latek zkrve. Tento fakt by mohl 1 ¢astecné vysvétlit
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nesrovnalost mezi zvysenou expresi P-gp a nezménénou, resp. snizenou bilidrni exkreci
rhodaminu 123. Porovnanim renalni a biliarni exkrece bylo zjisténo, ze rhodamin 123 je
vylu¢ovan predevs§im ledvinami, zatimco jatra pfispivaji k jeho exkreci do Zlu¢e jenom
Z 23 %. Pozorovana snizena produkce Zlu¢i a biliarni exkrece thodaminu 123 béhem akutni
cholestazy a zachovand exkrece do Zlu¢e béhem chronické cholestdzy je v rozporu se
zvysenou expresi P-gp V jatrech. Casteén& lze tento fakt vysvétlit na zakladé fyzikalng-
chemickych vlastnosti 1é¢iva. Jedna se o flourescencni barvivo, které za fyziologického pH
nese kladny naboj. Navzdory ptfedpokladu, ze rhodamin 123 vstupuje do hepatocytu
pasivni difazi, je nutno, vzhledem K jeho castecné rozpustnosti ve vod¢, také pocitat
s ptispévkem  aktivniho transportu pies bazolaterdlni membranu hepatocytu
zprostfedkovaného Octl transportérem. Dal$im vysvétlenim zvySené exprese P-gp béhem
cholestazy je zvySend kumulace lipofilnich endogennich i1 exogennich latek, které
prostupuji bazolaterdlni membranou hepatocytii predev§im pasivni difuzi a nasledné
aktivuji nuklearni faktory (CAR, PXR), které reguluji expresi P-gp. Rhodamin 123 je
aktivné vylucovan do moce prostfednictvim P-gp a zmény v expresi tohoto transportéru
jsou doprovéazeny zménami V rendlni tubularni sekre¢ni clearance jeho substrati. Béhem
akutni cholestdzy byla tubuldrni sekrecni clearance rhodaminu 123 a exprese P-gp
zachovana, coz bylo vysvétleno jiz dfive prokazanym nefroprotektivnim efektem cytokint.
Snizenou renalni exkreci a clearance rhodaminu 123 béhem chronické cholestazy lze
vysvétlit snizenou expresi P-gp. V této studii pouzity model extrahepatalni cholestazy
s obnovenym tokem zluci poskytuje moznost studia funkénich nasledka cholestazy pro
farmakokinetiku a farmakodynamiku endogennich latek i xenobiotik.

Druhé préace se zabyva sledovanim zmén permeability hematobiliarni bariéry za
pouziti rhamno6zo/melibiézového permeabilitniho testu béhem akutni obstrukéni cholestazy
navozené u potkand podvazem Zzlucovodu v trvani jednoho dne. Biliarni exkrece obou
cukri byla zvySena béhem prvnich 60 minut experimentu (z celkovych 240 minut) po
jejich i.v. aplikaci. V piipadé kumulativni biliarni exkrece byl pomér rhamnéza/melibidza
zvySeny béhem celého experimentu. Bilidrni exkrece byla v porovnani s renalni eliminaci
obou cukri zanedbatelnd. V piipadé i.v. aplikace rhamnézy probiha exkrece predevsim
ledvinami s 65% podilem u potkand a 74% podilem u lidi. Pfedpoklada se, ze zbytek
aplikované davky rhamnozy je metabolizovan na rozdil od melibidzy, kterd metabolizmu
nepodléhd. V nasi studii cinila exkrece rhamnézy 62 % zpodané davky a exkrece
melibiozy 71 % z podané davky s vysoce pievazujicim podilem renalni exkrece. U obou

cukrii nebyla exkrece do moce ovlivnéna akutni cholestizou. Z pomeéru koncentrace
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plazma/zlu¢ rhamnozy vyplyva, ze rhamnoza prochazi hepatocyty podobné jako enterocyty
prostfednictvim pasivni difize a Ze se rychle vyrovnavaji jeji koncentrace mezi plazmou
anove vytvoienou zluci. Z vysledka studie vyplyva, ze nami zvoleny permeabilitni test je
vhodny pro studium zmény integrity hematobiliarni bariéry béhem akutni cholestazy
U potkand. Tento test prokdzal, ze hematobiliarni bariéra je vice propustna béhem akutni
cholestazy a toto poskozeni lze spolehlivé méfit béhem prvnich 60 minut po podani obou
cukra.

Ve treti studii jsme se zaméfili na sledovani zmén farmakokinetiky metotrexatu
(MTX) za pouziti in vivo modelu extrahepatalni (podvaz Zlucovodu v trvani jednoho
asedmi dnl) a intrahepatalni cholestazy (aplikace lipopolysacharidu, LPS) u potkant
spolecné se sledovanim zmén exprese zakladnich transportérti pro MTX na urovni mRNA
| proteinu. Paralelné byla hodnocena kinetika konjugovaného bilirubinu, endogenniho
substratu Mrp2, ktera se bézn¢ pouziva pro posouzeni zavaznosti cholestazy. U lidi je
biliarni exkrece odpovédna za eliminaci 10-30 % z aplikované davky MTX. Prispévek
transportnich proteinti v jatrech na exkreci MTX se vSak zda byt znacné vyssi, jelikoz
pom¢r biliarni/rendlni exkrece je 0,94, coZ naznacuje vyznamnou enterohepatalni cirkulaci
a aktivni reabsorpci 1éCiva z gastrointenstinalniho traktu. Né&které kinetické studie
naznacuji, ze bilidrni exkrece 1é¢iv je béhem extrahepatalni cholestdzy poskozena. Také
v této studii byla bilidrni exkrece a biliarni clearance MTX béhem extrahepatalni
cholestazy snizena, coz vedlo kvyznamnému poklesu jeho systémové clearance.
V porovnani s extrahepatalni cholestdzou nebyl pokles biliarni clerance u intrahepatalni
cholestazy tak vyrazny. Zména exprese transportérti pro MTX v jatrech Castecné odpovida
zménam biliarni eliminace 1é¢iva. Konkrétné se jedna o tyto transportéry: (1) pro import
MTX do hepatocyt — ,,Organic anion transporting polypeptide 1al, 1a4 a 1b2* (Oatplal,
Oatplad a Oatplb2); (2) pro exkreci MTX do Zluce — ,,Multidrug resistance-associated
protein 2 (Mrp2) a ,,Breast cancer resistance protein“ (Bcrp); (3) pro exkreci MTX
Z hepatocyti zpét do plazmy - ,,Multidrug resistance-associated protein 3 a 4 (Mrp3 a
Mrp4). Zmény exprese transportérli na Urovni proteinu koreluji se zménami na Urovni
MRNA, coz svéd¢i pro transkripéni regulaci jejich exprese béhem extrahepatalni
cholestazy. Aplikace LPS vedla ke zménam exprese transportérti vEtSinou na urovni
mRNA. Pouze Oatplb2 a Mrp3 byly ovlivnény na urovni proteinu. Ackoli vedla
obstrukéni cholestdza ke zvySeni rendlni exkrece MTX, rendlni clearance léciva byla
zvySend nesignifikantn€. To dokazuje, Ze zvySena exprese renalnich efluxnich transportért

(napf. Mrp2) neni schopna kompenzovat syst¢tmovou kumulaci latek typu organickych
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anionti béhem extrahepatalni cholestazy. Na druhou stranu mize indukce Mrp2 chranit
buniky proximalnich tubulli pfed kumulaci MTX, a tak pfispivat k nefroprotektivnimu
efektu akutni cholestazy. ZvySena exprese bazolateralniho efluxniho transportéru Mrp3
Vv ledvinach muze podpofit tento efekt. Naproti tomu intrahepatalni cholestaza vedla ke
snizené expresi Mrp2 a Mrp3 v ledvinach. Navic byla za tohoto patologického stavu
pozorovana snizend glomerularni filtrace. Proto by mohlo byt vyznamné snizeni rendlni
clearance MTX piipisovano nejen zméné exprese transportéri, ale predevSim snizené
perfuzi ledvin. Predpokladanym puvodcem tohoto stavu je produkce cytokini navozena
aplikaci LPS v ledvindch. V zavéru lze konstatovat, ze zmény farmakokinetiky MTX a
odpovidajici zmény exprese transportérii ukazuji na vyznamné odliSnosti dvou Siroce

pouzivanych modelil cholestazy.
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The liver is a unique organ with a number of vital functions. Pivotal one is its
participation on bile formation and secretion, import, detoxification and excretion of
endogenous substances and xenobiotics.

Bile formation is essential for both absorption of lipids in intestine and excretion of
various endogenous compounds and xenobiotics (e.g. bile acids, bilirubin, cholesterol,
phospholipids and drugs). This function is markedly impaired during extrahepatic and
intrahepatic cholestasis with partial or complete stoppage of bile flow. Consequently,
hepatic and further systemic accumulation of toxic biliary constituents, such as bile acids
and bilirubin, occurs. In an effort to compensate this situation, spontaneous anti-cholestatic
mechanisms are activated, which provide alternative excretory routes for toxic
accumulating compounds (e.g. renal elimination of bile acids and xenobiotics into urine).
These mechanisms include changes in the expression, localization and function of
respective transporters in liver and kidneys. Another mechanism with a significant impact
on bile formation and transport of compounds between bile and blood is blood-biliary
barrier formed by connection of hepatocytes by ,.tight-junctions* and ,,gap-junctions®.
While ,,gap-junctions® exchange substances among cells, ,,tight-junctions“ represent the
real blood-biliary barrier and are, together with transporters, necessary for the bile
formation. ,,Tight-junctions® regulate transport of water, solutes and ions through the
paracellular spaces of hepatocytes.

In this work both mechanisms responsible for bile formation and secretion —
transporters and blood-biliary barrier — were studied. Furthermore, acute and chronic
cholestasis induced changes in transporter expression and integrity of blood-biliary barrier
were evaluated. In addition, changes in pharmacokinetics of drugs, acting as substrates of
selected transporters, were examined, too. In the first study, we focused on the evaluation
of biliary and renal excretion of rhodamine 123, a substrate of P-glycoprotein (P-gp),
during acute and chronic extrahepatic cholestasis in rats induced by 1 and 7 days lasting
bile duct obstruction. Recently, many studies have confirmed increased expression of P-gp
at both mRNA and protein level during obstructive cholestasis. P-gp is the only efflux
transporter expressed at the canalicular membrane of hepatocytes with increased
expression during cholestasis. One of the explanations is a decline in its substrate
concentration in hepatocytes due to down-regulation of basolateral uptake transporters —
“Organic cation transporter 1 (Octl) and “Organic anion transporting polypeptide 1a4*
(Oatplad). This fact could partially explain the disagreement between increased expression

of P-gp protein and unchanged or even decreased biliary excretion of rhodamine123.
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Comparison of rhodamine 123 renal and hepatic excretion showed that this compound is
eliminated mostly by the kidney with only approximately 23% of the eliminated amount
being excreted into bile. Decreased bile production and biliary excretion of rhodamine 123
during acute cholestasis and preserved bile excretion during chronic cholestasis are in
disagreement with increased P-gp expression in livers. Physicochemical properties of the
drug could partly explain this fact since rhodamine 123 is a fluorescent dye which exhibits
a positive charge. Despite the assumption that it enters the cells by passive diffusion,
partial water solubility at physiological pH eventuated the potential contribution of active
transport at the basolateral membrane of hepatocytes via Octl transporter. Other
explanation could be increased accumulation of endogenous and exogenous substances
such as bilirubin and bile acids, which cross the basolateral membrane of hepatocytes
mostly by passive diffusion and consequently activate nuclear receptors that regulate P-gp
expression (CAR, PXR). Rhodamine 123 is actively excreted into urine via P-gp and P-gp
expression changes are accompanied with P-gp-mediated renal tubular secretory clearance
changes. During acute cholestasis, the net tubular secretion clearance and expression of P-
gp protein were preserved, which complies with the reported nephroprotective effect of
cytokines released from the liver. Decreased renal excretion and renal clearance of
rhodamine 123 during chronic cholestasis may be explained by down-regulation of P-gp
expression. In this study, the employed model of extrahepatic cholestasis with
reconstituted bile flow offers possibility to investigate functional consequences of
cholestasis for the pharmacokinetics and pharmacodynamics of endogenous substances and
xenobiotics.

In the second study, we investigated changes in permeability of blood-biliary
barrier using rhamnose/meliobiose test during acute obstructive cholestasis induced by
1 day lasting bile duct obstruction. Biliary excretion of both sugars was increased during
the first 60 min (from total 240 min) after i.v. application of the compounds. Regarding
cumulative biliary excretion, the melibiose/rhamnose ratio was increased throughout the
whole experiment. Biliary excretion of both sugars was negligible in comparison with their
renal elimination. When administered rhamnose intravenously to mammals, it is eliminated
primarily by the kidneys with 65% and 75% contribution in rats and humans, respectively.
In comparison to rhamnose, melibiose is not supposed to be metabolised. In this study,
total excretion of rhamnose and melibiose was 62% and 71%, respectively, with highly
prevailing urinary excretion. Renal clearance was not influenced by cholestasis. Plasma to

bile concentration ratios of rhamnose suggested that passive diffusion of this sugar through
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hepatocytes occurs similarly to that of enterocytes and that rhamnose quickly equilibrates
between plasma and new formed bile. In conclusion, the used dual-sugar permeability test
is convenient to describe the alteration of the blood-biliary barrier during acute cholestasis
in rats. This test demonstrated that the blood-biliary barrier becomes leaky during acute
cholestasis and this impairment could be measured during the first 60 min after
administration of both sugars.

The third study was focused to description of changes in the pharmacokinetics of
methotrexate (MTX) using the in vivo model of extrahepatic (bile duct obstruction for
1 and 7 days) and intrahepatic cholestasis (lipopolysaccharide administration, LPS) in rats.
Simultaneously, we analyzed changes in the expression of main transporters responsible
for MTX transport at both mRNA and protein level. Moreover, Kinetics of conjugated
bilirubin, an endogenous substrate of Mrp2, was evaluated to qualify the severity of
cholestasis. In humans, 10-30% of applied dose of MTX is excreted by bile. Nevertheless,
the contribution of hepatic transporters seems to be higher because the ratio of MTX
biliary/renal excretion in humans is 0.94. This indicates extensive entero-hepatic cycling
and active reabsorption of the drug from gastrointestinal tract. Some Kkinetic studies
demonstrated that biliary excretion of drugs is impaired during extrahepatic cholestasis.
This was confirmed in this study as well, when biliary excretion and biliary clearance of
MTX was decreased and led to significant reduction of its systemic clearance. In
comparison to obstructive cholestasis, reduction of MTX biliary clearance was less
intensive during intrahepatic cholestasis. Expression changes of MTX transporters in livers
partly corresponded to alterations of MTX biliary excretion. MTX transporters include (1)
for uptake into hepatocytes — “Organic anion transporting polypeptide 1al, 1a4 and 1b2*
(Oatplal, Oatplad and Oatplb2); (2) for efflux into bile — “Multidrug resistance-
associated protein 2° (Mrp2) and “Breast cancer resistance protein“ (Bcrp); (3) for efflux
from hepatocytes into plasma — “Multidrug resistance-associated protein 3 and 4 (Mrp3
and Mrp4). Protein expression of transporters corresponds with that of mRNA suggesting
transcriptional regulation of the expression during extrahepatic cholestasis. Administration
of LPS produced changes in hepatic transporter expression mostly at the mRNA level.
Only Oatp1b2 and Mrp3 were influenced at the protein level. Although we observed a rise
in renal excretion of MTX, renal clearance was only slightly increased. This proves that
increased expression of efflux transporters such as Mrp2 in kidneys cannot compensate
systemic accumulation of anionic compounds during obstructive cholestatis. On the other

hand, induction of Mrp2 may protect the kidney proximal tubular cells from the
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accumulation of MTX during acute cholestasis and thus contribute to nephroprotective
effect. The increased expression of Mrp3 may make for this effect. Intrahepatic cholestasis
led to down-regulation of Mrp2 and Mrp3 transporters in kidney proximal tubular cells. In
addition, glomerular filtration was reduced in LPS-induced cholestasis and the reduction of
MTX renal clearance may be attributable not only to altered transporter expression but
especially to reduced kidney perfusion. This effect could be caused by increased cytokine
production. Changes in MTX pharmacokinetics and respective transporter expression

alterations suggest important differences between the two widely used cholestatic models.
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