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Seznam pouZzitych zkratek

Seznam pouzitych zkratek

ABC
BCRP
BSEP
CAR
CYP
FXR
MDR
MRP
NTCP

NSAID
OAT
OATP

OCT
P-gp
PXR
RT-PCR
SLC
SULT
UuGT

»ATP binding cassette”

.Breast cancer resistance protein“ — tranépor

,Bile salt export pump* — transportér

»2constitutive androstane receptor” — nukiéa&eceptor

izoforma cytochromu P450

.Farsenoid X receptor” — nuklearni receptor

~Multidrug resistance proteins“ — podrodin®@& transportér

~Multidrug resistance-associated proteins‘odiwdina ABC transportér
,Na-taurocholate cotransporting polypeptide* — polygukgransportujici
organickeé aniony

»Non-steroid antiinflammatory drugs*

,<organic anion transporter* — transportérgamickych aniorit

,<Organic anion transporting polypeptide” — ymeptidy transportujici
organické anionty

»Organic cation transporter” — transportérgamickych kationt
P-glykoprotein (MDR1)

.Pregnane X receptor” — nuklearni receptor

.Reverse transcriptase polymerase chairiosac

»Solute carrier” — rodina transportnich jeioh

Sulfotransferazy — enzymy |Il. faze biotramsiace

Uridin difosfat-glukuronosyl transferazy —zgmy II. faze biotransformace
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Uvod

1. Problematika farmakokinetickych Iékovych interakci

Jednim z hlavnich fpdmeéta farmakologického pre-/klinického vyzkumu jsou
klinicky vyznamné nezadouci lékové interakce. PagidiZSi porozurni jejich principim
muze vést k moznostendrto interakcim pedchazet a v koseém disledku pedevsim
prispét ke zvySeni bezgeosti farmakoterapie. Farmakokinetické Iékové mitee tvai
zasadni skupinu lékovych interakci, jejichisikdkem je zrgna mnoZstvi [&va v mist
jeho &inku. Sowasreé podavana k&va mohou navzajem interagovat na vSech udrovnich
kinetickych @ju, tj. na arovni absorpce i@devsim v gastrointestinalnim traktu), distribuce
(kompetice o vazebna mista na plazmatické bilkqviale i ovlivreni aktivnich
transportnich procé¥ metabolizmu (inhibice/indukce biotransforn&ch enzyni)

i exkrece (opt nag. modulaci aktivniho transportu v elimimach organech). Vyzkum
lékovych interakci byl dosud za&ien zejména na problematiku ovldm metabolizmu

a naslednych nezadoucich &nv dispozici I€iv, predevSim diky podrobnému hodnoceni
klinicky zavaznych interakcitgobenych enzymovou indukci/inhibici systému cytooiu
P450.

Proto byla v poslednich letech zavedena jiz do changtadii farmaceutického
vyzkumu fada metod podroknzkoumajicich metabolické a farmakokinetické vlastn
léciv. Potenciélni léiva jsou Ehem vyvoje casreé testovana na vhodnou solubilitu,
permeabilitu a metabolickou stabilitu. Dikyntto tesim Ize urady novych léiv
pozorovat zvySenou metabolickou stabilitu (mj. teiaguji s jaternimi oxygenazami
véetre cytochromu P450). ®ledkem je pesun Kk alternativnim cestdm systémové
clearance, ndp mimojaternimu metabolizmu ave zvySujici setfemi eliminaci
zprostedkované aktivnimi transportéry. Popsany posuretalivné znamych eliminénich
proces, predevSim metabolizmu zpréstikovaného cytochromem P450, k novym, &én
popsanym elimingnim proce8m klade dalSi naroky na farmakologicky vyzkum.
Metabolicky stabilni nové molekulyd& (nap. antihypertenzivum aliskiren, antidiabetika
ze skupiny gliptid ¢i antimykotika charakteru echinokand)n eliminované pedevSim
biliarni exkreci nebo aktivni tubuldrni sekreci,dlghaji fack aktivnich transportnich
procesi. Vyzkum potenciélni indukce a inhibicetchto proces je proto kl€ovy

k porozungni jejich vlivu na variabilitu kinetiky transportanych I€iv (Funk, 2008).

2. Vyznam aktivniho transportu pro farmakokinetiku lé ¢iv

Aktivni transport je jednim ze zasadnich mechafdipiestupu endogennich latek
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i xenobiotik ges fyziologické bariéryfedstavované hiivrstvami bugk, nebo samotnou
cytoplazmatickou membranou. Vzhledem k tomu, Ze tyariéry jsou na molekularni
arovni obvykle tvdéeny pra¢ vrstvou polarizovanych bék (hepatocyd, enterocyi
apod.), ma na propustnost bariér vliv také distiédbtransportnich molekul na apikalni
(luminalni pol) a bazolaterélni (krevni pdaiasti bugecné membrany. Nap unipolarni
lokalizace efluxnich ABC (ABC — z anglického ,ATRnding cassette”) transportéfe
sttZejni pro smir a rozsah prostupude pies fyziologické bariéry atSiny orgar (Ito et
al., 2005). Transportni proteiny tak zasahuji do fawkinetiky I&iv prostednictvim
usnadini nebo naopak zabrém prestupu léiv mezi jednotlivymi kompartmenty. Timto
zpasobem vyraz& modifikuji a viad pripadi i uréuji kvalitativni i kvantitativni poréry
na urovni absorpce, distribuce i exkrece jednodivi&ivych latek.

Patet geri koédujicich proteiny membranovych transpaitéucloveka je
odhadovan na tén 900, coZz pedstavuje pblizné 3% funkiniho lidského genomu
(Venter et al, 2001). Proteiny kédovan&nhito geny zastavaji v lilkdch dilezité
fyziologické dlohy: transportuji Ziviny, odstmaji nepotebné latky a udrzuji
elektrochemicky gradient na membranach. Podi#upsoutasré transportovanych latek
a snméru transportu se transportnéjel céli na uniport (jedna latka), symport @vatky
stejnym smirem) a antiport (dv latky op&nym sngérem). Dale lze transportni procesy
rozliSovat podle energetické zavislosfktivni transportvyuziva energii ATP (tzv.
primarre aktivni transport) nebo elektrochemicky gradiggiagené latky (tzv. sekund&rn
aktivni transport), zatimcftacilitovana difuzeprobih& pouze ve simu elektrochemického
gradientu transportované latky (Baynes, 2005¢dEvSim na zakl&déchto parametr se
transportéry v saiasnosticleni do dvou skupin: (iIABC transportéry vyuZzivajici energii
ATP a (ii) SLC transportéry (z anglického ,solute carrier), které ke s¥énosti
vyzaduji elektrochemicky gradient substratu neldfazgné latky.

2.1. SLC transportni proteiny

Probihajici intenzivni vyzkumipdevsim v poslednich dvou desetiletich objevil
a popsal #kolik rodin transportnich proteinpodilejicich se na vstupuc¢lé do burgk.
Jedna se orozsahlou skupinu transportnich protpienaSejicich substraty po &m
koncentr&niho gradientu hdi bez zavislosti naifsunu energie, nebo vyuzivajicich energii
symportu resp. antiportu dalSiho substratu (sadikjkovany glutathion atd.). Pro kinetiku

léciv jsou vyznamni zastupcityt rodin SLC: NTCP (z anglického ,Ndaurocholate co-

9
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transporting polypeptide®), OATP (z
polypeptide”), OAT (z anglického ,Organic anion neporter”) a OCT (z anglického

»=Organic cation transporter) (Zaiet al, 2008; Funk, 2008). Jejich stny prehled

anglického ,@rgc anion transporting

a substratovou specifitu nabizi Tab. 1. &@md jednotlivych transportér vychazi
z mezinarodniho konsenzu — ozeai molekuly proteinu vychazi ziyodniho nazvu, do
kterého je v fipadt existence vice zastupez dané rodiny inkorporovagiselny udaj

0 genu; ozn&ni genu v satasnosti respektuje dopa@eni vychazejici eSeni projektu

HUGO (HGNC,http://www.gene.ucl.ac.uk/nomenclature/genefamidg/atm).

Tab. 1. Transportéry ze skupiny SLC dilezité pro kinetiku l&¢iv
(upraveno dle Funk, 2008)

Gen ProteV|'n Endogenni Exogenni substraty — .

. (starsi . o Ve Lokalizace

(alternativn €) .~ | substraty leciva (priklady)

oznateni)

SLC10A1 NTCP queoye rosuvastatin, sulindak Jatrg,,st?vo
kyseliny (apikalre)
estron-3-sulféat,

SLCO1A2 OATP1A2 | Zlucove digoxin, jatra (apikals),

(SLC21A3) (OATP-A, | kyseliny, T, | erythromycin, ledviny, stevo,

OATP1) T4 (hormony| imatinib mozek
Stitné Zlazy)
atorvastatin,
Sy 2 simvastatin,
zIUCoye fluvastatin
SLCO1B1 OATP1B1 ky_sellny, kaspofungin, .
(SLC21A6) (OATP-C, | bilirubin, bosentan jatra, stevo
OATP2) estron-3-sulféat, o
benzylpenicilin,
T3, Ty .
repaglinid, valsartan,
olmesartan
bilirubin, enalapril, rifampicin,
estron-3-sulfat, metotrexat

SLCO1B3 OATP1B3 ; L .

(SLC21A8) (OATP-8) IV_T€34,,T3, T4, | fluvastatin, bos_entan, jatra
Zlucové valsartan, telmisartan,
kyseliny, paklitaxel

OATP2B1 rosuvastatin
SLCO2BL | (OATP-B, | oiron-3-sulfat| fluvastatin, aliskiren, |13l stevo
(SLC21A9) OATP- benzvioenicilin ' | (apikalrs)

RP2) yip
SLCO4C1 organické e e .
(SLC21A20) OATP-H anionty metotrexat, sitagliptin| ledviny

aciklovir, ritonavir,
acetylcholin, | lamivudin, metformin, jatra (apikalg),

SLC22A1 OCT1 progesteron, | chinidin, verapamil, | fada dalSich
kortikosteron | ranitidin, famotidin, | organi

oxaliplatina

10
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organické . . | ledviny
kationty amantadin, memantm'(bazolateréllé)
SLC22A2 OCT2 o platina, ranitidin, . NS
Siroké . rada dalSich
vareniklin : o
spektrum organi
organické
SLC22A4 OCTN1 Ifgtlor]ty, doxorubgcm, _ stre_vq, Ivedvmy
Siroke verapamil, gabapentin (apikalreg)
spektrum
L-karnitin, . . y .
SLC22A5 OCTN2 |organicke | Petalakiamova ATB, | sttevo, ledviny
Kali verapamil (apikalre), jatra
ationty
organicke acyklovir, NSAID, ledvin
SLC22A6 OAT1 anionty, Siroké furosemid, Y
. placenta
spektrum mykofenolat
prostaglandiny allopurinol,
SLC22A7 OAT2 organické dlk!ofe,nak, paklitaxel, jatra, ledviny,
: salicylaty, mozek
anionty .
tetracykliny
. adefovir, NSAID,
organicke rosuvastatin
SLC22A8 OAT3 anionty, Siroké . .. ; ledviny
sitagliptin,
spektrum .
mykofenolat
organicke . .
SLC22A11 OAT4 anionty, Siroké NSAID, Z,'dOVUdm’ ledviny
metotrexat
spektrum
NTCP

NTCP je kltovym influxnim genaSéem pro konjugované a s niZsi afinitou téz
nekonjugované Zliové kyseliny a hraje tak vyznamnou ulohu ve fyziilgater (Alrefai
a Gill, 2007). Jeho exprese byla vyjma jater detéka i v buikach stevniho epitelu.
Vyznam NTCP pro kinetiku xenobiotik je dle aktuéoistavu poznani relatigrmaly,
nicmeérg byla popsana jeho uUloha v transportu NSAID sulkada inhibitoru HMG-CoA
reduktazy rosuvastatinu (Ha al, 2006; Boldeet al, 1999).

OATP

nejlépe prozkoumana, rodina aktivnickempasena zprostedkovavajicich vstup & do
burgk. Dosud bylo identifikovano vice nez 50 zasiupeto skupiny, z nichz je &loveka
piitomno 11. Pro kinetiku & je vyznamnych fedevSim pt z nich: OATP1A2,
OATP1B1, OATP1B3 a OATP2B1 v jatrech a OATP4C1 dwieach (Niemi, 2007).
Aktivita téchto transportér je nezavisla naiftomnosti kationtu sodiku a zejména prvni

dva zmigné mohou zprogtdkovat obousminy prenos, kde e tvait hnaci silu

11
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antiport redukovaného glutathionu. Spektrum subisttédchto transportér je Siroke
a krom&¢ mnoha organickych aniantzahrnuje i latky bazické povahy &t$i molekulou
a neutralni steroidy — viz. Tab. 1 (Hagenbuch a @008). Mezi jednotlivymi OATP
transportéry je popsan podstatnjelryv substratového spektra, coZz na jedné &tran
umoziuje kompenzaci vifpact porusené funkce jednoho z nich, na druhé &tramané
zt¢Zuje individualni studium vlastnosti jednotlivyctopein.

Kromé prenosu xenobiotik maji OATP transportémyrpzert fyziologicky vyznam
i v transportu endogennich latek. OATP1B1 byl ckemdzovan jako hlavni (na sodiku
nezavisly) bazolateralni ignaseé Zlucovych Kkyselin v lidskych jatrech; OATP1A2
a OATP1B3 se zdaji mit spiSe minoritni roli; OATHA2HIe publikovanych informaci
Zlucoveé kyseliny ve svém substratovém spektru nemdagkdblick et al, 2001).

OAT

V této rodirt transportér bylo dosud wlovéka identifikovano 5 zastufic
zna&enych OATlaz OAT5 (Anzaiet al, 2006). Mira exprese a vyznam jednotlivych
pienaseéu se v exkrénich organech lisi. V jatrech je exprimovéafegevsim OAT2, jiné
formy zde sice byly rowt detekovany, jejich funkce je vSak minoritni. Nakp
v ledvinach maji hlavni vyznam pro transportivev bunkach proximalnich ledvinnych
tubuli OAT1 a OAT3 (van Montfooret al, 2003; Zairet al, 2008). Tyto transportéry
jsou schopné ignasSet organické anionty &ha snéry. Jejich modelovym substratem je
para-aminohippurova kyselina. Pro farmakoterapii zeiména dlezita role &chto
pienasSeéa v jaterni i renalni eliminaci n&pnesteroidnich antirevmatilg-laktamovych
antibiotik, diuretik, urikosurik, metotrexatu, aitotik, tetracyklimi, prostaglandit

a cyklickych nukleosidl (Miyazakiet al, 2004).

OCT

Jedna se o skupinu transpoit@odobri jako vySe uvedené OAT gati do rodiny
SLC22, jejiz specifitou je ipnos organickych katioit pficemz spektrum substiate
u jednotlivych molekul znm¢ Siroké. V lidskych jatrech byli dosud popsani déestupci
této skupiny transportér OCT1 a OCT3 (Koepsell 2004). OCT1 zpieskovava
obousmérny prenos organickych katioits mensi molekulou. Mezi jeho substratytpat
napg. H2 antagonisté, imatinib, metformin, oxaliplatin@bo tricyklicka antidepresiva.
V ledvindch je nejvyznangsim zastupcem OCT2 na bazolaterdlni membrbansk

proximalnich tubul.

12
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2.2. ABC transportni proteiny
Ze 48 ABC transportér(7 podrodin identifikovanyciABCA az ABCQG doposud

popsanych w@lovéka jsou pro transport d& v eliminatnich organech nejdkezitejSi

MDR1/ABCB1 resp. P-glykoprotein, BCRRBCG2 (z anglického ,Breast cancer
resistance protein“) a MRPRBCC2 (z anglického ,Multidrug resistance-associated
protein“) (Funk, 2008). Tyto transportéry bylyivymdné detekovany na nadorovych
buinkach, kde svou Sirokou substratovou specifitou sokgu transportni kapacitou pro
odstragni cytostatik z buék pisobi rezistenci malign zménénych burk na vice

cytostatik sotlasré — fenomén ,mnohietné Iékoveé rezistence" (MDR — z anglického

~-multidrug resistance"), po kterém byly tyto moléked paiatku pojmenovany.

Tab. 2. Efluxni ABC transportéry zapojené do exponti IéCiv z bunék (zpracovano dle
Schinkel and Jonker, 2003).

Nazev
Gen proteinu Endogenni Exogenni substraty Lokalizace
(pavodni substraty — priklady lé¢iv
oznateni)
taxany, jatra, ledviny, gevo,
antracykliny, mozek,fada dalSich
MDR1 steroidni kalcineurinové organi s bariérovou
ABCB1 | (P- hormony inhibitory, HIV funkci
glykoprotein) antiretrovirotika,
ondansetron,
verapamil atd.
Zlucové jatra
kyseliny pravastatin,
ABCBL1) BSEP (konjugované i | vinblastin, sulindak
nekonjugované
oxidovany antracykliny, vinka jatra, plice, testes
ABCC1 | MRP1* glutathion, : ’ )
leukotrien G alkaloidy, etoposid
pravastatin, jatra, ledviny, gevo,
indinavir, mozek
metotrexat, ¥tSina
bilirubin [&Civ a jejich
ABCC2 (I\QF/IF())?AT) glukuronid, metabolifi
leukotrien G konjugovanych
s kyselinou
glukuronovou nebo
glutathionem
sulfatované metotrexat strevo, plice, ledviny,
ABCC3 | MRP3* Zlucove KOMiUGA oy jatra,
. onjugaty I€iv
kyseliny

13
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konjugované metotrexat, jatra, Iedvv'iny, devo,
SIUCOVE topotekan,_ _ fada dalSich orgdn
ABCC4 | MRP4* kyseliny azidothymidin,
a cyklické nukle03|d_ova ]
nukleotidy a nukleotidova
analoga
rosuvastatin, jatra, ledviny,
imatinib, lamivudin, | placenta, $evo
BCRP estion-3-sulfat | SFEER
ABCG2 a kyselina :
(MXR) listova sulfatované
metabolity,
antracykliny,
nitrofurantoin

* transportéry lokalizované na bazolateralni/sind&lmi membraa

MDR1 (P-glykoprotein)

MDR1/P-gp pedstavuje zakladni, ndjde popsany a nejlépe prozkoumany ABC
transportér «lovéka. Po identifikaci (Juliano a Ling, 1976) byl papsjeho podil na
mnohaetné |ékové rezistenci nadorovych Bkin(Bosch a Croop, 1996). Lokalizace
MDR1 na apikalnich membranach Burtkani s exkréni (hepatocyty, enterocyty, bky
proximalnich tubul ledvin), resp. bariérovou funkci (placenta, heraatefalicka
a testikularni bariéra) a identifikace Sirokéholks@esubstrat (Tab. 2) vedly k hypotézam
0 mozném vyznamu ve farmakokineticéive(Thiebautet al, 1987). Tyto byly nasledn
potvrzeny wetnychin vitro i in vivo studiich (Fromm, 2003). MDR1 je lokalizovan na
apikalnich membranach b&n s exkréni/bariérovou funkci, tj. vjatrech na
kanalikularnich membranach hepatdcyesp. v ledvinach na katdvém lemu buék
proximalnich tubul ¢i ve stevnim epitelu na luminalni membgarenterocyi, kde
zprostedkovava jednosénny eflux lipofilnich latek charakteru katiant s velkou
molekulou — Tab. 2. MDR1iejmé Uzce kooperuje s procesy biotransformace, konkrétn
funkci enzymu CYP3A4, semz s¥édci prekryvajici se spektrum subsitatiokalizace
a spoléné regulani mechanizmy exprese priminictvim nuklearnich receptorPXR
(z anglického ,Pregnane X receptor®) a CAR (z aigho ,Constitutive androstane

receptor”) (Marzoliniet al, 2004).

BSEP
BSEP (z anglického ,Bile salt export pump*) byl ddsdetekovan pouze v jatrech,
kde slouZzi jako zakladni transportér konjugovaniyobkonjugovanych Zkovych kyselin
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Z hepatocytu do Zzti, ¢imZz se stava primagnzodpowdnym za samotnou tvorbu Ziu
Svou funkci roviz pfimo navazuje n&innost bazolateratn lokalizovaného jaterniho
NTCP transportéru (Byrnet al, 2002). SniZzeni exprese nebo inhibice funkce tohot
pienaSée bylo popsano jako jeden ze zakladnich mechanizmavoje intrahepatélni
cholestazy. Geneticky podngimy deficit BSEP zfisobuje zavaznou poruchu nazyvanou
progresivni familiarni intrahepatalni cholestazatyphu (PFIC2). Pro jaterni eliminaci
xenobiotik ma BSEP spiSe minoritni roli. Z dosuéntifikovanych substratje mozné
uveést sulindak a vinblastin (Hiranet al, 2005; Lecureuret al, 2000). S ohledem na
bezpénost terapie je vSak atezité popsani @v-inhibitora BSEP pro identifikaci
moznych cholestatickych komplikaci ¢y — inhibcéné pasobi nap. peroralni
antidiabetikum glibenklamid (Alrefai a Gill, 2007).

MRP2

MRP2 je transportér s vyznamnou fyziologickou funlgpaivajici v exkreci
konjugovanych metabotitendogennich latek (zejména bilirubinu) a xenokiaokd ZILEi
a mai (Nies a Keppler, 2007). MRP2 zdjige v jatrech jeden ze zakladnich mechariizm
tvorby ZIWwi, nezavislé na sekreci osmoticky aktivnich solicélych kyselin. wlovéka
byl popséan raritni geneticky podmsity deficit MRP2, ktery se projevuje konjugovanou
hyperbilirubinémii oznéovanou jako Dubin-Johnséw syndrom (Koniget al, 1999).
Tkanova distribuce MRP2 koresponduje s distribuci kgajnich enzynd faze 1l, UDP-
glukuronyltransferazou a glutathion-S-transferdzatgz potvrzuje navrzeny model
efektivni synergie konjugaiho metabolizmu a nasledného transportu organickyc
anionti, pro ktery s¥d¢i i spole&na regulace prosgdnictvim nuklearnich recepfo(PXR,
CAR aFXR - viz Tab. 4) (Zamek-Gliszczynskit al, 2006a). Tento transportér
predstavuje zakladni cestu biliarni exkrece pro dgj@nanionty, napklad konjugaty
léciv s kyselinou glukuronovodi glutathionem (matské latky i jejich metabolity), ale i
nekonjugované substraty (rfapmetotrexat, pravastatin, azitromycin) (Nies a plep
2007). Z tohoto dvodu byl MRP2 ve starSi terminologii ozm&an jako cMOAT (z
anglického ,canalicular Multispecific organic aniotransporter’) — podrok
k vlastnostem MRP2 viz. str. 51-59 (Fuletal, 2006).

MRP1, MRP3, MRP4, MRP5 a MRP6
Tyto transportéry, podokrjako dosud nejlépe popsany MRP2 ré&z podrodiny

ABCC, zprostedkovavaji pedevsSim v jatrech eflux exo- i endogennich latekpr jejich
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metaboliti a/nebo konjugdt z burgk zpet do krve. Jejich dloha v ledvinach je zatim
objasna minimalg, nicmér nag. MRP4 byl gekvapiv lokalizovan (na rozdil od
hepatocyt) na apikalni membré&rburek proximalnich tubul. Spektrum substratMRP1,
MRP3 a MRP4 je do ziaé miry podobné MRP2 (Toyo@a al, 2008; Zhowet al, 2008).
Aktivita téchto grenaseéu v hepatocytech, zejména MRP3 a MRP#jm¢ nabyva na
dulezitosti kkthem cholestazy, resp. deficitu MRP2, kdy zvySeiheexprese fedstavuje
kompenzani mechanizmus pro export toxickych aniontypu ZIlwovych kyselin
a konjugovaného bilirubinu, které séi holestatickych poruchach kumuluji vitoe
(Zollner a Trauner, 2008). Uloha MRP5 a MRP6 v oem obratu l&v neni dle

sowasného stavu poznani vyznamna.

BCRP

BCRP je transportér, obdobnjako MDR1, mivodrgé popsany v nadorovych
bunkach, kde psobil jejich rezistenci kad cytostatik, nap mitoxantronu, topotekanu,
irinotekanu a doxorubicinu (Mao a Unadkat, 2005 WSSim mnoZstvi byl nalezen
v placent a je rovigZz typickym povrchovym indikatorem kmenovych kr{Staudet al,
2006). V jatrech aledvinach je spo sMDR1 aMRP2 lokalizovan na
kanalikularnich/apikalnich membranach Bkia pisobi zde jako efluxnifpnaseé protadu
steroidi, xenobiotik a jejich konjugovanych metabwlifsulfaty a glukuronidy) (Zamek-
Gliszczynskiet al, 2006b; Enokizonet al, 2007). Lokalizaci a spektrem subsirée zda
byt funkéné pribuzny s P-gp, nicméndosud nejasnymistava zfisob regulace jeho

exprese a funkce.

3. Uloha transportéri v eliminaci I&iv v jednotlivych organech

Transportni proteiny fiedstavuji jeden ze zékladnich mecharizgliminace léiv
zejména fi zaji¥ovani jejich biliarni exkrece v hepatocytech (viddd 1.3.1.), kde
hydrofilni |&iva musi vzdy pekonat tzv. hematobiliarni bariéru. Podétkticovou ulohu
maji transportéry pro absorpci a exkrediitéve stewe arovréz v ledvinach na drovni

tubulérnich buék predstavuji zakladni mechanizmusdowe exkrece a reabsorpcéilé

3.1. Transportni procesy v jatrech

Absorpce, distribuce, metabolizmus a exkrece jsddiazinimi farmakokinetickymi
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dgji popisujicimi pohyb léiva v organizmu. Jatraredstavuji jeden z hlavnich organ
zodpowdnych za posledni dva procesy — jsou centralnirarag pro metabolizmuscie

i jejich naslednou exkreci do &u Tomu odpovida Siroké spektrum biotransfoémiah
enzymi a transportnich protein Tyto struktury tvei funkéni kaskéadu, jejimiz kroky jsou
vychytavani |€iv z krve do hepatocytpies jejich sinusoidalni (bazolateralni) membranu,
metabolizmus a navazujici exkre@asti mateéské latky a/nebo jejich potencialnich
metabolifi do ZIWi — viz Obr. 1 (Chandra a Brouwer, 200€)st I&iva nebo metabolit
muze byt transportovana &pdo krevnihoteciste nebo nize byt vdzana v hepatocytu
v depotni formd. otom, které procesy a vjakém rozsahu se padilaj transportu
konkrétniho l€iva, rozhoduji jeho fyzikakrchemické vlastnosti, ipdevSim struktura,
velikost molekuly, rozpustnost v tucich, vazebreostupé ionizace.

Absorbované Il&vo se dostavd do jateriguevSim prosgednictvim portalni
cirkulace, ktera fedstavuje 60-70 % krevni saturace tohoto organpatéeyty tedy po
strevnim epitelu (enterocytech) tfalalSi metabolicky i exktee znané aktivni tké, se
kterou ffichazi l€ivo do kontaktu zahy po jeho peroralnim podani. &mlupraci
s intestinalni bariérou tak futike dotvai proces presystémové eliminace (,first-pass”
efekt) (Robertet al, 2002). Intenzivni ivod I&iva krvi, coz dos¥dcuje sn&iovani az 25
% srdéniho vydeje do jater, vytvaoptimalni podminky i pro eliminaci parenter&lin
podanych xenobiotik. Lo se dostava do hepatotyires jejich bazolateralni membranu
po snéru koncentraniho gradientu v jaternich sinusoidechupb prostupu bazolateralni
membranou je zavisly na molekule xenobiotika, dlekénim stavu aktivnich molekul na
membrag. u I&iv s vySSi rozpustnosti v tucich a mensi molekym®yproces prchodu
realizovan zejména pasivni difdzi. Pro vychytaviéadiv s wetSi molekulou nebo v
polarnich ¢i ionizovanych je vSak &sSinou nezbytnd iftomnost transportéru (van
Montfoortet al, 2003).
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Tight junction ("hematobiliarni bariéra”)
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Obr. 1. Usparadani eliminatnich cest I€iv v jatrech (prevzato a upraveno dle Zollner
and Trauner, 2008).

Léciva jsou do hepatocyt vychytdvana pomoci transpoiéNTCP (z anglického ,Na
taurocholate cotransporting polypeptide®), OAT (mgkického ,Organic anion transporter®)
a OATP (z anglického ,Organic anion transportindypeptide®) lokalizovanych na sinusoidalni
membrag hepatocytu. OAT2 zajflje vychytavani latek charakteru organickych afiarOCT1
latek charakteru organickych katiors mensi molekulou. Transport do &ljye zprostedkovan
kanalikularnimi penas&i BSEP (z anglického ,Bile salt export pump“), MRRF2 anglického
~Multidrug resistance-associated protein 2“) a BCRP anglického ,Breast cancer resistance
protein“) proteinem. MDR3 (z anglického ,Multidrugesistance protein 3*) ipnasi
fosfatidylcholin, ktery vytvei ve ZI&i smiSené micely spale¢ se Zlgovymi kyselinami
a cholesterolem. MDR1 (z anglického ,Multidrug stance protein 1) transportuje cig¢a
charakteru organickych katiantMRP1, MRP3, MRP4, MRP5 a MRP6 (z anglického ,Mirlig
resistance-associated protein 1, 3, 4, 5 a 6") aeolhteralni membré&nhepatocytu poskytuji
alternativni cestu exkrece ZEmwych kyselin a dalSich latek charakteru organibkgmionti do
systémové cirkulace.V cholangiocytech byly popsMR1 a MRP3 s obdobnou ulohou jako
v hepatocytech, déle ASBT (z anglického ,Apical isottdependent bile acid transporter)
transportujici Zltiové kyseliny.

Lécivo ve forne matdské latky nebo fipadnych metabolit opousti jaterni hiku
bud’ prostednictvim zgtného transportu do krve, nebo je exportovano dé.zkatimco
prvni & probiha obvykle po sénu koncentraniho gradientu a mohou se hdastnit
I obousndrné fungujici zastupci SLC rodiny, exkrece dodlie realizovana &sinou proti

koncentrgnimu gradientu progdnictvim jednosgrnych ABC transportér, pro jejichz
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funkci je nutnd dodavka energie ve f@&mTP — viz Tab. 2. Velk&ast ABC transportér
je za timto delem lokalizovana na kanalikularni (Zavy pol) membraé hepatocyd —
viz Obr. 1 (Funk, 2008). &které proteiny (MRP1,3-6) jsou vSak v nezanedbétaln
mnozstvi lokalizovany i na bazolateralni membrakde se Gastni gestupu xenobiotik
a jejich metabolit z burgk zpst do krve — jejich exprese a funkce je aktivovaepngna za
patofyziologickych situaci spojenych s poruSenoortiou a odtokem Zti (cholestaza,
deficit MRP2) vyZadujicich ochranu hepatdcyifed Skodlivou kumulaci endogennich
latek typu bilirubinu nebo Ztiovych kyselin — Obr. 1 (Maheet al, 2006; Zollner
a Trauner, 2008). Aktivita ABC transporiéfe zakladnim mechanizmem tvorby &lu
Hlavni slozku ZIdi predstavuji osmoticky aktivni Zéové kyseliny, které jsou vytovany
za Wasti BSEP v monovalentni fosmnebo prosednictvim MRP2 v divalentni forén
MRP2 se navic podili na biliarnim efluxu dalSichnjkgati, vcetrg bilirubinu

s navazanym diglukuronidem nebo glutathionem, @Zunkce zabezgeajici druhou
slozku tvorby Zldi, nazyvanou ,na Zkovych kyselinach nezavislou“ (Schinkel a Jonker,
2003). V jatrech je déle lokalizovan pro tento ergdpecificky protein MDR3 (ABCB4).
Zakladni aktivita tohoto kanalikul&riokalizovaného transportéru je exkrece fosfolipid
(nag. fosfatidylcholinu) do Zlgi, kde nasled&® umoziuji vytvareni micel, ¢imz brani
Skodlivému detergentnimuipobeni Zldovych kyselin na okolni tka(Lo et al, 2008).
Pro lipofilni I&iva navic konstituuji vazebna mista, coz umgé jejich zllovy transport
do stevniho lumen a néslednou enterohepatalni cirkuiabio findlni eliminaci stolici.
Vyznam MDR3 v eliminaci I&v je maly, zatim byla popsana jeho schopnost ksaniz
afinitou transportovatdkteré kationty typu digoxinu, paklitaxelu nebo Metinu (Smith
et al, 2000).

3.2. Transportni procesy Vv ledvinach

Z pohledu specifity aktivniho transportu jsou \ikéch ledvin, ¥ejmé vice nez
v jinych organech, podstatné fyzik&lnhemické vlastnosti substratuiegevsim stupe
a charakter ionizace. Proto jsou jednotliiéraseée v literatde ¢asto rozdleny na dva
systémy — dle preference pro organické anionty rk@lionty.

Systém pro transport organickych anionv ledvinach zahrnuje dva hlavni
transportéry, OAT1 a OAT3. Na bazolateralnich me&mbch buék proximalnich tubul
jsou dale exprimovany transportéry OAT2 a OATP4@iz.(Tab. 1), jejich funkni
vyznam Vv kinetice l&v vSak dosud neniipsre znam (Kusuhara a Sugiyama, 2009).

OAT1 a OAT3 byly prokadzany jako hlavni aktivni tegortéry pro vychytavani
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a koncentrovani anioltv buikach epitelu. Oba transportéry jsou relativepecificky
inhibovany kyselinou p-aminohippurovou a benzylpdimem. Substratova spektra OAT1
a OAT3 se pekryvaji, nicmén OAT1 se zda vice ifspivat k renalnimu vychytavani
nizkomolekularnich organickych anidntjako nap. antivirotik (adefovir, cidofovir
a tenofovir), naopak OAT3 se podili vice na influtSich amfifilnich aniont, naf.
statini, sartai nebo benzylpenicilinu, které jsou r@amnsubstraty jaternich transpoitér
pro organické anionty (Kusuhara a Sugiyama, 200@)T3 dale nfize genaSet i tktera
|éCiva charakteru katiodt nag. H2 antagonisty, i tzv. ,zwitterionty” (,0bojetnébnty),
nag. fexofenadin. Uloha OAT1 a OAT3 v ledvinach byésig popsana ¥n vivalin vitro
studiich za pouziti Oatl-/- a Oat3-/- mysSi, kdy kaqck-outovanych* zvat byla
pozorovana vyznamnopozd@&na eliminace substiattéchto transportdr, nag. diuretik.
Cilové struktury farmakodynamickéhociku nekterych diuretik jsou lokalizovany
v lumen. Ve zmi#nych experimentech bylo pozorovano, Zetitepnnost OAT1 a OAT3
redukuje koncentraci &&va v lumen,cimz vyznams snizuje diureticky efekt furosemidu
a bendroflumethiazidu (Eralyet al, 2006; Vallon et al, 2008). Transportéry
zprostedkujici luminalni eflux I1&v dosud nebyly zcela identifikovany. Dle dainzvitro
transportnich studii za pouZiti vezikut membrany kart@vého lemu bylo navrzeno, Ze
apikalni transport organickych aniéntje tvaen dv¥ma funknimi systémy:
(i) elektroneutralni vy®nou organickych aniofit a (ii) elektrochemickym gradientem
usnadgnym transportem. Identifikovano bylo ¢kolik transportél, nag. NPT1
(zanglického ,N&/phosphate transporter type 1) a URAT1 (z anglieké,Urate
transporter-1), avSak jejich vyznam pro transpeétiv in vivo dosud nebyl objasn.
Kromé¢ zmingnych dvou systéibyla popsana odlisnéeti funkéni skupina, do které pat
ABC efluxni transportéry MDR1, BCRP, MRP2 a MRP4fKihara a Sugiyama, 2009).
Hlavnim transportérem organickych katidbntna bazolateralni membréan
proximalnich tubul je OCT2, ktery zprogedkovava facilitovanou difuziagnych I€iv,
nag. metforminu a cimetidinu (Koepsell, 2007). V expentech zkoumajicich efluxni
mechanizmy bylo pozorovano, Zegai koncentrani gradient H stimuluje vychytavani
kationti do vezikuli z membrany kartéového lemu. Naslednbylo vyvozeno, Ze systém
efluxu hydrofilnich organickych katioitdo lumen bude vyuZivat sekundé&raktivni
transport. Nejtive popsanymi transportéry byly OCTN1 a OCTN2 (zglmkéeho
»Carnitine/organic cation transporter’). Recentibyla na apikalni membréandale
identifikovana pro ledviny zcela specificka skupiza. MATE (z anglického ,Multidrug

and toxin extrusion®) protein skladajici se z Matel (popsan vV ledvinach hlotlavc
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a MATE1/SLC47A1 a MATE2K/SLCA47A2, které byly detekmy v lidskych ledvinach
(Otsukaet al, 2005; Masudat al, 2006). MATE proteiny patgtransportuji organicke
kationty vyluwtované meéi v nemetabolizované formpiicemz restup latek membranou je

realizovan formou antiportu s protony (Kusuharaugigama, 2009).

Bunka proximalniho
tubulu

a. renalis

Obr. 2. Transportni proteiny v ledvinach (zpracovano dle Zollneat al, 2006).

Pro vstup léiv do buiky na bazolateralni stranje rozhodujici exprese OAT1 a OAT3
(z anglického ,Organic anion transporter”) pro spart anioni a OCT2 (z anglického ,Organic
cation transporter) pro transport katibnfNa apikalni membréa&nzaji¥'uji exkreci latek MDR1,
MRP2, MRP4 (z anglického ,Multidrug resistance pint 1“ resp. ,Multidrug resistance-
associated protein 2, 4“), OCTN1-2 (z anglickéhoar@tine/organic cation*) a MATE
(z anglického ,Multidrug and toxin extrusion pratgitransportéry. ASBT (z anglického ,Apical
sodium-dependent bile acid transporter”) se pailireabsorpci ztiovych kyselin. Za exkreci
zbwky do krve na bazolateralni membgarzodpovidaji MRP1, MRP3, MRP5 a MRP6
(z anglického ,Multidrug resistance-associated girof., 3, 5, 6).

3.3. Transportni procesy ve skew

Strevni epitel pedstavuje prvni fyziologickourpkazku, kterou musi vSechnégil@a

a jiné latky podané per osgkonat. Akoliv lipofilni 1€¢iva mohou relativé snadno projit
apikélni plazmatickou membranou enterdgyfejich dalSi prostup hikou a nésledh
bazolateralni membranou do systému neni vZzdy jRbgzsah absorpceistnim epitelem

je pritom kritickym faktorem wtujicim biologickou dostupnostd&. Funkcni bariéra pro
prinik xenobiotik je ve $ew tvorena synergii mezi enzymy biotransformace a efluknim
transportnimi proteiny. &které latky, jeZ nejsou substraty pro aktivni tors pronikaji
do enterocytu a poté jsou konvertovany na metaghddieré jiz maji afinitu k transportnim
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efluxnim proteiim. Nasleds tedy mohou byt ze igvniho epitelu aktivé exportovany
zpst do lumen. Zdastreéné transportéry na apikalni memb¥anterocytu pdit predevsim
do rodiny ABC, konkrété je hlavni uUloha fipisovdna MDR1, MRP2 a BCRP
transportéim (Chanet al, 2004). Pokud jsou #&va difundujici¢i prdw prosla apikalni
membranou substratydhto transporté, mohou byt aktivia prenasSena zjp do stevniho
lumen, rovez tak jejich metabolity (Walgremt al, 2008). Obdob# xenobiotika jiz
piitomna v systémové cirkulaci (bez ohledu fadghozi cestu vstupu) mohou podiéhat
aktivni exkreci z krve f&s old membrany enterocytu do lumen (Huneéerl, 1997).

MDR1 MRP2/4 BCRP

apikalni
MRP
MDR1

| cYP3a4
PEPT1 OATP1A2 OCTN1/2 - 3

OATP2B1
Enterocyt +OATP? +M RP1/3/5

basolateralni

MDR1, MRP3

Proximalni ' -

E—— =

MRP2,CYP3A4, GST

Obr. 3. Lokalizace transporténi ve st¥evnim epitelu a na membranach enterocytu
(zpracovano dle Chaat al, 2004).

Pro usnadéni vstupu léiv do buiky jsou rozhodujici OATP a OCTN transportéry nakapwii
membra#. Aktivni eflux do stevniho lumen je zajih ABC transportéry, konkré&énMDR1

(z anglického ,Multidrug resistance protein 1), MR/4 (z anglického ,Multidrug resistance-
associated protein 2/4*)a BCRP (z anglického ,Breascer resistance protein“). Jejich exprese se
zvySuje smirem od krypty ke Spte klku. Na basolateralni membéabyly popsany efluxni
pienaSée MRP1, MRP3 a MRP5 (z anglického ,Multidrug resiste-associated protein 1, 3, 5%).
Intenzita exprese proteirse n&ni v prib&hu travici trubice, zvysujici se exprese distalsmirem
byla pozorovana u MDR1 a MRP3, naopak MRP2 (speles enzymy biotransformace) je
exprimovan nejvice v proximalnictastech.

3.4. Bariéroveé funkce transporténi (mozek, placenta, gonady)

Hematoencefalicka bariéra (HEBprispiva k homeostaze bgk centralniho
nervového systému jejich ochranoiieg potencialéd Skodlivymi endo- i exogennimi

latkami. HEB je fyziologické rozhrani mezi krevniiecisttm a mozkem sloZené ze
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souvislé vrstvy endotelialnich béknbez fenestracisné propojenych pomaoci tzv. ,tight
junctions® avrstvy podjrnych burk (gliové buiky a vykszky astrocyt) (Begley

a Brightman, 2003). HEB ma #&wyznamné ulohy: i) umdaitije udrZzeni stalého slozeni
extracelularni mozkové tekutiny aii) vyraztimituje prechod potenciath Skodlivych
xenobiotik \etre terapeutik do mozkoveé tkénPraw v druhé zmiané (ochranné) funkci
HEB sehravaji vyznamnou ulohu aktivni efluxni tram$éry z ABC nadrodiny, které jsou
lokalizovany na krevni (apikalni) strarendotelidlnich butk, kde je jim gipisovan
zésadni podil na distribuci a exkrectilfédo/z CNS. MDR1 byl prokadzan jako &tivy
element HEB schopny aktivnihoigmosu velkého mnozstvi lipofilnich ¢ig ven

z endotelovych buik mozkovych kapilar, které morfologicky tkiovlastni bariéru. Pozgl
byly jako funkni sokast HEB popsany dalSignaSeée z ABC nadrodiny, nap MRP1,
MRP2 a BCRP. Vysledkem funkce ABC efluxnich transgd na HEB je na jedné stran
zmirréni ¢i zabrarni nezadoucim dinkam, predevSim neurotoxigitlatek, které by jinak
do CNS snadno penetrovaly. Na straimuhé vsak tyto efluxni proteiny mohou vyznamn
omezit distribuci léiv na misto jejich farmakodynamickéhgiriku, tedy prag do CNS.
Bylo jiz popséno, Zedkterd neurologicka onemo&m mohou byt asociovana s nagmou
expresi ABC transport&r coz mize mit za nasledek rezistenci k farmakoterapii —
zkoumanym neurologickym onemagnm je epilepsie. Z uvedenéhotuwbdu se

i potencialni modulace funkce ABC transpaitéxprimovanych na HEB stalagamétem
studia, jak zlepSit Zzadouci trik lé&Civ. do CNS. Vyzkum této oblasti ime ginést
nagiklad nové léebné modality v oblasti dosud farmakorezistentniébrem
neurologickych poruch. ABC transportéry MDR1, MRiRbo BCRP se nabizi jako cilové
struktury pro terapeutické strategie navrhujici ifikaci HEB ve smyslu zlepSeni jmiku
Zadoucich l&v do CNS, a to diky jejich lokalizaci na luminabtrarg endotelovych butk
mozkovych kapilar, funkci efluxni pumpy a popsanéitokému spektru substéat
Takova strategie se the jevit opodstatina obzvlast ve sétle pribyvajicich dikazi
identifikujicich  nadmirnou expresi d&hto transportér jako hlavni patologicky
mechanizmus farmakorezistence neurologickych oneéndc u rekterych populaci
pacienti (Loscher a Potschka 2005).

Placentapredstavuje fyziologickou bariéru, ktera @tige cirkulaci matky a plodu.
VétSina |€iv podanych v pibéhu €hotenstvi niZze, alespid do ukité miry, gestoupit do
cirkulace plodu (Audus, 1999). Mira a rychlostegtupu léiva zavisi pirozert na

fyzikalné-chemickych vlastnostech di@a (molekulovd hmotnost, lipofilita, stupe
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ionizace, vazebnost na plazmatické bilkoviny), amitkém usptadani (nap
mezidruhové rozdily (Carter a Enders, 2004), tikaS placentarni membrany)
a fyziologickych charakteristikach placentyiwk krve placentou a;j.).

V lidské placent musi I€ivo piekonat bariéru mnohojaderného
syncytiotrofoblastu, resp. bazalni a apikalni claematickou membranu a dale musi
prostoupit endotelem fetalnich kapilarét$ina I€iv piechazi pes tyto membrany prostou
difuzi. Nektera I|€iva mohou byt rozpoznanatrgnaSeéi pro endogenni substraty
(predevSim ze skupiny SLC transpoiidéra placentou mohou prochézet facilitovanou
difazi, ktera je vSak obe&nmezi transportnimi &i minoritni (Ganapathyet al, 2000;
Symeet al, 2004). Hlavni vliv na omezeni prostupu farmaé&spplacentu maternofetalnim
smérem maji ABC transportéry MDR1, MRP2 a BCRP Iokadiané na apikalni
membrag syncytiotrofoblastu (St-Pierret al, 2000; Pavelket al, 2003; Staudet al,
2006). Sodasrt se tyto transportéry podileji na od#taani endo- a xenobiotik z krve
plodu. Dosud méh objasgn byl vyznam transportér MRP1 a MRP3, které byly
lokalizovany v oblasti bazolateralni membrany syintsofoblastu i fetalniho endotelu
(Atkinsonet al, 2003; Nagashiget al, 2003).

Selektivni prostup xenobiotik skrze Sertolihonku varlete je determinovan
existenci funkni tzv. hematotestikularni bariéryZarove spojeni typu ,tight junction®
u bdze Sertoliho bwk varlat gedstavuji fyzikalni bariéru izolujici adluminalni
kompartment semennych tubiuwdd zbytku organizmu. Vyvijejici se zar@gdé buiky jsou
vtomto prostedi chragny pfed vlivem xenobiotik i imunitniho systému. Vyzkum
konkrétnich fyziologickych mechaniZnpodilejicich se na ochrazrajicich zarodaych
burék je dosud relative omezeny, nicmén spol&né s imunologickymi protektivnimi
mechanizmy je v ochr&npred I&€ivy a toxiny gipisovana vyznamna role i aktivnimu
efluxu. Na membran Sertoliho (nebo i Leydigovych a myoidnich) Blknbyla zatim,
analogicky jinym fyziologickym bariéeram, popsangeese gkterych zastupc z rodiny
ABC transportél, nag. MRP1, BCRP a MDR1 (Bast al, 2007), u nichz serppoklada
vyznamna uloha prévpiedevSim v kontinualnim aktivnim exportu menSictofilpich

molekul prochéazejicich bgdnou membranou (Maedd al, 2007).

4. Faktory ovliviujici expresi a funkci transporténi jako zdroj Iékovych
interakci

Variabilita aktivity transportnich protein (fenotyp) zapojenych do distribuce
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a eliminace l&v je, spolén¢ se zmndnami aktivity biotransform&ich enzyni, jednim
z hlavnich zdraj intra- a interindividualni variability v odpédi organizmu na podani
léciva. Ficinou €chto znén je multifaktoridlni regulace exprese a funkceowgith
molekul. Primarnim determinujicim faktorem je géciet vybava — genotyp (Kerb, 2006).
AvSak gitomnost dalSich modifikujicich fakibrztidka umozuje najit gimy vztah mezi
genotypem a vyslednym fenotypemuvddem je pedevsim komplexni flexibilni systém
regulace exprese konkrétnich ztiaktery citlivé reaguje na ifitomnost latky indukujici
nebo suprimujici expresi genu. Saaré je mozna fima inhibice funkce transportéru.
Aktualni vysledna aktivita kteréhokoliv transpottdale nap. i enzymu) je tak utd@na
vlivem mnoha endogennich a exogennich mechanizimz vznika unikatni prostdi
individualniho organizmu v konkrétnittase, coz vede k rozdilnym aktivitdm transpditér

mezi jednotlivci, ale i u jednotlivce v zavislostcase.

Farmakogenetika transportu I&iv

V dusledku pitomnosti aberantni (mutované) alely se&ninvysledna aktivita
transportéru, coz se u postizeného jedincest&@né piipadi projevi snizenim nebo ztratou
funkce cilového proteinu. Jelikoz se poSkozeminasSi autosomainrecesivd, nasledky
jsou vyrazgjSi u homozygat pro defektni gen. Rozvoj molekul&rbiologickych metod
a jejich automatizace umidji provadt pomerné rozsahlé studie, jejichz vysledkem byla
nag. identifikace geneticke variability wekterych transportér(piredevSim MDR1, MRP2,
BSEP azastupce skupiny OATP), alefeqevSim uvice prozkoumanych
biotransformanich enzynmd (nag. CYP2D6, CYP2C9, CYP2C19, UGT1A1l a NAT).
Nekteré giklady vlivu mutaci v genech pro transportéry narnfakoterapii z klinické praxe

jsou uvedeny v Tab. 3.

Tab. 3. Fiklady klinicky vyznamnych polymorfisma transportéra a jejich dasledky.
(zpracovano dle Kerb, 2006; Maeda a Sugiyama, 2008)

Gen L&ivo Klinické dusledky | Prokadzany nebo

variability piredpokladany mechanizmus
MDR1 | Fenytoin Zvysena absorpce | Hypofunieni alely

léciva
MDRL1 | HIV inhibitory protedz| ZvySena dostupnostPorucha funkce P-gp

do CNS na hematoencefalické baige
OATP | Inhibitory HMG-CoA | Nedostateény efekt | Snizeny vstupd#& do jater

reduktazy (statiny)
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Zmeéna exprese transportéi

Proces exprese genetické informace zahrnuje trigiegktranslaci a postransiai
modifikaci, jejichZz cilem je vytvieni funkniho proteinu a jeho spravna lokalizace. Ve
vSech djich je zapojenaradatidicich areguknich mechaniziin a jakékoliv naruseni
muze zapicinit vzestup (indukci) nebo pokles (represi) veafiim mnoZstvi proteinu
s korespondujici zémou aktivity. V sodasnosti je za kibovy krok v procesu genoveé
exprese transportiér povazovana regulace transkripce, ato zejménatipdmsctvim
nuklearnich receptér Tato regulace je v zasad spol&na pro transportéry
I biotransformani enzymy. Pro produkty génzajifujici eliminaci I€iv je dalezitych
n¢kolik receptofi: AhR (z anglickeho ,Aryl hydrocarbon receptor)XR, CAR, FXR
(z anglického ,Farnesoid X receptor”) a PPAR anglického ,Peroxisome proliferator-
activated recepta#) (Urquhartet al, 2007; Klaassen a Slitt, 2005; Xt al, 2005). Tyto
receptory byly detekovany v jéal (rekteré i v cytoplazr— AhR a CAR) jaternich buéh.
Po navazani substratu, kterym j@ada I€iv, dimerizuji s RXR (z anglického ,Retinoid X
receptor) za vzniku komplexu, ktery se vaze nakkémi oblast RE (z anglického
.fesponse element*) v promotorov@sti cilového genu. Vyznam nuklearnich receaptor
v transkrigni regulaci spokné pro transportni proteiny a jaterni enzyniplizuje Tab. 4.

Tab. 4. Vliv aktivace nuklearnich receptoi na funkce enzymii a transportéri.
(upraveno dle Funk, 2008)

Receptor | Ligandy Regulované molekuly a jejich zniny
Vychytavani | Biotransformace Exkrece
l. faze II. faze
AhR xenobiotika - CYP1A11 UGT1A11t MDR1 1t
aromaticke CYP1A21 SULT1A11
uhlovodiky GST-A21
aldehyd-
dehydrogenazal
(ALDH) 1
PXR I&iva — nap. | OATP1B1t | CYP2B61t UGT1A11t MDR1 1t
glukokortikoidy, | OATP1A21 | CYP2C91 | GST-A21 | MRP21
rifampicin, OCT11 CYP3A41
statiny CYP7A11
CAR l&iva — nap. | OATP1B1t | CYP2B6t | UGT1Alt | MRP2t
fenobarbital CYP2C91 SULT1A1t | MRP3t
karbamazepin CYP2C191
efavirenz CYP2A61
fenytoin CYP3A41
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FXR Zlwové OATP1B3t | CYP7A1l SULT2A1+ | BSEP?
kyseliny, NTCP | UGT1Al1t | MRP21?

kyselina urso{ QATP1B1!
deoxycholova

PPARu fibraty, mastné CYP4Al1 MDR3 1
kyseliny CYP7Al|

Prima stimulace nebo inhibice aktivniho transportu

Zatimco moznost stimulace transportu piedhictvim alosterické modulace
transportniho proteinu byla experimentalpopsana (indometacinem a sulfanitranem
navozena stimulace efluxu estradiol [-@églukuronidu zprogedkovaného MRP2),
klinicky vyznam maji pedevsim interakce zaloZené na inhibici funkce aktmolekuly
(Zelceret al, 2003; Lin, 2003). Pravtento typ interakci, ktery tize ohrozit bezp@ost
terapie, vede k vyzkumu enzymatickych a transpahticest eliminace &v a kvantifikaci
jejich inhibi¢nich vlivi prostednictvim stanoveni inhitimich konstant (I a Kj), coz
nasledg umoziuje i predikci potencialnich interakcicle (Pelkonen a Turpeinen, 2007).
Molekularni podstatouéthto interakci je blokada funkce transportéru jelbstratem
(kompetitivni — hlavni typ) nebo latkou, kterdispbi vazbou mimo aktivni misto
(nekompetitivni). Dsledkem je sniZeni viiiti (,intrinsic*) clearance zaji®vané
konkrétnim penasSéem. Ri sowasné aplikaci k&va, pro jehoZz celkovou kinetiku ma
inhibovana cesta Kiovy vyznam, pak dojde k vzestupu plazmatickych lemtiaci tohoto
léciva. Takovy nailist mize byt u léiva s uzkym terapeutickym oknem spojen s projevy
toxicity (Lin, 2003). Nastup inhibni interakce je tésf okamzity, jelikoz se jedna d@imé
pusobeni na cilovou molekulu. Rasin¢asové trvani takové interakce zcela koresponduje
s @itomnosti inhibitoru v mist lokalizace transportéru — odpovida tedy ®&n

i biologickému poldasu eliminace inhibitoru.

5. MozZnosti vyzkumu lékovych interakci na arovni aktiniho transportu

Zakladnim nastrojem pro farmakologicky vyzkum aktho transportu
a potencialnich kinetickych interakci jsouvitro, in situ ain vivo modely. V gipact in
vitro systéni zistava stale velkou limitaci na poli tohoto vyzkumedostatek model
zachovavajicich komplexni morfologii organu a&mm i fyziologickou funkci
jednotlivych burk. Zdanlivé vyhodyin vivo systéni ¢i izolovanych perfundovanych
organi (ve vyssi ntie reflektujici skutény fyziologicky stav organu) jsou vyvazeny jejich
znanou technickou natmosti a menSi efektivitou (sgeba casu a experimentalnich
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zvirat) airozere i odliSnostmi druhu laboratornich af (hlodavé@), ktery je

v experimentech pouzivan. Dale jéejmeé, Ze komplexnost fungovani celého organu
(tkdr®) neumoduje uspokoji¢ studovat jednotlivé individualni mechanizmy pro
vychytavani¢i eflux substral z exkré&ni tkare. Moznosti posouzeni vlivu konkrétnich

transporték na celkovou dispozici jejich subsitdéciv jsou dale omezeny neexistenci
dostaten¢ specifickych silnych inhibitdr (Funk, 2008).

5.1. Metody in vitro

Casto pouzivanymin vitro modelem pro studium jaterniho transportu jsou
izolované hepatocyty Modely zalozené na hepatocytech izolovanych skédjaterni
tk&re eliminuji problémy spojené s druhovymi rozdily epatobiliarni dispozici substiat
Izolované hepatocyty jsou Siroce pouzivany pro istudmechanizr vychytavani léiv,
naopak jejich vyznam pro studium exénéch mechaniziin je vyraz® limitovan
redistribuci kanalikularnich membranovych protemztratou polarizace bek (Kuceraet
al., 2006). Od hepatodytodvozenébuné¢éné linie (WIF-B, HepG2) schopné vytiet
~exkreeni domeény” podobné Ztovym kanalkm jsou, nap po transfekci genu pro jeden
¢i vice grenaséu, pouzivany pro studium intracelularnihiiepunu a regulace transpottér
(Saiet al, 1999; Zeger®t al, 1998). Transfekované b&mé linie jsou roviZz modely
pouzivanymi i pro pimyslovy preklinicky vyzkum interakiho potencidlu novych
molekul s transportéry {pdevsim ve smyslu inhibice jejich funkce) a stamdve
zakladnich paramdtmag. 1Csp a K (Zhanget al, 2008). Kanalikularni exkrece substrat
je zkoumana na sparovanych hepatocytech (dvojicicbwzachované i po inkubaci
s kolagenazou, kde je zachovanc¢bly kanalek) (Grakt al, 1990). Naopak konveéni
kultury hepatocyt (na rigidnim substratu) nejsou vhodné ke studiivaio transportu,
neba’ rychle ,dediferencu;ji“, tj. ztraceji fyziologickomorfologii wetrg kanalikularni st
amizi i specifické jaterni funkce¢etné aktivniho transportu (LeCluyset al, 1996).
Primarni kultury uchované mezi &wa vrstvami kolagenového gelu (tzv. ,serivia
kultivace*) vyvijeji intaktni kanalikularni it zachovavaji expresi a funkci transpaitér
a polarizaci biiky, a jsou tedy preferovanym a Siroce pouZzivangmitro modelem pro
vyzkum hepatobiliarni dispozice latek (Létial, 1999).

Pro vyzkum tubularni sekrece v ledvinach je mndzstvvitro systéni dosud
vyznamré omezeno. Jednim ze zakladnich pouzivanych mddel iezy ledvin véetns
cerst pripravenych lidskych tkani po nefrektomii (Noza&t al, 2003). Ke studiu

transportu (substratové specifity) byl déle poudivdodel vezikula prFipravenych
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z membrany karta¢ového lemy coz je systém velmi podobny jaternim vezikal
piipravenym z kanalikularni membrany hepatdcyTyto systémy sleduji vlastnosti
modulaci aktivniho transportu pomoci miry akumulaaéstrai uvnitt veziklu. Limitaci
ledvinového modelu je skuteost, Ze na rozdil od jaterniho pij8ku vezikly z membrany
kart&ového lemu nelze pouzit pro studium funkce ABC »aflah transportér, jelikoz

vezikly jsou spravé orientovany va apikalni membranou (Kusuhagtal, 2009).

5.2. Metody in situ/ ex vivo

Pati sem metody vyuZivajici izolovaného perfundovangteva, jaterci ledviny.
Ve srovnani $n vitro modely nabizeji i@srEjSi popis funkce transportérv absorpci
a eliminaci I€iv a jeji souvislost s funkci biotransfortimach enzyni. Sledovana latkai
latky jsou gidany do perfuzniho média a dopraveny do sledovamépanu. Po ukaeni
perfuze jsou r&eny koncentrace latky v tkani, perfuzatu a vSeamisbcnich tekutinach
(nag. Zlwi ¢ moci). Uvedeny model umdgitije sledovat Ulohu a zny transportu
v konkrétnim orgéanu jednodusSeji neZ im vivo experimentu s celym organizmem, jelikoz
je kontrolovana koncentracec¢iéa dodavanehoipmo do sledované tkana zarové je
eliminovan vliv ostatnich orgén Znanou nevyhodou perfaznich metod je technicka
(chirurgicka zrdnost, laboratorni vybaveni) Easova narénost. Integrita orgén
a fyziologické fungovani aktivnich molekul rasins¢asem perfuze rychle klesaji (Xé&t
al., 2007).

5.3. Metody in vivo

Jednoznéné informace fedevSim o nasledcich Iékovych interakcfin@Seji
klinicka data demonstrujici inhidni nebo indukni potencial léiv u nemocnych nebo
zdravych dobrovolnik Pro detailgjSi vyzkum fyziologické ulohy transportéi jejich
role v Iékovych interakcich jsou vSak nezastupéelm vivo zviteci modely. Prvni ze
z&kladnich sotasnych moZznostiffstupu k testovani funkce konkrétnich transpériér
vyuziti geneticky modifikovanych mysi nebadirpzerg se vyskytujicich mutantnich
Zivocicht v genu pro konkrétni transportér/y (tzv. ,genowyog&k-out®) (Chenet al,
2003). Geneticky ,knock-outované” mysSi jsou produ&oy rozruSenim geén pro
endogenni transportériifbdni mutanty P-gp nebo Mrp2 byly popsany u mpsitkani
nebo pé (Xia et al, 2007). VyuZiti mutant pro popis role transpaktérsebou nese znama

uskali, gedevsim jistou népsnost diky popsanymcégsto kompenzmim) znmeénam
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exprese a funkce dalSich (nejen) transportniclolfygickych mechanizén(Schuetzt al,
2000).

DalSi moznostiin vivo vyzkumu je podavani znamych specifickych inhikitor
transportérl (tzv. ,chemicky knock-out®). Zatimco pro P-gip BCRP jsou k dispozici
selektivni inhibitory, napp GF120918 (oba transportéry), LX335979 (inhibitergp)

a Ko143 (inhibitor BCRP), pro skupinu MRE OATP penaSeéd dosud specifické
inhibitory popsany nebyly (Xiaet al, 2007). Bhem podavéani inhibitoru @e byt
sledovan farmakokineticky profilady I&iv/substrat a podrobgji popsan vliv inhibice
transportéru na jejich farmakokinetiku. Obdébyako inhibeni studie mohou byt
koncipovany i studién vivo se znamymi induktory exprese transpdrtéivedené fistupy

a predevsim moznost jejich potencidlniho zoliedérgeli problematice specifity podanych
inhibitord ¢i induktori a vykéru vhodné davky. V prezentovanych publikacich byly
pouzity interakni modely zaloZzené na analyze kinetickych paraindétiva resp.
modelového substratu transpoitér ustaleném stavu po vicedenriegi&€bé nebo pi
souwasném akutnim podani druhéhg@iv@ (inhibitoru resp. induktoru transportu), jehoz
interakéni potenciél byl zkouman.

5.3.1. Farmakokineticka analyza

Pro hodnoceni zém farmakokinetiky léiv in vivo se u modei zvySené exprese
(indukce, tj. ,up-regulace“)¢i snizené exprese (,represe”, tj. ,down-regulace")
transportét pouZzivaji dva non-kompartmentovérigiupy. Prvni je zaloZeny na
kontinualnim podavani #&/a pro dosazeni ustaleného stavu plazmatickyclcewmmaci,
druhy vychazi z jednordzového podariva a nasledného dostate dlouhého sledovani
plazmatickych koncentraci pro ziskani jejich co kogjpletrgjSiho profilu (&etrg
eliminani faze). Biliarni arenalni eliminace se ¢fid@ z koncentraci nattenych
v nasbiranych vzorcich Zua ma:i.

Sledovani farmakokinetickych paramettéciva po dosazenijeho ustalenych
koncentraci (,steady-state“V plazmé nabizi vyhodu kratSiho trvani experimentu, kdy za
pomoci vhody zvolené narazové davky a nasledné kontinualnioziltri infuze lze
navodit tuto situaci do &kolika desitek minut od zahdjeni podavani. Pro wgpo

jednotlivych parametrse pak pouzivaji nasledujici rovnice:

BE=X x G
RE=Xu x Gu
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kde BE je biliarni exkrece d¢&a (nmol/min/kg), X% tok zlwi (ul/min), C; koncentrace
léCiva ve ZIwi (uM); RE je renalni exkrece d&va (nmol/min/kg), X, tok mai (ul/min)

a Gy koncentrace tva v mai (uM).

Clror= R/ Gss
CLB =BE/ 055
CLR =RE/ CSS

kde Clyor je celkova clearance (ml/min/kg), R rychlost irdaZzmol/kg/min), Gs
koncentrace k@va v ustadleném stavu, GLbiliarni clearance, BE biliarni exkrece, &£L
renalni clearance a RE renalni exkrece. Podil gloldi filtrace (GF) na Ck je pak

vyjadien pomoci stanoveni clearance kreatininuggL

Ol = 20X MC);CM
kde Clkr je clearance kreatininu, wtok maii, Cy koncentrace kreatininu v rtip Cp
koncentrace kreatininu v plazm

Farmakokinetické parametryciga po jednorazovem podani vychazi z komplexni
analyzycasového pibéhu plazmatickych koncentraciéléa. Inicialné se z Kivky uréuje
nejvySsi narfena plazmatickd koncentrace latky (& a @risluSsna doba dosazeni této
koncentrace (fay. Analyza terminalni faze€asové kivky umoZzni odéist elimina&ni
konstantu (k), ktera gedstavuje s@rnici této Kivky. Z ni je pak poitan biologicky
polo¢as eliminace (f) jako podil In2 alk. Néasledd je paitdna plocha pod rkrkou
plazmatickych koncentraci (AWG) jako sodet AUC.rposiedni Uréené logaritmicko-
linearnim lichokZznikovym pravidlem meztasem 0 (podani ¢é&va) acasem posledni
méfené koncentrace {dsiean) @ AUC extrapolované do nekama (AUC rposiednio), Ktera
se utuje jako podil posledni &ené koncentracestkné k. Celkova clearance (Gk) se
uréuje vztahem:

CL,,, =davka/ AUC_,

Paralel@ je paitan zdanlivy distribtni objem (Vd):
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de = CI‘Tot / keI
Distribu¢ni objem pro ustaleny staVds je ziskavan vztahem:

vd_ =CL, x—2UMC
AUCl'posledni—oo

kde AUMC je momentova plocha potiou.

Biliarni (CLg) a renalni (CR) clearance Izeiptomto zpisobu hodnoceni stanovit

pomoci vztahu:

CLg=Mg/ AUCO—>Tposledni
Clg= MR/AUCO—JposIedni

kde Ms a Mg je mnozstvi léiva vyloutené do zlti nebo mai béhem sledovaného obdobi.
Vyhodou tohoto fistupu je vysSi citlivost modelu na potencialniéagn a komplexsjSi
informace o kinetice (n&pdistribuwtni objem), nevyhodou je nutnost dostatedlouhého

sledovani pro ziskani co nejkomplg#iho profilu koncentraci vase.
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Cile prace

Cile dizertaéni prace:

ZvysSena nebo snizena exprese transportnich piiobsita opakova#& popsanan
vitro po podanitady modelovych k&v. Pozorované zemy vedly k hypotézam, Zze
modulace funkce transportnich proteimize byt urady I&€iv s nizSim terapeutickym
indexem (obdob® jako u jinych latek v{fipact zmen aktivity biotransformeénich
enzymi) pricinou klinicky signifikantnich 1ékovych interakci wiZujicich bezp@nost
farmakoterapie.

Cilem gedlozené prace bylo blize zkoumat a popsat meamgnigkovych
interakci na transportnich proteinech za vyugitiivo modelu potkana. Konkrétn

1. Sledovat vliv dexamethasonu jakoZto modelového kimtu na expresi a funkci
transporték P-gp a Mrp2 v elimingnich organech.

2. Detailre popsat morfologii zren exprese Mrp2 transportéru v jaterni tkani po
opakovaném podavani dexamethasonu.

3. Popsat vliv amiodaronu a azitromycinu na kinetikugamickych aniorit,
nizkodavkového metotrexatu, resp. konjugovanéharubihu a blize popsat
mechanizmus |ékové interakce.

4. Sledovat vliv chronického podavani amiodaronu naresi a funkci Oatp2, P-gp
a Mrp2 transportérv eliminanich organech.
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Fakulty vojenského |ékatvi Univerzity obrany. Analytické stanoveni rhodaml123
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fakulty.
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SOUHRN

Studium Glohy transportnich proteinl ve farmakokinetice a farmakodynamice 1é€iv je rychle se rozvijejici oblasti
biomedicinského vyzkumu. MRP2 pfenaseé, exprimovan na apikalni membrané bunék mnoha absorpénich a exkreé-
nich organd, ma nezanedbatelny vliv na farmakokinetické parametry rady |ééiv. Jeho zvyZena exprese v nadorovych
burikach také svédéi o podilu na fenoménu mnohocetné rezistence viéi cytostatikiim. Ve zdravych tkanich za fyziolo-
gickych podminek naopak zlouzi jako prostredek detoxikace a ochrany pred nezadoucimi latkami. To doklada i dobre
prokazana spojitost exprese a regulace MRP2 transportéru s daléimi mechanizmy ovlivhujicimi absorpei, distribuci
a eliminaci latek, kuprikladu biotransformacnimi enzymy |. a Il. faze a dalzimi efluxnimi transportery (P-glykoprotein
atd.). MRP2 tak predstavuje vyznamny ¢lanek v komplexnim dynamickém systému ochrany organizmu pred posko-
zenim chemickymi latkami. Aékoliv soudasné znalosti o tomto transportéru nejzou zdaleka kompletni, poskytuji dnes
Zanci pro lepéi pochopeni farmakedynamickych a farmakokinetickych vlastnosti fady xenobiotik. Poznani mecha-
nizma zapojenych do regulace exprece a funkce MRP2 na molekularni Grovni tak pfinagi do budoucna moznost
vyrazneho zefektivnéni farmakoterapie pomoci modulace jeho aktivity.

Klidova slova: MRP2, multidrug resistence, jatra, biliarni sekrece, transport xenobiotik

SUMMARY

The role of transport proteins in distribution, action and toxicity of drugs has recently become an increasingly popu-
lar zcope of biomedicinal rezearch. The MRPZ2 transporter, expressed in the apical membrane of polarized cellz in
organs of absorption and excretion, has a conzsiderable impact on pharmacokinetic parameters of many substances.
Increased expression of MRP2 found in tumour cells suggests its contribution to multidrug rezistence phenomenon.
In healthy tissues under physiological conditions, MRP2 functions as a mean of detoxification as well as protection
against potentially harmful xenobiotics. Accordingly, the tissue distribution and regulation of MRP2 transporter was
proven to be coordinated with other mechanizms responsible for abzorption, distribution, and elimination of sub-
stances, namely with enzymes of phacse | and |l biotransformation, and other efflux transporters (P-glycoprotein ete.).
Therefore, MRP2 plays an important role in the complex dynamic system of organism’s defense against harmful
chemical substances. Although present knowledge of this transporter are incomplete, it provides better understan-
ding of farmacodynamic and farmacokinetic properties of many drugs. Furthermore, the increasing understanding
of mechanisms involved in regulation of expression and function of MRP2 at the molecular level may alse bring us
to more effective therapeutic approaches through modulation of the transporters’ function.

Key words: MRP2: multidrug resistence; liver; biliar secretion; tranzport of xenobiotics

UvoD

Aby se lé¢1va dostala na misto svého uéinku, musi zpra-
vidla projit pies fadu bunéénych membran. Toho mohou
dosahnout bud’ prostou (pasivni) difiizi nebo riznymi trans-
portnimi procesy zprostiedkovanymi specifickymi prenase-
¢i. Tyto transportéry se podileji jak na importu (influxu) latek
do bunék, tak na jejich exportu (efluxu) z bunsk.

Obecné lze konstatovat, Ze membranova permeabilita je
z velké ¢asti preduréena tyzikalné-chemickymi vlastnostmi
latek, predevsim jejich lipofilitou. Nicméné zvysena lipofilita
neni vzdy zarukou dobré absorpce a penetrace do bunék diky

existenci transportnich proteint, nebot’ pravé efluxni mecha-
nizmy mohou velmi podstatné determinovat schopnost 1é¢iva
kumulovat se v bunkach, resp. tkanich. Klinicky a toxikolo-
gicky vyznam téchto makromolekul spoéiva v jejich znaéném
podiluna distribuci a eliminaci lé¢iv a xenobiotik obecné.

ABC transportni proteiny
ABC transportéry (z anglického ATP-binding cassette)

jsou znaéné rozséhlou nadrodinou, jejimz spoleénym struk-
turnim znakem je vysoce konzervativni doména pro vazbu
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ATP. Hydrolyza této molekuly slouzi jako zdroj energie pro
pienos substratu. V soucasné dobé je v této skupiné nékolika
desitek ABC proteinil klasifikovano 7 podrodin od ABCA
po ABCG. Substraty pro tyto prenasece tvoii fosfolipidy,
peptidy. steroidy, polysacharidy, aminokyseliny, nukleoti-
dy, organické aniony, léciva, toxiny a jejich odpovidajici
metabolity, resp. konjugaty. Spektra substrati se ¢asto mezi
ruznymi transportéry prekryvaji, navic exogenni substraty
mohou o transportéry soutézit jak mezi sebou, tak 1 se sub-
straty endogennimi. Tim se otevira prostor pro nejriznéjsi
mterakce, jez potom mohou vyznamné ovlivnit distribuci
piislusnych pirenasenych latek. Klicova role je rodiné eflux-
nich ABC transportéru piisouzena v ovlivnéni absorpce, dis-
tribuce a exkrece toxickych substanci. To dokladuje 1 jejich
preferenéni lokalizace v orgénech a strukturach s exkreéni
a bariérovou funkci, tj. v jatrech, ledvinach, stieve, plicich,
placenté, mozku a gonadach (Pavek et al., 2002). Zde ptisobi
proti priniku cizorodych latek a zaroveii zajistuji mechaniz-
mus pro jejich eliminaci. Tato funkce ABC transportéri je
podporovana piitomnosti biotransformaénich enzymi, které
premeénuji latky na metabolity, jez jsou dale substraty pro
efluxni prenadece. V organech s exkreéni funkei tak vznika
funkéni synergie, ktera chrani organizmus pied nezadoucimi
uéinky vyplyvajicimi z kumulace xenobiotik. Velka ¢ast
soucasnych znalosti o efluxnich transportérech je zaloZzena
na vyzkumu P-glykoproteinu (MDR1/ABCBI1) objeveného
nzvr. 1976 (Juliano a Ling 1976). Objev a vyzkum tohoto
proteinu (a pozdéji daldich) je spojen s problémem tzv.
mnohoéetné rezistence vuéi cytostatikim (Donnenberg
a Donnenberg 2005) — z anglického multidrug resistence —
kdy rada nadorovych bunék malo reagujicich na terapii ve
zvysené mile exprimuje pravé ABC transportéry. Tyto pre-
nasece aktivné vylucuji cytostatika z bunky, brani jim tak
dosazeni mista (i¢inku a éni buiiku rezistentni. S nartstaji-
cim spektrem informaci se ukazuje, ze kromé MDR1 je pro
kinetiku endo- i xenobiotik velmi dulezity dalsi ABC piena-
Se¢ — MRP2 (multidrug resistance-associated protein 2).

MRP2 (multidrug resistance-associated protein 2)

Prvni informace o tomto proteinu byly ziskany na konci
80. let, kdy experimenty za pouziti organickych aniontu typu
konjugovaného bilirubinu a leukotrienu C4 (LTC4) proka-
zaly existenci jednosmérného pienasece lokalizovaného
na apikalnich (kanalikuldrnich) membranach bunék tkani
s exkrecni funkcei. Piivodni nazev cMOAT (kanalikularni mul-
tispecificky transportér organickych aniontit) byl zménén po
identifikact MRP2 (ABCC2) kédujiciho genu (Buchleretal.,
1996). Nasledné ziskani specifickych protilatek, DNA prime-
1, izolovanych subcelularich a celulamich systémi, umoz-
nilo detailni studium exprese a funkce tohoto pienasece.

Molekularni charakteristika a topologie MRP2

MRP2 je fostoglykoprotein velikosti cca 190kDa slozeny
z 1545 aminokyselin. Ty jsou uspofadany do péti strukturné

Fyziologicka funkce MRP2

piibuznych ¢asti, z nichz tii tvoii transmembranové domény
skladajici se z $esti (resp. péti) o-helixt, a dvé tvoii intrace-
lularni vazebné domény pro nukleotidy (NBD, z anglického
nucleotide binding domain). Treti transmembranova domé-
na, charakteristicka pro nékteré pienasece skupiny MRP
véetné MRP2, je tvofena pouze péti a-helixy a NH2-konec
Je proto ulozen extracelularmeé (viz obr.1) (Schinkel a Jonker.
2003). Obé vazebné domény pro nukleotidy vykazuji u jed-
notlivych proteintt vysokou identitu, obzvlasté v jadrovém
useku asi 200 aminokyselin. Dvé sekvence lokalizované
v kazdé NBD, oznacené ,,Walker A motiv* a ,,Walker B
motiv jsou klicové pro ATP-azovou funkci. Walker A se
podili na vazbé p-fostatu z ATP a Walker B vaze hoie¢naté
ionty. Piesny mechanizmus, kterym je energie uvolnéna
z hydrolyzy ATP vyuzita pro transport substratu, viak neni
dosud znam.

Sekvenéni analyza MRP2 proteinu ukazala jistou miru
shody uvnitf MRP podrodiny transportért, a to nejvyssi ve
srovnani s MRP1 (48 %) a MRP3 (47 %). Naopak struktu-
ralni podobnost s P-glykoproteinem byla zjisténa pomémeé
mala (18 %) (Konig et al. 2003).

Bunééna lokalizace a tkanova distribuce MRP2

MRP2 byl zpocatku identifikovan na apikalni membrané
potkanich (Buchler et al., 1996) a lidskych (Keppler et al.,
1996) hepatocytu. Proto byl piivodné nazyvan kanalikularni
MRP (cMRP), resp. cMOAT (Keppler et al., 1996:Paulusma
et al., 1996:Paulusma a Oude Elferink, 1997). Po naklono-
vani MRP2 z lidskych a potkanich jater byla MRP2 mRNA
nalezena také v ledvinach, duodenu a perifernich nervech.
Pomoci imunofluorescenéni mikroskopie a imunohistoche-
mie byla pritomnost MRP2 dale potvizena na apikalnich
membranach proximalnich tubuli ledvin a epitelidlnich
bunék moéového méchyte, tenkého a tlustého stieva a plic
(Konig et al., 2003). V tenkém stievé bylo zjisténé mnozstvi
MRP2 mRNA mezi nejvyssimi ze viech ABC transportéri
(Taipalensuu et al., 2001). MRP2 byl detekovan 1 v placenté,
na apikalni strané membrany syncytiotrophoblastu (St-Pierre
et al., 2000). Nedavno byl MRP2 objeven také na luminal-
ni (apikélni) membrané endotelu mozkovych kapilar, coz
nejspise svédéi o jeho tloze v transportu latek z CNS do
kive, a tudiz podilu na hematoencefalické bariére (Miller
et al., 2002).

Organova distribuce MRP2 se muZe ménit za riznych
patotyziologickych podminek. Ve zdravych jatrech potka-
na je Mrp2 rozmistén homogenné po celém lobulu, avsak
cholestaza piesouva jeho koncentraci smeérem k centralni
(perivendzni) oblasti lobulu (viz déle) (Paulusma et al.,
2000). Na subcelulami arovni byl v hepatocytech béhem
casné cholestazy pozorovan selektivni presun proteinu
z apikalni membrany do intracelularnich perikanalikular-
nich vezikuli (Dietrich et al., 2004). V potkanim stievé je
Mrp2 lokalizovan na apikalni membréné enterocytd s mirou
exprese rostouci od krypty k vilu, podobné jak bylo popsano
pro P-glykoprotein. Naopak oproti P-glykoproteinu (ale
spoleéné s CYP3A4 enzymem) se exprese Mrp2 snizuje
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Tabulka 1. substratova specificita lidského a potkaniho mrp2

Fyziologicka funkce MRP2

MRP2 (lidsky rekombinantni)

Mrp2 (potkani rekombinantni)

Mrp2 (potKkani;
normalni/mutantni BCM)a

LTC4 LTC4 LTC4
S-Glutathionyl 2,4-dinitrobenzen S-Glutathionyl 2,4-dinitrobenzen LTD4
S-Glutathionyl ethakrynova kys. Bilirubin Monoglukuronosyl LTE4

Bilirubin Monoglukuronosyl

Bisglukuronosyl

N-Acetyl LTE4

Bisglukuronosyl

17B-Glukuronosyl estradiol

S-Glutathionyl 2,4-dinitrobenzen

17B-Glukuronosyl estradiol

Sulfatolithocholyl taurin

S-Glutathionyl sulfobromoftalein

Sulfobromoftalein

p-aminohippurat

Ochratoxin A

Glutathion disulfid

Bilirubin Monoglukuronosyl

Bisglukuronosyl

Glukuronosyl natenopin

Glukuronosyl E3040a

Glukuronosyl grepafloxacin

Glukuronosyl SN38 karboxylat

Glukuronosyl SN38 lakton

Sulfobromoftalein

Fluo-3a
Metotrexat

Temokaprilat

Pravastatin

Sulfatolithocholyl taurin

Sulfatochenodeoxycholyl taurin

Uvedené slouceniny byly identifikovany jako substraty mérenim jejich ATP-dependentniho

transportu do prevrdcenych membranovych vezikull z bunék exprimujicich rekombinantni MRP2,/Mrp2 ve srovnani s vezikuly

z bunék exprimujicich kontrolnf vektor. Dale byl méren ATP-dependentni transport do vezikult z kanalikuldrnich membran
hepatocytu z Mirp2-deficitnich potkani (GY/TR- a EHBR) ve srovnani s vezikuly z hepatocyti zdravyeh zvitat (prevzato z Kénig et

al, 1999a).

aZkratky: BCM, bile (hepatocyte) canalicular membranes: kanalikuldrni membrény hepatocytu; E3040, 6-hydroxy-5, 7-dimethyl-
2-methylamino-4-(3-pyridylmethyl)benzothiazol: Fluo-3, 1-[2-amino-5-2, 7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-yl)]-2-(2-
amino-5-methyl-phenoxyj-ethan-N,N.N_N_-tetraoctova kyselina pentaammoniové sal- SN38, metabolit CPT11 s hydrolyzovanou

esterovou vazbou ( 7-ethyl- 10-hydroxycamptothecin).

smérem od duodena k distalnimu ileu a tlustému stievu,

kde mira exprese dosahuje pouze 30 % exprese v duodenu
(Cherrington et al., 2002).

Substratova specifita MRP2

MRP2 ma velmi podobné spektrum substrata jako dii-
ve objeveny a popsany MRP1. Mezi substraty s vysokou
afinitou patii amfifilni anionty, pfedevsim konjugaty s glu-
tathionem a kyselinou glukuronovou, napt. LTC4, bilirubin
glukuronid nebo 17B-glukuronosyl estradiol. MRP2 je dale
transportuje nekonjugované slouceniny, napi. fluorescenéni
barvivo Fluo-3, modelovou latku pro studium jaterniho
transportu sulfobromoftalein, anionické protinddorové
1é¢ivo metotrexat, inhibitor HMG-CoA reduktazy pravas-
tatin, ACE inhibitor temokaprilat a dalsi. Z antimikrobnich
latek jsou popsanymi substraty MRP2 napi. inhibitory
HIV proteaz nebo fluorochinolony (Suzuki a Sugiyama,
2002). Podrobny seznam spolehlivé prokdzanych substrati
je uveden v tabulce 1. Kromé xenobiotik se MRP2 podili
1 na transportu farmakologicky aktivnich slozek potravy

jako napi. flavonoidi (resp. jejich metabolitil) quercetin 4°-
B-glukosidu a epikatechimn sulfatu (Vaidyanathan a Walle,
2001:Konig et al., 2003).

Fyziologicka a farmakologicka funkce MRP2

Zakladni fyziologickou funkei MRP2 je transmembra-
novy transport konjugovanych metabolitii endogennich
latek a xenobiotik do zluéi, moéi a stievniho lumina. V jat-
rech MRP?2 zajistuje jeden z mechanizmu tvorby zlude,
nezavislé na sekreci osmoticky aktivnich soli zlucovych
kyselin. Vyznam této funkce byl dokumentovan vyraznou
redukei tvorby zluée u Mrp2 deficitnich potkant (Konig et
al., 2003).

Tkanova distribuce MRP2 koresponduje s distribuei
konjugacnich enzymu faze IT, UDP-glukuronyltransferazou
a glutathion-S-transferazou, coz potvrzuje navrzeny model
efektivni synergie metabolizmu a nasledné transportu orga-
nickych aniont (Gerk a Vore, 2002). Na urovni stievni sliz-
nice miZe tento transportér svym aktivnim efluxem xeno-
biotik hrat obdobnou protektivni roli, jaka jiz byla navrzena
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pro P-glykoprotein. V zavislosti na finalni aktivitt MRP2
jsou potom dusledkem zmeény biologické dostupnosti jeho
substrat (Schinkel a Jonker, 2003, Konig et al., 2003).

Zvysena exprese MRP2/Mrp2 v mozkovych kapilarach
vzbudila zajem jako potencialni piicina farmakorezistentni
epilepsie. Pi1 i vivo studiich byl u Mrp2-deficitnich pot-
kanich kmenu pozorovan usnadnény pruchod fenytoinu,
valproatu ¢1 karbamazepinu pies hematoencefalickou bari-
éru. Podobné vysledky potvrdily 1 studie, které pouzily pro-
benecid jako inhibitor Mrp2 u zdravych potkanu (Potschka
et al., 2003). Obecné lze tedy konstatovat, ze MRP2/Mrp2
muze, stejné jako podobné lokalizovany MDR1 (P-gp),
limitovat mozkovou a fetalni penetraci celé rady latek pii-
tomnych v (maternalni) plazmé. Diky znaéné podobnosti
v tkaiiové distribuci obou prenasecu je pravdépodobna i jista
piibuznost ve farmakologické a toxikologické protektivni
funke1, ktera se nicmeéné tyka jinych (1 kdyz casteéné se
piekiyvajicich) spekter substratu.

Podil MRP2 na multidrug resistenci naznacila zvysena
exprese tohoto transportéru v mnoha vzorcich riznych
karcinomu (Kool et al., 1997, Sandusky et al., 2002). Piimé
dukazy piinesly transportni studie na bunéénych liniich
transfekovanych MRP2 ¢cDNA, které ukazaly zna¢nou rezis-
tenci téchto bunék mj. k cisplating, etoposidu, vinkristinu,
mitoxantronu, doxorubicinu, epirubicinu a metotrexatu (Cui
etal., 1999; Konig et al., 2003).

Polymorfismus MRP2

Gen pro MRP2, ABCC?2, je lokalizovan na chromozomu
10q23—q24 a jeho velikost je cca 65kbp. Samotnd kédovaci
sekvence se sklada z 32 exonu o velikosti od 56 do 255bp.
Kazda vazebna doména pro nukleotidy je kédovéana tiemi
exony. Jak u lidi, tak 1 u potkani byly popsany piirozené
se vyskytujici mutace v MRP2 (ABCC2) genu (Konig
et al., 2003). Nekteré z téchto mutaci maji za nasledek
nepiitomnost transportéru na kanalikularni membrane hep-
atocytu s naslednym rozvojem onemocnéni oznacovaného
u ¢lovéka jako Dubin-Johnsontv syndrom (DIS) (DUBIN
a JOHNSON, 1954). Konkrétnich DNA poruch vedoucich
k DIJS byla pozorovana cela fada (zalunujici bodové muta-
ce typu missense, nonsense 1 mutace ovliviuyici tzv. splice
site junctions). Tyto mohou vést k rychlé degradact mRNA,
ovlivnit interakce s chaperony, maturaci a stabilitu proteinu,
stejné jako jeho spravné umisténi na membrane, piicemz
presné mechanizmy u jednotlivych fenotypu jesté nejsou
dostatecné popsany.

Dubin-Johnsonav syndrom

Dubin-Johnsonuv syndrom (DJS) je vzacné benigni
onemocnén i se zvysenou frekvenci vyskytu (1:1300)
mezi franskymi a marockymi zidy, u kterych byva navic
casto spojeno s deficienci koagulacniho faktoru VII. Toto
autozomalné recesivni onemocnéni je charakterizovano
chronickou, prevazné konjugovanou, nehemolytickou

Fyziologicka funkce MRP2

hyperbilirubinémii. Ta je zpusobena poskozenym hepa-
tobiliarnim transportem organickych anionti vyjma soli
zlucovych kyselin (maji alternativni transportér), za ktery
Je pravé zodpovédna nepiitomnost funkéniho MRP2 na
kanalikularni membrané hepatocyti. Histologie jater takto
postizenych pacientii nevykazuje zadné abnormality kromé
charakteristické lysozomalni kumulace melaninu v peri-
kanalikularni oblasti. Pacienti navic vykazuji abnormalni
mocovou exkreci koproporfyrinu, vedlejsiho produktu
syntézy hemu, ktery je také nejdilezitj$im markerem pit
diagnoze tohoto syndromu (Koskelo et al., 1967). V cir-
kulaci se vyskytuji dvé izoformy koproporfyrinu, I a III.
Mocova exkrece zdravych vykazuje charakteristicky pomeér
obou izoforem vyrazné ve prospéch izoformy III. U pacientu
s DIS je tento pomeér opacny, nicméné piesny mechaniz-
mus tohoto jevu neni zcela objasnén. Stejny fenomén byl
potvrzen i1 u Mrp2-deficientnich potkanich kmenu, kde
byla také izoforma koproporfyrin I identifikovana jako
endogenni substrat Mrp2 (Jansen et al., 1985). Piesun od
hepatobiliarni exkrece této latky k renalni se potom zda
byt kompenzaci nepiitomnosti transportéru.

Klinicky vyznam pro kinetiku exogennich substrata
MRP2 nebyl u DIS dlouho znam. Az recentni informace
naznacuji vyznamné zmeény spojené s kumulaci substrati
a vy$$i toxicitou. Piikladem je porucha eliminace meto-
trexatu u nemocnych s DJS vedouci pi1 vysokodavkové
terapii az k trojnasobné vy$sim plazmatickym koncentracim
ve srovnani s jedinei s normalnim MRP2. Nasledkem byla
vyznamna nefrotoxicita vyzadujici podéani karboxypeptidazy
(Hulot et al., 2005).

Modely absence Mrp2 u potkana

Konkrétni mutace byly identifikovany u dvou dobie
popsanych potkanich kment s kongenitalni hyperbilirubi-
nemii, které jsou znamy jako zvifeci modely lidského DJS.
U kmene Wistar se jedna o tzv. Groningen zluté/transport-
deficitni (GY/TR-) potkany, u kmene Sprague-Dawley
jsou oznacovani jako Eisai hyperbilirubinemiéti (EHBR).
Objev téchto modelt mél znaény vyznam pii popisu funkce
a substratové specifity, stejné jako regulace Mrp2 transpor-
téru. Zmény vedouci k absenci Mrp2 u obou kment byly
1dentifikovany jako bodové mutace vedouci k piedé¢asnym
stop-kodontim. Zajimavé je, Ze stejné jako u lidi s DJS, se
u téchto zvifecich modeli na kanalikularni membrané hep-
atocyti nepodaiilo detekovat viibec zddny (ani nefunkéni)
MRP2/Mrp2 protein. Obdobné 1 piislusna mRNA byla
pod detekéni hranici Northern blottingu (Buchler et al.,
1996;Paulusma et al., 1996). Nepiitomnost mRNA muze
vysvétlovat mechanizimus zvany ,,nonsense-mediated decay*
a je pravdépodobné, Ze absence proteinu je nasledkem prave
rychlé degradace mutantni RNA. Jiné popsané mutace u lidi
sice vedly k syntéze defektniho MRP2 proteinu, ale s velmi
omezenou zivotnosti a rychlou proteolyzou. Pravdépodobné
je. ze v endoplazmatickém retikulu (ER) funguje striktni
kontrola kvality syntetizovanych proteini. Pouze proteiny
se ,spravnou’ sekundarni strukturou a piesnou glykosylaci
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jsou vypustény z ER do Golgiho komplexu a odtud trans-
portovany na membranu . Naopak defektni bilkoviny jsou
zadrzeny v ER a nasledné rychle biodegradovany v pro-
teazémech (Keitel et al., 2003).

Vyznamnym objevem v oblasti korigovani absence Mrp2
na podkladé bodovych mutaci je ispésiné vyzkouseni moz-
nosti inzerce funkéniho genu in vivo u deficitnich potkanu
(Hirouch: et al., 2005). Lidsky gen pro Mrp2, vneseny za
pomoci adenoviru, vedl u deficitnich zvirat k expresi funké-
niho proteinu na kanalikuldrnich membranach hepatocytu
s naslednym zvysenim bilidrni sekrece Mrp2 substratu,
dibromosulftaleinu.

Regulace exprese a funkce MRP2

Piedchozi kapitoly sumarizovaly zakladni informace
o lokalizact, strukture a funkeci MRP2 transportéru. Cela
skupina ABC transportérti viak tvoil vysoce adaptabilni
systém, reagujici na riznorodé vlivy, majici za nasledek up-
1 down-regulaci exprese a souvisejici zménu funkce.

Exprese MRP2 muze byt ovlivnéna celou radou lé¢iv
a nemoci ovliviiujicich stav jater, obzvlasté cholestatickych
onemocnéni. Experimentalni data prokazala, ze exprese
a funkce je regulovana také mnoha endogennimi latkami,
napiiklad steroidnimi hormony a zlué¢ovymi kyselinami.
Nedavné studie napovidaji, Zze regulace exprese MRP2 se
déje na minimalné tech ruznych urovnich, zahrmujicich
endocytozou zprostredkovany ,,odsun® z kanalikularni
membrany, zmeény na urovni transkripce 1 regulaci translace
a posttransla¢nich uprav.

MRP2 je syntetizovan v endoplazmatickém retikulu, pre-
sunut a zpracovan v Golgiho aparatu a nakonec translokovan
na apikalni membranu polarizovanych bunek. Neporusena
cytoskeletalni soustava je pro mtracelularni presun nezbyt-
na, jak dokazuje experiment s nokodazolem, mikrotubuly
rozrudujici latkou, ktery zpusobil redukei apikalnich vakuol,
poruchu inzerce proteinti na membranu a nésledné redukei
Mrp2 protemu (Konig et al., 2003). Transportni funkce
Mip2 je v kratkém casovém horizontu (fadové minut) fizena
dynamickou rovnovahou endocytézy a exocytozy pienasece
mezi membranou a intracelularnimi vezikuly (Kipp a Arias
2002). Kupiikladu studie s dibutyryl cAMP prokazaly, ze
podéni této latky zpusobi rychlé splynuti perikanalikularich
vezikuli obsahujicich Mrp2 a Bsep s membranou a inzerci
protem (Boyer a Soroka, 1995). Stejné tak byla transport-
ni aktivita Mrp2 zvySena na kanalikularnich membranach
ziskanych z jater potkant, kterym byl pied izolaci podédvan
dibutyryl cAMP. Soucasné podani kolchicinu, latky s depo-
lymeriza¢nim té¢inkem na mikrotubuly, tento t¢inek dibu-
tyryl cAMP blokuje. Stejny efekt ,,odsunu” funkéniho Mrp2
proteinu lze pozorovat po podani cholestazu navozujiciho
lipopolysacharidu, muchomuirkového toxinu phalloidinu
(Rost et al., 1999), estradiolu 17-B-D-glukuromdu (Mottino
etal., 2002) nebo po perfiizi jater hyperosmotickym pufrem.
V tomto piipadé vedla nasledna zména kvality pufru na
hypoosmoticky k opétovné reinzerci proteinu do membrany
(Konig et al., 2003).

Transkripéni regulace MRP2 byla popsana jako snizeni
exprese béhem onemocnéni a zvy$eni exprese nasled-
kem podéavani raznych znamych enzymovych induktoru.

Fyziologicka funkce MRP2

Jaterni zénét doprovazejici stavy jako sepse, alkoholova,
autoimunni a virova hepatitida je spojen s cholestazou
a hyperbilirubinémii. Jatra jsou hlavnim cilem mediatoru
zanétu (napi. tumor nekrotizujici faktor o, interleukin-6
a interleukin-1p), které zaroven reguluji zmény v jaterni
syntéze proteinit béhem odpovédi akutni fize. Denson
(Denson et al., 2002) identifikoval RXRo/RARa responzivni
elementy v Mrp2 promotoru a prokazal, ze transkripéni
suprese Mrp2 zpusobend proteiny akutni faze (predevsim
cytokiny) se déje skrze reduker nuklearnich RXRa/RARa
heterodimert navozenou interleukinem-1p. Zaroven pro-
kéazal, ze tato zména je specificka pro jatra, kde cytokiny
pravdépodobné snizuji expresi Mrp2, zatimco v ledvinach
zUstava mnozstvi Mrp2 nezménéno. O regulaci transportu
behem cholestazy viz dale.

V piipadé zvysené transkripce Mip2 se jedna o komplex-
ni jev podobny u vsech ABC transportért, resp. biotransfor-
macnich enzymu. Modelova transkripéni indukce probihd
pies jaderné (nebo cytosolické) receptory, nazyvané také
Lsirot¢i nuklearni receptory™ (z anglického orphan nuclear
receptors). Patii sem pregnanovy X receptor (PXR), u lidi
také znaceny SXR (steroidni X receptor), CAR (konstitu-
tivni androstanovy receptor), FXR (farnesoidni X receptor),
LXR (jaterni X receptor), RXR (retinoidni X receptor)
a dalsi. Spolecnou vlastmosti téchto receptorti je hojny vyskyt
v organech exkrece a pomerné pestra substratova specifita.
Nejvyznamnéjsi tiloha v regulaci eliminace léciv na vsech
urovnich je pfipisovana zatim nejlépe prozkoumanému
PXR receptoru, jehoz signalni cesta probiha dale popsanym
zpusobem. Po navazani ligandu dojde k translokaci PXR
receptoru do jadra, kde vytvoii heterodimer vazbou na (pro
vsechny vyse zminéné receptory spolecného) RXR partnera.
Ten se potom vaze na piislusnou sekvenci DNA nazyvanou
HRE (hormon responzivni element) nebo XRE (xenobio-
ticky responzivni element). Tyto opakujici se nukleotidové
sekvence se nachazeji v promotorové oblasti genu, kde po
navazani receptoru (ve formé monomeru, homodimeru, ale
nejc¢astéji heterodimeru) dojde k aktivaci transkripce (Wang
a LeCluyse, 2003).

Nedavné studie ukazaly, ze ligandy FXR, PXR a CAR
receptort (chenodeoxycholova kyselina, PCN (pregnenolon-
16a-karbonitril), dexametazon a fenobarbital) mdukovaly
Mrp2 mRNA v primarnich kulturach hepatocyti a podarilo
se 1 popsat piislusné responzivni oblasti (HRE) v potkanim
promotoru schopné vazat odpovidajici FXR/RXR, PXR/
RXR a CAR/RXR heterodimery (Kast et al., 2002). Ligan-
dem PXR receptoru a tudiz 1 induktorem transkripce Mrp2
je také napi. jeho substrat mhibitor HIV proteazy ritonavir
(Konig et al., 2003).

V primérnich kulturach potkanich hepatocyta dexame-
tazomn, 2-acetylaminofluoren, cisplatina, cykloheximid,
fenobarbital, klotrimazol a PCN zvysuji mnozstvi jak
mRNA, tak 1 proteinu béhem 24 hodin (Kauffinann et al.,
1997:Courtois et al., 1999:Kubitz et al., 1999a; Kubitz et
al., 1999b). Dexametazon a cisplatina také indukuji expresi
Mrp2 u potkant v jatrech i ledvinach, v prvnim piipadé pies
vazbu na jaderny PXR receptor (Demeule et al.. 1999). Po
peroralni lécbé rifampinem, ktery je také PXR ligandem,
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a nasledné biopsii byla u ¢lovéka popsana indukce MRP2
v duodenalni sliznici (Konig et al., 2003).

V souvislosti s transkripénimi regulaénini mechanismy
pozornost dale zasluhuji pozorovani, u nichz zmény
v mnozstvi mRNA ne vzdy koreluji s expresi proteinu a nao-
pak. Kupiikladu podavani ethinylestradiolu znaéné snizilo
expresi Mrp2 proteinu bez jakéhokoli vlivu na expresi Mrp2
mRNA. Podobné byla popsana o 50 % nizsi exprese proteinu
v jatrech biezich potkant, zatimco mnozstvi mRNA se od
kontrolnich vibec nelisila (Cao et al., 2001). Zda se proto,
ze ¢ast MRP2 mRNA (pravdépodobné neprekladand oblast
smérem k 5’-konei) obsahuje specifické regiony schopné
snizit rychlost translace.

Zajimavé poznatky ohledné regulace funkce piinaseji
interakéni studie na bunéénych liniich exprimujicich Mrp2.
Podle ziskanych udaju z kinetiky transportu modelovych
substrati je pravdépodobné, ze Mip2 obsahuje nejen vice
vazebnych domén pro kotransport latek (vyse popsany
napi. pro glutathion), ale 1 allostericka vazebna mista pro
latky, které nemusi byt substraty, ale mohou vyznamné
ovliviiovat rychlost pfenosu jinych slouc¢enin. Napriklad
transportni studie na membranovych vezikulech obsahu-
jicich MRP2 prokazaly, ze prenos modelového substratu
estradiolu 17-B-D-glukuronidu byl v piitomnosti furo-
semidu a probenecidu zvyden 1,5nasobné a v pfitomnosti
indometacinu az Sestinasobné (Bodo et al., 2003). Podle
Zelcera a kol. (Zelcer et al., 2003) je efekt latky modulujici
transport piimo zavisly na substratu. Tato pozorovani jsou
v souladu s jiz diive navrzenou moznosti, ze kazda dvojice
substrat-modulator tvoii unikatni interakei na komplexu
moznych vazebnych mist MRP2 proteinu. Podobny popis
byl navrzen 1 pro MRP1 pienase¢, jenz je svou strukturou,
funkei i spektrem substrata znaéné piibuzny s MRP2.
Funkéni model navrhuje pro MRP2 dvé podobné vazebnd
mista, jedno pro transport substratu (S misto) a druhé pro
modulator transportu (M misto). Po navazani latky do
M mista dojde ke konformaéni zméné v S misté, ktera
vede k usnadnéni/urychleni vazby substratu na pienased
a efektivnéjéimu pienosu. Nékteré latky se mohou vazat
pouze do M mista nebo v zavislosti na koncentraci do
M i S mista (samy jsou transportovany) a chovat se tak
jako stimulatory a/mebo kompetitivni inhibitory pienosu
piislusného substratu (Zelcer et al., 2003).

Vliv cholestazy na MRP2

Tvorba zluc¢e, dulezité pro digesci a absorbei lipidu stej-
né jako pro eliminaci latek, je jedna z esencialnich funkei
jater. ZIug je produkovana filtraci, ktera se fidi osmotickym
gradientem tvoienym kontinualni aktivni sekreci latek pres
kanalikuléarni membranu hepatocytu. Transportni proteiny
lokalizované na bazolateralni a apikalni membrané hraji
v tomto procesu nejdulezitéjsi ilohu. PienaSece zodpovi-
dajici za import latek do hepatocytu na bazolateralni strané
patii do skupiny SLC (solute carrier superfamily) a OATP
(organic anion transporting polypeptide). Z piitomnych pro-
teind ma pro tvorbu Zluci nejvétsi vyznam uptake prenased

Fyziologicka funkce MRP2

Ntep/NTCP (sodik/taurocholat kotransportujici polypeptid),
jehoz substraty jsou konjugované soli zlu¢ovych kyselin.
Spole¢nou vlastnosti transportérti obou skupin, na rozdil od
proteini ABC nadrodiny, je nezavislost na ATP jako zdroji
energie pro pienos.

Sekrece osmoticky aktivnich latek na kanalikularni strané
limituje rychlost celého procesu tvorby zluce, za ktery jsou
zodpoveédny piredevsim pienaSece ze skupiny ABC trans-
portéra. MRP2 (spole¢né s CI-/HCO3- pumpou) zde tvoii,
diky sekreci redukovaného glutathionu (GSH), hnaci silu
pro tok zluce nezavisly na solich zlu¢ovych kyselin . Hlavni
slozkou zluée udrzwjici osmoticky gradient nezbytny pro jeji
tok jsou ovsem prave monovalentni soli zIuéovych kyselin,
jejichz transportérem je Bsep/Abcbll (z anglického Bile
salt export pump). Na kanalikularni membrané jsou dale
P-gp transportujici predev§im objemné amfifilni organické
kationty a MDR3 (lidsky analog potkaniho Mdir2) zodpo-
védny za export fostatidylcholimu. Pro podrobnéjsi popis
vsech transportnich mechanizmi na membranach hepato-
cytu odkazujeme na komplexni prehledovy élanek (Trauner
a Boyer 2003).

Cholestdza je definovana jako porucha odtoku zluce
vedouci ke zvyseni hladin bilirubinu a zluéovych kyselin
v séru. Rtizné formy cholestazy (1. intrahepatalni — u zvifat
experimentalné bézné navozena podanim lipopolysachari-
du nebo ethinylestradiolu; 2.extrahepatalni/obstrukéni —
navozena podvazem zlu¢ovodu) vedou k podobnym adap-
taénim zménam v expresi transportnich systémil v jatrech.
Obecné dochazi k redukei bazolateralniho importu latek
do hepatocytu (sniZzeni exprese Ntcp a Oatp pienasecu)
a kanalikulami sekrece (redukce Mrp2 a Bsep) a naopak
k indukei aktivity bazolateralnich efluxnich pienasecu,
predevsim Mrp3 (Donner a Keppler, 2001; Donner et
al., 2004). U extrahepatalni cholestizy jsou tyto zmény
vysvétlovany jako kompenzaéni mechanizmy chrénici
hepatocyty pied poskozenim kumulujicimi se toxiny, napi.
zlu¢ovymi kyselinami nebo xenobiotiky. Trvale zvysena
exprese MRP3, pienaSece s podobnym spektrem substratu
jako MRP2, byla popsana u MRP2-deficitnich lidi s Dubin-
Johnsonovym syndromem i u GY/TR- a EHBR potkant
(Kuroda et al. 2004), coz potvrzuje moznost kompenzace
chybéjiciho MRP2/Mrp2. Béhem cholestazy byla také
popsana zonalni redukce Mrp2 pokraéujici smérem od
periportalni k pericentralni ¢asti jaterniho laluéku (Paulus-
ma et al., 2000). V dosud studovanych experimentalnich
modelech je MRP2 jedinym transportérem vykazujicim
down-regulaci u vSech forem cholestazy (Dietrich et al.,
2004). Naopak v ledvinach byla opakované prokazana
zachovana (nebo dokonce zvysena) exprese Mrp2 proteinu
(Lee etal., 2001). Tento fenomén se zd4 byt kompenzaénim
mechanizmem pro exkreci Mrp2 substrat ven z organizmu,
aviak jeho pri¢iny na molekularni urovni zatim nejsou zcela
objasnény. Jaterni Kupfferovy buiky produkuji zvysené
mnozstvi prozanétlivych proteint akutni fize véetné fady
cytoking (viz vyse), které pravdépodobné snizuji expresi
RXRa, spoleéného partnera pro jaterni receptory schopné
modulovat transkripei celé fady transportéri véetné Mrp2.
Toto vysvétleni bylo potvrzeno dal$imi experimenty. kdy
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mtrahepatalni cholestaza navozena endotoxinem byla
doprovazena podanim dexametazonu nebo protilatek proti
cytokinim (Kubitz et al., 1999b), coz ¢asteéné zabranilo
poklesu exprese Mrp2 a dalsich pienasecu (Cherrington et
al., 2004). Zajimavé je, Ze pi1 experimmentalnim podavani
pravé téch substratu, jejichZ transport je poskozen béhem
cholestazy, napiiklad kyselin cholové a deoxycholové, byla
popséana jednozna¢na indukce Mrp2. ZvySena exprese by
mohla slouzit jako ochrana pred jaterni kumulaci potencial-
né toxickych zlucovych kyselin. K tomuto jevu ovsem pi1
cholestaze nedochazi, pravdépodobné diky pievaze jinych
(antagonistickych) regulaénich mechanizmu.

Soulrnem lze konstatovat, ze béhem cholestazy dochazi
ke snizeni exprese Mrp2, a to minimalné na kratkodobé
urovni formou endocytdzy protemu z kanalikularni mem-
brany a eventualni proteolyzy v lyzozomech a/mebo mhi-
bici piepisu samotného genu snizenim aktivity nezbytnych
transkripénich faktort (Trauner et al. 1997; Paulusma et al_,
2000). Nedostatecna sekrece organickych aniont na kana-
likularni membrané ma pravdépodobné za nasledek kom-
penzaéni zvyseni Mrp3 na bazolateralni membrang, ktery
tyto substraty exportuje zpét do smusoidalni krve (Donner
a Keppler, 2001).

Fyziologicka funkce MRP2

ZAVER

Béhem jediného desetileti studia MRP2 transportéru byl
uéinén velky pokrok v poznani jeho fyziologické funkce
a byla uspokojivé popsana jeho tiloha v jaterni a ¢astecné
1 ledvinné a stievni eliminaci latek. Mohla tak byt navrzena
vysvétleni nékterych patofyziologickych jevi, kupiikla-
du vznik ikteru pi1 sepsi (down-regulace jaterniho Mrp2
a nasledna porucha sekrece bilirubinu). Piesto stale zbyva
mnoho otazek tykajicich se jeho tilohy napi. u fenoménu
mnohocetné rezistence nebo podilu na hematoencefalické
¢1 placentarni bariéie. Zavedené experimentalni modely
pro vyzkum slozitych mechanizmmi regulace a vzajemnych
vztahll mezi transportéry, enzymy, nukledrnimi receptory
apod. poskytuji $anci nejen pro lepsi pochopeni mechanizmu
uéinku 1éé1v. ale do budoucna i moznost zasah, které budou
moci zefektivnit terapii at’ uz prevenci nezadoucich interakei
latek, zabranénim toxické kumulaci nebo naopak dosazeni
efektivnich terapeutickych hladin ovlivnénim eliminace.

Vznik této publikace byl podporovdn Vyzkumnym
zamérem Ministerstva $kolstvi, mlddeZe a télovychovy
(MSM0021620820) a také projektem ¢. 1PO50CO061 Fese-
nym v ramci akce COST B25.001.
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SUMMARY

1. The effect of dexamethasone on hepatic and renal P-
glycoprotein (P-gp) expression, localization and activity was
investigated in rats after 4 days oral administration of two dose
regimens (1 or 25 mg/kg per day). Simultaneous increases in liver
weight were evaluated by quantitative histological examination.

2. In the liver, dexamethasone pretreatment produced
hepatomegaly as a consequence of extensive periportal fat
accumulation, which was quantified by densitometry of oil red
O-stained liver sections. Quantitative immunohistochemical
analysis revealed preferential periportal zonation of P-gp in
control animals. Dexamethasone pretreatment resulted in spatially
disproportional induction of P-gp protein expression within the
liver acinus characterized by preferential increase in pericentral
areas, with consequent uniform panlobular distribution.
Western blot analysis confirmed these results, showing increases
in P-gp protein. Quantitative reverse transcription—polymerase
chain reaction analysis revealed no statistically significant change
in liver mdrlib mRNA expression after either dexamethasone
treatment regimen. The expression of mdria mRNA was sig-
nificantly decreased by 85—-87%.

3. In the kidney, dexamethasone reduced mdria mRNA
expression by 69-89%, whereas mdrl/b mRNA expression was
increased in a dose-dependent manner. However, despite
tendencies, no significant increases in P-gp expression were
observed at the protein level.

4. The in vive function of P-gp was evaluated by measuring
renal and biliary secretion of rhodamine-123 (Rho123) under a
steady state plasma concentration. The biliary, renal and tubular
secretory clearance of Rho123 was significantly increased only
after high-dose dexamethasone.

5. In conclusion, the present study suggests that drug
interactions observed during corticosteroid therapy may be
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mediated, at least in part, through increased biliary, and also
renal, excretion of P-gp substrates. Expression of P-gp in
the liver showed primary periportal zonation with differential
changes during induction. Accompanying hepatomegaly may be
explained by severe microvesicular steatosis selectively localized
to the periportal areas.

Key words: dexamethasone, induction, P-glycoprotein,
rhodamine-123, steatosis.

INTRODUCTION

P-Glycoprotein (P-gp), encoded by the MDRI gene in humans and
mdrla/lb genes in rodents, functions as an ATP-dependent efflux
transporter identified on apical membranes of various tissues,
including the intestine, liver, kidney, adrenal gland, brain, eye and
testis.! In these organs, P-gp mediates the cellular efflux of many
structurally and pharmacologically unrelated hydrophobic compounds,
such as some anticancer agents, immunosuppressants, steroid
hormones, calcium channel blockers, HIV protease inhibitors and
cardiac glycosides.” Consequently, changes in the expression and
activity of P-gp are commonly associated with substantial inter-
individual variability in the pharmacokinetics of these drugs, produc-
ing unpredictable changes in patient responses to therapy. Among
the most frequently reported causes of altered P-gp activity are
drug—drug interactions. Numerous reports exist describing inhibi-
tion of P-gp, with consequent increases in substrate disposition and
excessive drug effect or even toxicity.** Moreover, growing evidence
points to the clinical importance of P-gp induction that may be
associated with failure of therapy.* Therefore, considerable attention
is focused on the examination and prediction of possible drug—drug
interactions based on changes in P-gp activity. An important example
of drugs known to impact on the pharmacokinetics of simultaneously
applied P-gp substrates are corticosteroids.

Corticosteroids, commonly used immunosuppressive drugs, are
potent inducers of P-gp in the liver and intestine, causing decreased
disposition of P-gp substrates in humans and rodents.” A typical
example of such a pharmacokinetic interaction is the significant
decrease in blood concentrations of tacrolimus, a P-gp/CYP3A
substrate, in rats and humans after coadministration with gluco-
corticoids.”™ A series of similar reports has led to the widespread use
of a potent synthetic corticosteroid, namely dexamethasone (DEX),
as a model inducer of P-gp and CYP3A in enterocytes and hepato-
cytes.'™! Nevertheless, little is known about the potential effect of
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DEX on renal P-gp. Demeule ef al.'’ reported decreased expression
of P-gp protein in kidneys of rats pretreated with low-dose DEX
(1 mg/kg per day for 4 days), whereas others found no change in
expression of mdrla/Ib mRNA with DEX at 1-40 mg/kg per day."'
Because experiments in transgenic mice showed changes in the renal
clearance of P-gp substrates in knock-out animals,”® similar effects
could be also anticipated for drug-induced changes in renal P-gp
expression.

During previous P-gp induction studies, we observed concomitant
increases in liver weight after DEX pretreatment.' Similar effects
of corticosteroids have been observed repeatedly in animals and
humans'>"* and several attempts have been made to explain the
pathophysiological background of this observation. Most results
have indicated that hepatomegaly produced by the steroids is caused
by excessive fat accumulation,'™!” but detailed morphological
information is not available.

The aim of the present study was to elucidate the contribution of
hepatic, and especially renal transport, systems on DEX-mediated
decreases in the disposition of P-gp substrates. Rhodamine-123
was chosen as the model drug because this compound is primarily
excreted into the bile and urine in an unchanged form.* Changes in
the expression and localization of P-gp in the rat liver and kidney
were quantified using immunohistochemistry, western blot and
real-time reverse transcription—polymerase chain reaction (RT-PCR).
Moreover, we quantitatively evaluated changes in the localization of
fat accumulation during DEX pretreatment as potentially the main
cause of the hepatomegaly observed.

METHODS
Materials

Rhodamine-123 and DEX were purchased from Sigma Chemical (St Louis,
MO, USA). Mouse monoclonal antibody C219, directed against Mdr!, was
purchased from Signet Laboratories (Dedham, MA, USA). Horseradish
peroxidase-conjugated goat anti-mouse and anti-rabbit IgG were obtained
from GE Healthcare (Prague, Czech Republic). All other reagents were obtained
from Sigma Chemical and SERVA Electrophoresis (Heidelberg, Germany)
and were of the highest purity available.

Animals and treatment

Male Wistar rats, weighing 280330 g (Velaz, Konarovice, Czech Republic),
were given an olive oil solution of DEX at a dose of 1 or 25 mg/kg daily
(low-dose and high-dose regimen) for 4 consecutive days by stomach
intubation (n =6 in each group). These doses were selected on the basis of
previous experiments." Untreated (control) rats (n=6) received an equal
volume of vehicle alone (olive oil; 2.0 mL/kg). All animals were subjected
to in vitro and in vive studies 24 h after the last dose. During pretreatment,
rats were housed under controlled environmental conditions (12 h light—dark
cycle; temperature 22 * 1°C) with a commercial food diet and water freely
available. Animals received humane care according to the criteria outlined
in the Guide for the Care and Use of Laboratory Animals (revised 1996;
http:/fwww.nap.edu/books/0309053773/html/81.html). The study protocol
was approved by the animal welfare committee of Charles University in
Prague, Faculty of Medicine in Hradec Kralove.

Membrane preparation

Livers and kidneys were minced in ice-cold Tris-sucrose buffer (10 mmol/L
Tris-HCl, 250 mmol/L sucrose, pH 7.6), containing 0.5 mg/mL leupeptin,
0.5 mg/mL pepstatin, 2 mg/mL aprotinin, 50 mg/mL benzamidine and 40 mg/mL

phenylmethylsulphonyl fluoride (PMSF), and homogenized with a motor-
driven Teflon homogenizer (Braun, Melsungen, Germany) operating at
1500 r.p.m. A membrane-enriched microsomal pellet was obtained from the
post-nuclear supernatant after ultracentrifugation at 100 000 g for 60 min at
4°C. The pellet was resuspended in Tris-HCI buffer (50 mmol/L Tris-HCI,
pH 7.4, plus protease inhibitors). The protein concentration was determined
according to the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, USA)
and samples were stored at —80°C.

Immunoblot analysis

Crude membrane-containing homogenates (50 g protein) were incubated
with sample buffer at room temperature for 30 min and separated by sodium
dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) on
6.25% polyacrylamide gels. Immunoblotting was performed using a tank
blotting system from GE Healthcare, followed by enhanced chemilumi-
nescence and autoradiography. Exposed Hyperfilms (GE Healthcare) were
scanned with a GS-800 Calibrated Densitometer (Bio-Rad Laboratories,
Hercules, CA, USA) and quantified using the QuantityOne imaging software
(Bio-Rad Laboratories). The antibodies, dissolved in 5% low-fat dried milk
in Tris-buffered saline containing 0.1% Tween 20 (TTBS), were used at the
following dilutions: C219 at 1 : 500 (P-gp): and horseradish peroxidase-
conjugated rabbit anti-mouse antibodies at 1 : 1000.

Light microscopy

To evaluate microscopic changes within rat livers, histological examination
was performed on sections from control and DEX-pretreated animals (1 mg/kg
per day). For immunohistochemical microscopy, liver samples were frozen
in hexane precooled in liquid nitrogen and stored at —80°C. Cryosections
(7-8 wm) were prepared with a cryotome minitome. Immunostaining was per-
formed using C219 and horseradish peroxidase-conjugated rabbit anti-mouse
antibodies diluted in phosphate-buffered saline (PBS) containing 5% fetal
calf serum at 1 : 100. Visualization was achieved by incubating with 3,3’-
diaminobenzidine tetrachloride (Sigma-Aldrich, St Louis, MO, USA) as the
peroxidase substrate. To reveal the contribution of fat accumulation to DEX-
induced hepatomegaly, frozen sections from livers were processed by oil red
O stain (Sigma-Aldrich). Images of histological sections were acquired on
an Olympus IMT-2 light microscope (Olympus, Prague, Czech Republic).
Consequent morphometric and densitometric analyses were performed using
ImagePro software (Media Cybernetics, Silver Spring, MD, USA). To evaluate
P-gp expression in rat liver, 12 randomly selected viewing fields of every
immunostained liver section (six from the periportal and six from the perivenous
areas) were evaluated at a magnification of x400. Consequently, the relative
presence and integral optical density (OD) of positively stained elements was
quantified. To measure fat accumulation within the liver, size, integral OD (vesicle
area multiplied by mean density) and the proportion of the visual field area of
10 randomly selected fat drops were measured in the periportal and pericentral
(perivenous) areas of the liver acinus at a magnification of x1200.

Examination of mdrla/1b expression by RT-PCR

Total hepatic and renal RNA was isolated and reverse-transcribed into com-
plementary DNA, as described previously.?' Real-time PCR was performed
on an iCYCLER (Bio-Rad Laboratoires) as described elsewhere.?' Primers
for the target genes mdr{a and mdrib and for B2-microglobuline (B2-micro)
as a housekeeping gene (Table 1) were designed using Vector NTI Suite
software (Informax, North Bethesda, MD, USA). The basic processing of
real-time amplification curves was performed using iCYCLER software
version 3.0 (Bio-Rad Laboratoires). Cycle thresholds (C,) and the slopes of
calibration curves were determined. The results were analysed using eqn 1,
described by Mei ef al.:"?

AC( = derfa/b - (:vﬁ-ml&m [l]

(& — 2—(A(‘rDEX - Ctcontrol}

“tLinear
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Table 1 Sequences and specifications of primers used for real-time reverse transcription—polymerase chain reaction quantification

Gene Accession no. Sequence (5'—3") Product length (bp) Localization

mdrla AF257746 ctg ctc aag tga aag ggg ctac (f) 329 2526-2854
agc att tet gta tgg tat ctg caa ge (1)

mdrlb AY082609 cge tte taa tgt taa agg ggce tat g (f) 331 2489-2819
agc att tet gta tgg tat ctg caa ge (r)

P2-Microglobuline Y 00441 tgc cat tca gaa aac tce cca (f) 303 64-3306

tac atg tct cgg tee cag gtg a (1)

f, forward; r, reverse.

where C,,505 Tepresents the C, value of target gene, Cg i, is the C, value
of the endogenous internal standard of B2-microglobuline RNA and Cyj,,,
represents the fold change in mRNA expression between the control (C,.ypm)
and treated (Cypex) groups and assumes a doubling of target sequence with
each PCR cycle.

Biliary and urinary excretion of Rho123 in vive

Control rats and those treated for the previous 4 days with low- or high-dose
DEX were anaesthetized with pentobarbital (35 mg/kg) and cannulated with
polyethylene tubes introduced in the right jugular vein for drug administra-
tion and the left jugular artery for blood sampling. The urinary bladder and
bile duct were also cannulated for urine and bile sampling, respectively. The
body temperature of the animals was maintained at 37°C with a heat lamp.
To elucidate the effect of DEX on steady state biliary excretion and renal
handling of Rho123, rats received a bolus intravenous injection of Rho123
at a loading dose of 100 nmol/kg, followed by a constant-rate infusion (Per-
fusor Compact; Braun, Prague, Czech Republic) of a 2.5% mannitol solution
delivering a dose of 130 nmol Rho123/h at a rate of 4 mL/h until the end of
the study. A 60 min infusion was found to result in a steady state concen-
tration of Rho123. The dosing schedule was based on the results of a previous
study.'* Mannitol was used to obtain a sufficient and constant urine flow rate.
After 60 min infusion, bile and urine were collected in preweighed tubes at
10 min intervals for 30 min throughout the experiment. Blood samples were
taken at the mid-point of the bile and urine collection period. Plasma samples
were obtained by centrifugation of blood samples at 3000 g for 10 min. The
volume of bile and urine samples was measured gravimetrically, with specific
gravity assumed to be 1.0. All plasma, bile and urine samples were stored
at —80°C until analysis.

Analytical procedures

The concentration of Rho123 in plasma, urine and bile was determined by
modification of previously described HPL.C method."' Briefly, the apparatus
used for the HPLC was a Shimadzu LC system (Kyoto, Japan) equipped with
a fluorescence detector (RF-10A; Shimadzu; excitation 480 nm; emission
520 nm), consisting of an LC-10AS liquid pump and an SIL-10A auto-
injector. The conditions were as follows: column, TSK gel ODS-80TM (Tosoh,
Tokyo, Japan); mobile phase, acetonitrile and 1% acetic acid (40 : 60, v/v);
column temperature (LCO 100; ECOM s.r.0., Prague, Czech Republic), 50°C;
flow rate, 0.7 mL/min. The calibration curve for Rho123 was prepared each time
over the concentration range 0—35.0 mol/L. The correlation coefficient (linearity)
was always more than 0.999 and the detection limit was approximately
1 nmol/L. The within-day coefficient of variation (CV) was below 5.6%, whereas
the between-day CV was found to be below 6.8%. The concentrations of
creatinine in plasma and urine were measured on a Cobas Integra 800 (Roche
Diagnostics, Mannheim, Germany) according to manufacturer’s instructions.

Protein binding experiments

To estimate the difference in the protein binding of Rho123 between control
and DEX-treated rats, plasma protein binding was evaluated by dialysis

through Ultrafree-MC Centrifugal Filter Units (Millipore, Billerica, MA,
USA). Plasma samples (400 pL) from control and pretreated animals were
dialysed at 3000 g for 20 min. As a standard for comparison, a pH 7.4 PBS
solution containing 0.1 mol/L Rhol23 was dialysed according to the same
conditions. The concentration of Rho123 was chosen on the basis of data
obtained during in vivo experiments. Concentrations of Rho123 on both sides
of the membrane were measured by HPLC as described above.

Pharmacokinetic analysis

Total plasma clearance (CLy,,) of Rhol123 was estimated by dividing the
constant infusion rate of Rho 123 by the steady state concentration in plasma
(C,). The biliary and renal clearance (CLgy, and CLy) of Rho123 during each
collection period was 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 (CLg). The renal
clearance ratio of Rhol23 was calculated as CLg/GFR. The renal tubular
secretion clearance (CLygg) for unbound drug, which represents the net tubular
secretion, was calculated as CLp/fy minus GFR, where f;; represents the
unbound fraction of the drug.

Statistical analysis

Experiments were performed in six animals per group. All data are expressed
as the meantSEM. Statistical significance was examined in groups of control
and DEX-treated animals using ANovA (Graphpad Instat 3.0 software;
Graphpad Software, San Diego, CA, USA). P < 0.05 was considered statis-
tically significant.

RESULTS

Effect of DEX on liver weight and bodyweight,
as well as hepatic histology

Over the course of the 4 day treatment, DEX administration resulted
in a rapid loss of total bodyweight of 40.0 £ 1.3 and 50.3£5.6 g in
the low- and high-dose groups, respectively. Simultaneously, DEX
exerted a stimulatory effect on liver weight, increasing it from
10.5 £ 0.5 g in control animals to 11.8 £0.7 g (low-dose DEX; P < 0.05)
and 14.5 £+ 1.2 g (high-dose DEX; P < 0.01). Consequently, the liver
to bodyweight ratio was increased from 3.2 £ 0.2% in control ani-
malsto 4.3 £ 03% (low-dose DEX; P < 0.05) and 5.6 + 0.5% (high-
dose DEX: P < 0.01). Microscopic examination of oil red O-stained
livers with morphometric and densitometric image analysis revealed
no significant difference in parameters evaluated between periportal
and perivenous areas of liver tissues in control animals (Fig. la;
Table 2). In contrast, pretreatment with low-dose DEX produced
severe microvesicular fat infiltration, characterized by an increase
in the size of fat droplets (1.5-fold), their integral OD (3.8-fold) and
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Fig. 1 Photomicrographs of oil red O-stained 7-8 um sections of (a) control
and (b) dexamethasone-pretreated rat liver, illustrating periportal lipid
accumulation. Representative images are shown of six livers for each of
the dexamethasone-treated and control groups. (a) Control liver. The image
exemplifies pericentral (left side) and periportal (right side) zones of the liver
acinus. Mild steatosis is demonstrated in adult animals as a weak staining
located preferentially in the periportal areas. (b) Dexamethasone (1 mg/kg
per day, p.o., for 4 days)-pretreated liver. The image exemplifies pericentral
(upper part) and periportal (bottom part) zones of the liver acinus.
Severe microvesicular steatosis is demonstrated as a strong staining located
preferentially in periportal areas. In contrast, only a few fat droplets could
be observed around the central vein. Bars, 100 pm.

proportion of visual area (3.5-fold), located exclusively in the
periportal areas of the liver acinus (Fig. 1b; Table 2).

Immunohistochemistry of P-gp

Hepatocellular P-gp immunostaining performed in control and
DEX-pretreated (low-dose) rat liver is shown in Fig. 2. In control
rats, C219 antibody yielded a weak canalicular staining prevailing
in periportal hepatocytes (Fig. 2a,b; Table 2; P < 0.001). Administra-
tion of DEX increased the intensity of P-gp staining, which became
evenly distributed without any quantitative difference between
periportal and pericentral areas (Fig. 2¢.d; Table 2). Consequently,
statistically significant induction of P-gp after DEX pretreatment
was observed only in pericentral areas. Comparison of overall
integral OD between control and DEX-treated rats yielded a 2.3-fold
increase in immunostained P-gp.

Western blot analysis of P-gp expression in the
liver and kidney

Representative immunoblots of hepatic and renal crude membrane
proteins are shown in Fig. 3. Both groups of DEX-pretreated
rats (low and high dose) showed a stronger band intensity of hepatic
immunoreactive protein compared with untreated rats. Densito-
metric analysis of the P-gp level indicated that DEX pretreatment
increased hepatic P-gp expression 1.9- and 3.4-fold in the low- and
high-dose DEX groups, respectively (Fig. 3a,b), suggesting significant
hepatic P-gp induction. In contrast, the expression of renal P-gp,
despite tendencies, remained statistically unchanged in both DEX-
treated groups (Fig. 3c.d).

Real-time RT-PCR analysis of mdria/1b expression

The effects of the two DEX dose regimens (low and high dose) on
liver and renal tissue expression of mdria and mdrih mRNA are
summarized in Table 3. Rats treated with DEX showed dose- and
tissue-dependent changes in the expression of mRNA for mdr/la
and mdrlb. Expression of mdria mRNA in the liver and kidney
decreased by 85-87% and 69—89%, respectively. In contrast, mdrib
mRNA in the kidneys increased 1.3- and 5.4-fold compared with
control rats. In the liver, mdrib mRNA showed no statistically
significant changes after either dose of DEX.

Table2 Quantitative evaluation of fat accumulation and P-glycoprotein expression in livers from control and dexamethasone pretreated (1 mg/kg per day,

p.o., for 4 days) rats

Control DEX
Pericentral Periportal Pericentral Periportal
Size of fat droplets (um) 1.6 £0.2 20104 2.0+0.3% 3.5£04%4
Mean integral OD of fat droplets per viewing field 1790 £ 760 4780 £ 1770* 8000 + 2200% 17 080 + 3100%*%
Mean no. fat droplets per viewing field (%) 94+4.0 129+5.1 23.2+48.0" 54.5 +7.9%%8
Mean P-gp positivity per viewing field (%) 0703 5.3E 1.4%% 61+1.7% 6.7+1.9
Mean P-gp integral OD per viewing field (%) 145170 1180 £315%* 1450 £ 4128 1605 + 469

Values are the meantSEM (1 = 6). *P < 0.05, ** P < 0.001 compared with periportal areas; 'P < 0.05, P < 0.01, *P < 0.001 compared with the same location

in control rats.
OD, optical density; P-gp, P-glycoprotein; DEX, dexamethasone.
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Fig.2 Immunohistochemical microscopy for P-glycoprotein (P-gp) in (a,b) control and (c,d) dexamethasone-pretreated rat liver. Representative images are
shown of six livers for each of the dexamethasone-treated and control groups. Liver cryosections (7-8 wm) were labelled with the monoclonal antibody C219
directed against rat P-gp. In normal rat liver, there was a weak P-gp immunostaining of hepatocytes in the vicinity of the periportal area (a,b). Dexamethasone
increased the intensity of P-gp staining preferentially in the areas of central veins (c.d). (a) Control liver. The image exemplifies pericentral (left side) and
periportal (right side) zones of the liver acinus. The intensity of P-gp immunostaining is concentrated in the periportal areas. Bar, 50 wm. (b) Control liver:
periportal area in detail. The image demonstrates the preferential location of P-gp in this zone mainly as a part of canalicular membranes. Bar, 25 pm.
(c) Dexamethasone (1 mg/kg per day, p.o., for 4 days)-pretreated liver. The image exemplifies panlobular P-gp immunostaining as a consequence of increased
P-gp expression. Bar, 50 wm. (d) Dexamethasone pretreated liver: pericentral area in detail. The image demonstrates evenly increased expression of P-gp in
areas with initially very low expression of the protein. Similar to the control group, P-gp is located mostly on canalicular membranes. Bar, 25 pm.

Effect of DEX on biliary excretion and renal
handling of Rho123

Dose-dependent effects of DEX on the biliary and renal excretion
of Rho123 under steady state conditions in rats are presented
in Table 4. In low-dose DEX-pretreated rats, the CL,, of Rhol123
increased 1.4-fold. The CLy;, and CL, of Rhol23 had a tendency
to increase (2.2-2.5 and 0.7-2.1 mL/min, respectively), although the
differences failed to reach the 5% level of significance. In contrast,
significant increases in CLy;,. and CL, of Rhol23 were observed in
rats after high-dose DEX (2.2-7.9 and 0.7-3.7 mL/min, respectively).
Accordingly, CLy,,, of Rho123 increased 1.4-fold for untreated
animals. Interestingly, there was no statistically significant difference
in CLy of Rhol23 between low- and high-dose DEX-pretreated
rats. To describe the mechanism of renal elimination of Rho123,
the tubular secretion clearance (CLyg) was calculated. Despite an

increase in urine formation in DEX-pretreated rats, creatinine
clearance remained unaffected in both groups. Consequently,
CLgs was increased 3.0- and 5.0-fold in accordance following 1 and
25 mg/kg DEX, respectively (Table 4).

DISCUSSION

In the present study, we used the rat in vivo model to evaluate the
effect of the short-term administration of two dose regimens of DEX
on the expression and activity of P-gp in the liver and kidney.
Rhodamine-123 was chosen as the model drug for P-gp because
this compound is primarily excreted into the bile and vrine in an
unchanged form.” Real-time RT-PCR, western blot and immuno-
histochemical microscopy analyses revealed increased expression of
P-gp in the rat liver, which was dependent on the dose of DEX used.
The in vivo biliary and renal excretion of Rhol23 showed increased
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transport activity, agreeing well with the increased amount of mdr1b
mRNA and P-gp protein. In addition, we identified significant fat
accumulation as the main cause of hepatomegaly produced by DEX.

A series of studies has reported that DEX is a potent inducer of
intestinal and hepatic P-gp.'""'** In agreement with these observa-
tions, the present data on the biliary excretion of Rhol23 showed
increased activity of P-gp in the rat liver caused by DEX. We found
that, in case of the low-dose DEX pretreatment, the increase in
biliary clearance of Rho123 was only minor and failed to reach sta-
tistical significance. However, in high-dose DEX-pretreated animals,
biliary excretion and clearance of Rhol123 increased significantly.
Consequent analysis by western blot confirmed induction of P-gp
protein expression in the respective rat livers, with the extent of

Table 3 Expression of mdria/lb mRNA following 4 day treatment with
dexamethasone

Control Dexamethasone (mg/kg per day)
ACY 1 25
AC, Fold change AC, Fold change

mdrla

Liver 143+05 17303 (010 171 207 2%

Kidney 122+0.2 155+0.3 0;1%** 139+0.1 0.3#%%
mdrlbh

Liver 144+06 12.6%09 34 144+ 1.0 1.0

Kidney 124+04 12.1£08 13 100+ 0.5 5.4%

Results shown are the meantSEM. *P < 0.05, **P < 0.01, ***P < 0.001
compared with control.

AC, = Couirran — Cigzmitrr Where where C,, 4, represents the cycle
threshold (C,) of the target gene and Cig 1, is the C, value of the endogenous
internal standard of B2-microglobuline RNA. Values were calculated as
described in the Methods.

Decrease is indicated by fold change from the control value.
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the changes being in agreement with the observed increases in
P-gp-mediated biliary excretion of Rho123. The present results are
consistent with observations made by others, who described an increase
in biliary excretion of P-gp substrates in response to treatment with
P-gp inducers, with parallel changes in P-gp protein expression.”**
We also performed real-time RT-PCR analysis of mdrla/b mRNA
expression. All results showed either a decrease or no statistically

Control

LAY

(

a)
-

(c) Control DEX 1 mg/kg, p.o.

(d) Control
LTI

Fig.3 Immunoblotanalysis of P-glycoprotein (P-gp) in rat (a,b) liver and (c,d)
kidneys from control and dexamethasone (DEX)-retreated rats. Dexamethasone
was administered to rats at the doses indicated daily for 4 days.

Table 4 Pharmacokinetics of rhodamine-123 in untreated and dexamethasone-pretreated rats

Control DEX (mg/kg per day)
1 25
Fold change Fold change
Urine flow rate (uL/min) 26.5+3.7 79.1 £ 11.5* 3.0 058+ 11.5% 3.6
Urinary excretion rate (nmol/mL per kg) 0.08 £0.03 0.15+0.06 1.9 0.28 £0.05* 34
Bile flow rate (pL/min) 275423 18.7+2.1 0.7 283442 1.0
Biliary excretion rate (nmol/mL per kg) 0.26 £ 0.04 0.18 £0.01 0.7 0.57 £0.14* 23
Plasma C,; (pmol/L) 0.12£0.01 0.07+0.01* 0.6 0.08£0.01* 0.6
CLg (mL/min per kg) 0.6x0.2 21%08 34 37+£0.7* 6.1
CLyi. (mL/min per kg) 22303 25102 1.1 T9+22% 35
CLyy (mL/min per kg) 21.7£1.0 300 1.4* 1.4 29.3+%1.5* 1.3
CL¢g (mL/min per kg) 1.2+0.1 14+03 1.2 3+0.05 1.1
fu 0.17+0.01 0.24 £0.05 1.4 0.28 £0.02* 1.6
CLy/fu 3.61£09 8.6%3.1 24 13:2£23* 37
CLy/GFR 0.5+0.1 1.6%0.5 32 27+04* 55
Clgs 24+09 72134 3.0 119+ 2:5% 5.0

Values are the meanstSEM (n = 6). *P < 0.05 compared with control value.

DEX, dexamethasone; C,, steady state plasma concentration; CLgy,. CLy, CLg, CLgsg, bile, total, renal and renal secretory clearance, respectively; f,

unbound fraction of the drug; GFR, glomerular filtration rate.
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significant change in mdrla and mdribh mRNA in DEX-pretreated
rat liver. The reason for the absence of a clear effect of DEX on
hepatic mdrla/b mRNA in the present study is unknown. However,
no change or a decrease in hepatic mdrla/b mRNA after DEX pre-
treatment in vivo in rats has also been reported by other groups.
The discrepancy in these results may be explained, at least in part,
by dose-, time-, tissue-, route of administration- and probably also
strain-dependent effects of DEX on P-gp expression in rats.” Indeed,
induction of P-gp protein expression in rat liver after DEX has been
repeatedly described as a function of dose, starting from 1 mg/kg
daily, with the maximum being 100 mg/kg daily."*'"'* Considering
the duration of pretreatment, treatment for 4—7 days has been
reported to yield significant induction, which recovers within 2
weeks after discontinuation of DEX treatment.”” The effect of rat
strain on the induction of mdrib mRNA was demonstrated after the
prototype inducer, 2-acetaminofluorene (2-AAF) in livers from
Fisher, Wistar and Sprague-Dawley rats. Treatment of primary hepa-
tocytes with 2-AAF caused an induction of mdr/b expression in
Fisher and Wistar hepatocytes, whereas no effect was observed in
Sprague-Dawley hepatocytes.” Consequently, the Wistar rats pre-
treated with DEX in the present study under the conditions described
may exhibit different responsiveness to DEX than, for example,
Sprague-Dowley rats used in other studies.'® Finally, all the mech-
anisms involved in the regulation of mdrla/b gene expression are
not vet fully understood. There is general agreement about the
importance of glucocorticoid receptor (GR)-mediated stimulation of
pregnane X receptor (PXR) expression with a consequent increase
in mdrla/b transcription.”® Nevertheless, experiments reporting a
lack of agreement between mdrila/b mRNA and P-gp protein expres-
sion suggest the contribution of different mechanisms.’ Indeed, Lee
et al?" reported that induction of mdrib P-gp is regulated, at least
in part, post-transriptionally. Our finding of increased PXR expres-
sion (S Micuda ef al., unpubl. data, 2005) and discrepancies between
mRNA and protein levels point to the influence of both mechanisms.

Along the liver acinus, zonal heterogeneity has been demonstrated
for specific hepatocellular functions as a consequence of zonated
gene expression. Secretion of bile acids and the biliary transport of
several xenobiotics, including P-gp substrates, has been shown to
oceur predominantly in the periportal area.” Accordingly, in sifu
techniques revealed highest P-gp mRNA and protein expression in
the periportal region of the rat hepatic acinus, with transcript levels
decreasing towards the perivenous area.**** Our results of positive
P-gp immunostaining located almost exclusively in the periportal
region of livers from control rats are consistent with these observa-
tions. Pretreatment with DEX produced induction of P-gp expres-
sion also in the normally silent cells in the perivenous areas, which
resulted in a more uniform acinar expression pattern. Importantly,
the extent of the overall increase in P-gp immunostaining observed
in the present study corresponds well with the increase in P-gp band
intensity detected by western blot (2.2-fold and 2.9-fold induction
for low- and high-dose DEX, respectively). Interestingly, a similar
but inverse pattern of induction has been described for cytochrome
P450 enzymes, which are primarily located in the perivenous areas
of the liver acinus where administration of inducer produced an
increase especially in periportal hepatocytes.”

It has been reported that Rho123 is actively secreted into the urine
by P-gp and that alterations in P-gp expression are accompanied by
changes in P-gp-mediated renal tubular secretory clearance,!?2%32%
In the present experiments, DEX pretreatment increased the net

tubular secretion clearance, the CLy/CL ratio and the renal clear-
ance of Rhol123, as well as the expression of mdrib mRNA, in a
dose-dependent manner, suggesting induction of P-gp in the brush
border membrane of renal proximal tubular cells. A similar obser-
vation was made by Lilja ef al.,* who described an increase in renal
clerance of another P-gp substrate, celiprolol, after administration
of the P-gp inducer rifampicin. Nevertheless, we failed to detect
statistically significant increases in P-gp protein by western blot. The
reason for our conflicting results between medi /b mRNA, renal clearance
of Rho123 and P-gp protein levels is unclear. One possible explanation
is that another transport protein (e.g. rat organic cation transporter
(rOCT)) is involved in the renal excretion of Rho123 and admin-
istration of DEX may result in upregulation of that transporter.*®

Although glucocorticoids are known to be steatogenic agents in
humans and rodents, *'® the exact molecular mechanisms of this effect
have been explained only partly. The whole process seems to be a com-
bination of several mechanisms, of which the most important is the
direct effect of glucocorticoids on lipid metabolism. Glucocorticoids
inhibit mitochondrial matrix-located long-, medium- and short-chain
acyl-CoA dehydrogenases (LCAD, MCAD and SCAD, respectively)
and suppress hepatic triglyceride (TG) secretion, thereby inducing
hepatocellular TG accumulation. These effects are mostly acute,
depending on the actual presence of steroid within the cell, although
a mild decrease in the expression of MCAD and SCAD has also
been described .*® Nevertheless, steatosis induced by steroids persists
several weeks or even months after discontinuation of therapy.'®'®
Therefore, long-term changes for gene expression can be anticipated.
Indeed, DEX and other steroids belong to the group of peroxisome
proliferating agents that produce peroxisome proliferator-activated
receptor a receptor-mediated stimulation of peroxisome prolifera-
tion and B-oxidation of long-chain fatty acids therein.*” In this
situation, one logical explanation of hepatic steatosis after the admin-
istration of corticosteroids is the combination of decreased hepatic
TG secretion worsened by impaired B-oxidation of medium- and
short-chain fatty acids (in mitochondria) in the presence of their
increased production (from long-chain fatty acids in peroxisomes).
In agreement with this hypothesis, our finding of preferential periportal
localization of liver steatosis corresponds well with the reported
periportal zonation of B-oxidation of fatty acids in the liver.*!

In conclusion, the present study has shown that the previously
reported DEX-induced stimulation of in vive clearance of Rho123
is not only attributable to changes in its intestinal exsorption, but
also to significant increases in biliary and renal excretion because
of increased expression of mdrih mRNA and consequently mdrl
protein. Detailed quantitative immunohistochemical analysis showed
primary periportal localization of P-gp within the liver acinus, with
consequent preferential perivenous induction after corticosteroid
administration. Finally, the present study provides, for the first time,
detailed analysis of corticosteroid-induced liver steatosis, showing
significant zonation of fat accumulation to periportal arcas of liver
acinus after corticosteroid pretreatment.
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Introduction

Abstract

Background and Aim: The present study was aimed to evaluate the hepatic zonation of
multidrug resistance-associated protein 2 (mrp2), an important drug transporter, and its
potential changes during the induction of its expression by known inducer, dexamethasone
(DEX).

Methods: The hepatic expression of mrp2 was studied by immunohistochemistry with
consequent quantification by measurement of integral optical densities of mrp2 staining in
the periportal and perivenous areas of the liver acinus in control and DEX-pretreated rats
(1 mg/kg daily per os for 4 days). Overall changes in mrp2 expression and function
produced by DEX were monitored using Western blotting and an fn vive clearance study of
endogenous-conjugated bilirubin, a mrp2 substrate.

Results: In the control animals, a quantitative image analysis revealed the primary peri-
portal localization of mrp2 within the liver acinus with the expression of mrp2 being
16.7-fold of that in the perivenous area. After DEX pretreatment, the expression of mrp2
increased, especially in the perivenous hepatocytes. The overall expression of mrp2
increased 3.2-fold in comparison with the control group. This observation was confirmed
by Western blotting, which showed a 1.3-fold increase in the mrp2 protein after DEX
pretreatment. The functional consequences of the induced mrp2 protein in the livers of the
DEX-pretreated rats were demonstrated by the increased biliary excretion of conjugated
bilirubin.

Conclusion: In conclusion, these results indicate the zonation of mrp2 protein expression
primarily to periportal hepatocytes. The induction by DEX produced spatially dispropor-
tional changes with an increase in the mrp2 protein being most prominent in the perivenous
hepatocytes.

bile acids and organic anions under physiclogical conditions,
while hepatocytes in zone 3 (pericentral) may play a role only

A spatial pattern of gene expression is commonly observed in
different organs. In the mature mammalian liver, most genes
appear to exhibit a zonated expression pattern, that is. in an
ascending or descending gradient from the portal to the central
vein within the acinus, the microcirculatory unit of the liver. This
heterogeneity was first described for oxidative and carbohydrate
metabolism. but was later expanded to include amino acids and
ammonia metabolisms, lipid metabolisms, xenobiotic reactions,
cytoprotective functions, and plasma protein synthesis. In addi-
tion, zonation has been also observed for transporter-mediated bile
formation, where hepatocytes in zone | (periportal) were shown to
mediate a preferential role in the uptake and biliary excretion of
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when there is a high-dose load.* This functional difference appears
to be a consequence of the heterogeneous expression of trans-
porting proteins, which extract organic anions from the portal
circulation to the hepatocytes and excrete them into the bile
canaliculus.™* Concerning particular transporters, amidated bile
acids are taken up by the liver by the Na*taurocholate cotransport
polypeptide and the organic anion transporting polypeptide (oatp)
family. whereas organic anions are taken up only by the oatp
family. The biliary excretion of amidated bile acids is mediated by
the bile salt export pump (bsep), whereas the excretion of organic
anions, bile acid sulfates, and glucuronides 1s mediated by multi-
drug resistance protein 2 (mrp2)? Until now, clear acinar
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heterogeneity of transporters” protein expression has been demon-
strated for only a few transporters, for example, catp2, bsep, and
mrp3.57

Mrp2 (Abcc2) 1s a multispecific organic anion transporter of
the hepatocellular canalicular membrane which mediates the
efflux of various organic anions, including conjugated bilirubin,
glucuronides, glutathione, glutathione conjugates, and sulfated
and glucuronidated bile acids.*" The zonal localization of mrp2
within the liver was studied by several authors who described a
homogenous distribution of the mrp2 protein thronghout the liver
acinus M However, these data are in disagreement with the
previously reported preferential periportal location of bile acid
uptake and excretion.'*" Moreover. the evaluation of mrp2
substrate biliary excretion in rats with impairment of either zone 1
or zone 3 hepatocytes had conflicting results.™ Thus, further
studies are needed to elocidate this problem. Interestingly. bile
duct ligation, which is known to produce downregulation of mrp2
caused restriction of mrp2 expression to the central areas of the
liver lobule.! while the administration of lipopolysaccharide
endotoxin concentrated mrp2 to periportal hepatocytes. In
contrast, no such information is available about the morpho-
logical pattern of mrp2 induction, despite the fact that mrp2
expression could be induced by wvarious drgs,  including
dexamethasone (DEX ). 2.4 5-trichlorophenoxyacetic acid,'®
acetaminophen,'” 2-acetylaminofluorene.”® and 14-bis(2-[3.5-
dichlorepyridyloxy]ibenzene *' In addition. the induction is of
therapeutic interest in diseases where mrp2 is missing or down-
regulated, such as Dubin—Johnson syndrome or cholestasis

In the present investigation. we analyzed the hepatic zonation of
hasal mrp2 protein expression and its change following induction
by known inducer DEX in the rat liver. Quantitative immunohis-
tochemistry was vsed to determine mrp2 protein expression in the
periportal and perivenous areas of the liver acinus, The verification
of induction of mrp2 protein expression and function was per-
formed by Western blotting and an in vive clearance study with an
endogenous subsirate for mrp2, conjugated bilirubin,*

Methods

Materials

Mouse monoclonal antibodies M2-IT16 and M2-ITI5 directed to the
mrp2 were purchased from Signet Laboratories (Dedham, MA,
USA) Horseradish peroxidase-conjugated goat antimouse and
antirabbit immunoglobulin G (1gG) were obtained from GE
Healthcare (Prague. Czech Republic). All other reagents were
obtained from Sigma Chemical Co (St Louwis, MO, USA) and
SERVA Electrophoresis GmbH (Heidelberg, Germany ). respec-
tively, and were of the highest purity available.

Animals and treatment

Male Wistar rats (m=6, in each group) weighing 270-320g
(Konarovice, Czech Republic) were given an olive oil solution of
DEX at a dose of 1 mg/kg daily for four consecutive days by
stomach intubations. Untreated (control) rats received an equal
volume of vehicle alone (olive oil, 2.0 mL/kg). During pretreat-
ment, the rats were housed under controlled environmental condi-
tons (12-h light-dark cycle: temperature, 22 % 1°C) with o
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commercial food diet and water freely available. The animals
received humane care according to the criteria outlined in the
Guide for the Care and Use of Laboratory Animals (http:/
www.nap.edu/booksH309053773/html/A1 html). The study proto-
col was approved by the Animal Welfare Committee of Charles
University in Prague, Faculty of Medicine (Hradec Kralove, Czech
Republic).

Quantitative immunochistochemistry

Liver samples were frozen in hexane precocled in liquid nitrogen
and stored at —807C. Cryosections (7—8 pm thick) were prepared
with a Minitome cryotome (Frague. Czech Republic). Immuno-
staining  was  carried out wsing M2-II6 and horseradish
peroxidase-conjugated rabbit antimouse antibodies diluted in
phosphate-buffered saline containing 3% fetal calf serum at
L+ 100, Visualization was achieved by incubating with 2,3 diami-
nobenzidine tetrachloride as the peroxidase substrate. lmages of
the histological sections were acquired on an Olympus IMT-2 light
microscope (Olympus, Prague, Czech Republic). Consequent
analysis was performed using Image Pro software (Media Cyber-
netics, Bethesda, MD, 1USA) where relative presence and integral
optical density of positive-stained elements were quantified. To
evaluate the expression of mrp2 in the rat liver, 12 randomly-
selected viewing fields of every immunostained liver section (six
from the periportal area and six from perivenous area) were evalu-
ated at 600-fold original magnification.

Immuncblot analysis

The immunoblast analysis was performed as described previ-
ously.* Briefly, a membrane-enriched fraction (50 pig protein) was
separated on a 6.25% polyacrylamide gel. After being transferred
to a nitrocellulose membrane (GE Healtheare, Czech Republic).
the proteins were blocked for |h at room temperature with 5%
non-fat dry milk in Tris-buffered saline containing 0.05% Tween
20 {TBST}) The membrane was then incubated with the M2-I115
{1:500) antibady for | h, washed appropriately with TBST, and
incubated for | h with a peroxidase-conjugated goat antimouse
IgG antibody (1 : 1000). After washing the membrane four times
with TBST buffer. chemiluminescence was developed using
enhanced chemiluminescence reagents (GE Healthcare, Crzech
Republic). The immunoreactive bands on the autoradiography
films were scanned with a GS-800 calibrated densitometer (Bio-
Rad Laboratories, Hercules, CA, USA) and semiquantified using
the QuantityOne imaging software (Bio-Rad, USA).

Biliary and urinary excretion of conjugated
bilirubin in vivo

The control and DEX-pretreated rats were anesthetized with pen-
tobarbital (50 mgfkg) and cannulated with polvethylene bes
introduced in the right jugular vein for drug administration and the
left carotic artery for blood sampling. The urinary bladder and bile
duct were also cannulated for urine and bile collection. The body
temperature of the animals was maintained at 37°C with a heat
lamp. To elucidate the effect of DEX on steady-state biliary excre-
tion and the renal handling of endogenous-conjugated bilirubin,
the rats received only constant-rate infusion (Perfusor Compact:
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Figure 1

|mmunchistochamical microscopy of multidrug resistance-associated protein 2 (mrp2) in the control and dexamethasonepretreated

i1 mgfkg daily for 4 days, per os) rat liver. Reprasentative images of six livera par group of dexameathasone and contral animals are shown, Liver
cryosections [7-8 pm thick) were labeled with the monoclonal antibody M2-1II6 directed against rat mmp2. In the nommal rat liver, there was strong
mrp? immunostaining localized on the canalicular membrane of hepatocytes, particularly in the pariportal areas (a). Dexamethasona increased the
intensity of mrp2 staining in both areas with the increase being most prominent in pericentrally-localized hepatocytes (bl Scale bar, 50 pm;

magnification, 160:x.

Braun, Prague, Czech Republic) of a 4% mannitol solution at a
rate of 2 mIL/h to maimntain a sufficient and constant urine flow rate.
A 40-min infusion was found to result in stable urine and bile
production. Thereafter, bile and urine were collected in pre-
weighed tubes in 20-min intervals for ancther 40 min. Blood
samples were taken at the midpoint of the bile and urine collection
periods. Plasma samples were obtained by centrifugation of blood
samples at 3000 g for 10 min. All plasma, bile. and urine samples
were stored at —80°C until analysis. The concentrations of conju-
gated (direct) bilirubin and creatinine in plasma. bile, and urine
were measured on the Cobas Integra 800 autoanalyzer (Roche
Diagnostics, Mannheim. Germany) according to the manu-
facturer’s instructions.

Pharmacokinetic analysis

The biliary and renal clearance (Clgae and CLa) of conjugated
bilirabin during the steady state was caleulated by dividing the
respective excretion rate by plasma concentrations which were
supposed to be in the steady state (Cw). The glomerular filtration
rate (GFR) was evaluated as the clearance of endogenous creati-
nine (CLer). The renal clearance ratio of conjugated bilirubin was
caleulated as CL/GFE.

Statistical analysis

Experiments were carried out on six animals per group. All experi-
mental data were expressed as mean = SEM. Statistical signifi-
cance was examined in the control and DEX-treated animals using
unpaired -test by means of Graphpad Instat 3.0 software (Graph-
pad Software. San Diego, CA, USA ) A difference of P < 0.05 was
considered statistically significant.
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Results

Immunohistochemistry of mrp2

Hepatocellular mrp2 immunostaining performed in the control and
DEX-pretreated rat livers is shown in Figure 1. In the control rats,
the M2-1116 antibody yielded a strong canalicular staining. which
was highly prevalent in periportal hepatocytes (Fig. la, Table 1),
The administration of DEX increased the intensity of nmrp2 stain-
ing, which became evenly distributed throughout the liver acinus
without any significant quantitative differences between the peri-
portal and pericentral areas (Fig, Lb: Table 1), In comparison with
the control group, the statistically significant induction of mrp2
after DEX pretreatment was observed in both the perivenous and
pericentral areas with higher intensity in the pericentral zone. A
comparison of overall integral optical densities between the
control and DEX-administered rats indicated a 3.2-fold increase in
the immunostained mrp2 protein.

Western blot analysis of mrp2 expression

Representative  immunoblots of hepatic and kidney crude-
membrane proteins are shown in Figure 2. The DEX-pretreated
rats showed a stronger band intensity of hepatic immunoreactive
protein. when compared 1o the untreated rats. A densitometric
analysis of the mrp2 level indicated that DEX pretreatment
increased hepatic and renal mrp2 protein expression 1.3-fold
(P <005, Fig. 2) and 1 4-fold (P < 0.01, Fig. 2). respectively.

Effect of DEX on bilirubin excretion

The influence of DEX on the biliary and renal excretion of
endogencus-conjugated bilirubin in rats is presented in Table 2.
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Table 1 Quartitative evaluation of multidrug resistance-asscciated protein 2 exprassion in control and DEX-pretreated (1 mg/kg daily for 4 days, per

ozl rat liver
Pararnater for image analysis Contral Part DEX Faort
Ceantr Cantr
FProportion of visual field area cccupied by mrp2 staining 0.1 = 0.06 21+08° 28+08"" Ia+x11*
Integral optical densities of mrp2 in visual fiald =1 467 = 174° 664 = 202%*° 903 + 266"

*P- 0,001 periportal versus pericentral areas of the same animals; * P« 006, ** P« 0.001 comparison of data from respective locations batween

control and dexarmethasone ([DEX)pretrested animals.

Values are mean = SEM of six rats, Centr, pericentral areas; Port, periportal araas.

(a)

(b)
Ctrl Ctl DEX

w2 [l el e

Figura 2 Immunoblot analysis of multidrug  resistance-associated
protein 2 {mrp2) the in rat liver (al and kidney (bl from control (Ctrll and
dexamethascne (DEX; 1 mafkg daily, per os for 4 days)-pretreatad rats,
Representative pictures of four measurements are showr.

DEX

Teble 2 Renal and hepatic elimination of endogenous conjugated
bilimbin in control and dexamethasone (DEX)-pretreated {1 ma'kg
per day orally for 4 days) rats

Conjugated bilirubin

Controls DEX
Urine flow rate iplfmin} 102+08 22,1 32"
Bile flow rate (plfmin) 212x15 213x11
Urinary excration rate 0.03 = 0.002 0.04 + 0.003*
inrelimin)
Biliary excration rate 03 =01 08 +x02*
{inmalfimin)
Plasma Ca (i) 03x007 04+01
CLga (milfmin) 0.2x0085 0.2 £ 006
Class (mlfmin) 2718 46+ 2.3
CLa/CLca 0.06 £0.01 0.05 = 0.02
CL, (rrlirmin) 32+03 31+04
Total plasma protein g/l 542 +10 656 £ 08"
Plasma alburnin {g/L} 35408 48,1 £ 0.5***
ALT (pcat/l 08 +006 B.1x1.37""
AST fucatL) 1.50 £0.09 10.2 £3.6°
GMT ipcat/l) 002 =00 008 = 0.02

Values are mean = SEM (n=6). Significartly different from contral
valua (*FP <005, *"*P=0.01, ***F <0001,

ALT, alanine aminotransferase; AST, aspartate aminotransferase;
Clgye biliary clearance; CL.g, creatinine clearance; CL;, renal clearance;
C.., steady-state concentration in plasma; GMT, gamma-glutarmyl
transferase.

DEX produced 2.2-fold increase in the wrine Aow rate without
changes in bile How. The biliary excretion of conjugated bilirubin
was increased 2.7-fold after DEX pretrealment. However, as

plasma concentrations of conjugated bilirubin rose with wide
interindividual variability, as well in response to DEX therapy, the
ohserved 1.7-fold increase of CLyg, failed o display statistical
Renal compound  remained

significance. clearance of the

unchanged.

Biochemical parameters

The changes n serum biochemical parameters after short-term
DEX pretreatment are sumimarized in Table 2. DEX pretreatment
increased the plasma total protein and albumin concentrations and
induced the activity of liver enzymes. aspartate aminotransferase
(AST). and alanine aminotransferase (ALT).

Discussion

This study describes the zonation of the mrp2 protein in the rat
liver and its change after administration of known inducer, DEX.
We have shown that mrp2 protein expression is primarily located
on the canalicular membrane of hepatocytes in periportal areas
{zone | ) of the liver acinus. The short-term administration of DEX
resulted in the significant induction of mrp2 protein expression in
both periportal and perivenons hepatocytes. with more intensive
induction observed in perivenous hepatocytes. An overall increase
was observed in the liver mrp2 expression after DEX was con-
firmed by Western blotting and an fn vive pharmacokinetic study
with conjugated bilirubin as an endogenous substrate of mrp2.
The expression of some hepatic genes and proteins is compart-
mentalized into three different zones which reflect the spatial
distribution of cells near the central or portal veins. Numerous
metabolism-related pathways, including xenobiotic metabolism
and conjugation. amino acid utilization, cholesterol synthesis, bile
formation. and nuclear hormone receptors exhibit zonal patterns of
regulation andfor expression in the normal liver™ As for mrp2.
only inconclusive knowledge is available. Studies using immuno-
histochemisiry and immunofluorescence showed that mrp2 is
equally expressed in the canalicular plasma membrane of pericen-
tral and periportal hepatocytes. ' In contrast, data obtained by
kinetic studies with mrp2 substrates and selectively impaired zone
I (periportal) and zone 3 (pericentral) hepatocytes demonstrated
either pericentral or peripartal prevalence of mrp2 2% Our results,
based on precise morphometric and densitometric quantification in
multiple visual fields which have not been used for mrp2 guanti-
fication yel, suggested the periportal zonation of mrp2. Because
the uptake and biliary excretion of organic anions, which are
natural substrates for mrp2, is also prefernbly accomplished by

Journsl of Gastroentemlogy ard Hepatology (2007) & 2007 The Authors

Journal compilation € 2007 Joumnal of Gastroenterclogy and Hepatalogy Foundation and Blackwell Publizhing Asia Py Lid

72



Zonation of multidrug resistance-associated pra2eimrat liver after induction with dexamethasone

5 Micuda et al

zone | hepatocytes! the primary location of the mrp2 protein

within the periportal area would therefore be a logical explanation
of this functional heterogeneity of the liver acinus.

The induction of mrp2 expression and the subsequent increase
of function have been demonstrated for a variety of compounds.”
Nevertheless. the morphological patterns of induction within the
liver acinus have not been described as yet. In the present study, we
used DEX, a pregnane X receptor (PXR) receptor agonist,™ as a
clinically important drag. which has proven potency to change
drug disposition based cn increased activity of drug-metabolizing
enzymes and transporters. ™" We demonstrated that pretreatment
with DEX produced the induction of mrp2 expression in the nor-
mally silent cells in the perivenous areas, which resulted in a more
uniform acinar expression pattern. Importantly, the extent of the
overall 3.2-fold increase in mrp2 histological immunostaining
observed in our study corresponds well with the |.3-fold increase
m mrp2 band intensity detected by Western blotting, Recently, we
made similar observations with another important drug transport-
ing protein, P-glycoprotein® Interestingly, concerning zonation,
a similar but inverse pattern of induction was described for
cytochrome P450 enzymes, which are primarily located in the
perivenous areas of the liver acinus. and the administration of an
inducer produced an increase, especially in periportal hepato-
cytes.! Therefore. our results, together with these findings, suggest
the existence of an effective cooperation/coordination mechanism
{e.g. PXR receptor) between phase I/phase II drug metabolizing
enzymes and drug transporters. uniting the expression of both
systems within the liver acinus after the administration of inducers.,
such as DEX. and thus supporting the excretion of endo- and
zenobiotics from the organism.

To assess the functional consequences of increased mrp2
expression. we performed an fn vive study with the evaluation of
biliary and renal clearance of endogencus conjugated bilirubin in
rats after the administration of DEX. The substrate selection was
based on the knowledge that bilirubin, the main product of heme
catabolism, is excreted from the hepatocytes into bile almost
exclusively via mrp2. mainly as glucuronides. ™ The excretion
across the canalicular membrane of hepatocytes is the rate-limiting
step of overall hepatic transport of bilirubin,® and is deficient in
two mutant rat strains, GY/TR-" and Eisai hvperbilirubinemic
rat*™ with the absence of mrp2.® Conversely, the induction of mrp2
expression contributes 1o an incréase in conjugated bilirubin total
and hepatic clearance in rodents. ™ Our data showed a significant
increase in the biliary excretion of conjugated bilirubin, which was
in agreement with the induction of mrp2. However, the observed
merease in the biliary clearance of conjugated bilirubin failed to
reach statistical significance due to high interindividual variability
of the changes in its plasma concentrations. One possible expla-
nation could be the fact that conjugated bilirubin is formed in the
endoplasmic reticulum of hepatocytes by uridine diphospho-
glucuronosyltransferase,” an enzyme that is also induced by PXR
and constitutive androstane receptor agonists.”® Hence, upon con-
version. conjugated bilirubin is directly available for mrp2-
mediated biliary excretion. and its concentration measured in
plasma may not be a reliable indicator for the calculation of biliary
clearance.

Interestingly, we observed a significant increase of urine pro-
duction after DEX pretreatment. Nevertheless, GFR, which is
represented by creatinine clearance, did not change significantly.
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supporting the hypothesis that increased urine production is due to
changes in the renal tubular process. Indeed, increased diuresis and
no or a slight increase in Clep have been repeatedly observed in
humans and animals. ™ The main mechanism involved in increased
diuresis after the administration of glucocorticoids seems o be
marked natrivresis, accompanied by the indoction of Na/K-
ATPase and increased kalium excretion.® The observed increase
of albumin concentration in plasma after DEX was also previously
described and could be attributable to increased albumin synthesis
by the liver™* In agreement with our results, long-term and/or
high-dose treatment with oral or parenteral glucocorticoids was
previously associated with the induction of liver AST and ALT
activities ™ Despite some reports suggesting an increase synthesis
of enzymes rather than damage of hepatoeytes, the exact mecha-
nism of this effect remains unclear at present. 42

In conclusion, we have used a precise morphometric method for
the separate quantification of immunostained mrp2 within the dif-
ferent areas/zones of the liver acinus, which has not yet been used
for mrp2 quantification. The primary periportal zonation of mrp2
was revealed in the rat liver with its significant changes during
induction toward uniform panlobular distribution due to upregula-
tion, mainly in the perivenous (zone 3) region of the liver acinus,
The indvction of mrp2 was confirmed by the results of Western
blotting and an tr vive clearance study with endogenous conju-
gated bilirubin.
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ABSTRACT: Clinical studies of low-dose methotrexate (LDMTX) pharmacokinetics document
increased plasma concentrations of MTX after co-administration of the drug with amiodarone or
macrolide antibiotics. As drug—drug interactions may increase the toxicity of LDMTX, a rat model
was used to follow renal and biliary elimination of MTX during its constant-rate i.v. infusion and
concomitant single bolus iv. injections of amiodarone or azithromycin. The mean steady-state
plasma concentration of 17 + 0.1 pmol/l was reached and the total clearance achieved
17.7 + 1.0ml/min/kg. Administration of amiocdarone decreased the biliary clearance of MTX to
73% of the control values (p<{.05). Correspondingly, the total clearance decreased to 72% and
plasma MTX concentrations were augmented to 2.5 + (.4 pmol/1 (p <0.05). Amiodarone-treated
rats exhibited a 3.3-fold decrease in the renal clearance (p <0.05) of conjugated bilirubin, which was
associated with its increased plasma concentration. In contrast, azithromycin did not alter any of
the MTX pharmacokinetic parameters. In conclusion, this is the first report describing the
impairment of MTX hepatic elimination during co-administration with amiodarone. This study also
provides new insight into acute amiodarone-induced hyperhilirubinaemia, where increased
bilirubin production and decreased renal clearance may contribute to this effect. Importantly,
azithromycin seems to be a safe co-medication during LDMTX therapy. Copyright © 2008 John
Wiley & Sons, Lid.

Key words: methotrexate; amiodarone; azithromycin; biliary excretion; interaction

Introduction

Low-dose methotrexate (LDMTX) therapy has
become effective in the treatment of autoimmune
and lymphoproliferative diseases [1]. In these
disorders, the therapeutic outcome of MTX is
related to its systemic or tissue-specific concen-
trations [2]. Unfortunately, the pharmacokinetics
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of LDMTX is individually highly wariable,
resulting in a ditferent systemic exposure to the
drug and unpredictable therapeutic/toxic effects
in patients. Among the main causes of this
variability is the inhibition of transporter-
mediated MTX excretion in the liver and kidney
[1] as seen in drug-drug interactions between
LDMTX and, for example, nonsterpidal anti-
inflammatory drugs, salicylic acid and probene-
cid. These interactions may result in bone
marrow suppression and acute renal failure [3].
In addition, clinical data suggest that other
commonly used drugs such as amiodarone and
macrolides are suspected of producing these
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mteractions with MTX. However, no detailed
study quantitatively describing
changes in MTX pharmacokinetics after admin-
istration of both suspected chemical structures is
available vet.

Amiodarone, a benzofuranic acid derivative, is
a potent drug used in the treatment of parox-
ysmal supraventricular tachycardia, malignant
ventricular tachyarrhythmias, atrial flutter and
fibrillation [4]. As a highly lipophilic molecule,
AMD is widely bound in the tissues with a huge
distribution volume and a correspondingly long
serum elimination halflife of 40-60 days. The
main route of elimination is the hepatic metabo-
lism to active desethylamiodarone and subse-
quent excretion to bile [5]. Clinical usage of AMD
is hampered by a wide spectrum of drug—drug
mteractions based on inhibition of several im-
portant cytochrome P450 isoforms, such as
CYP3A4, CYP1A2 and CYP2C9 [6,7]. In addition,
amiodarone may affect the excretion of drugs
that are either poorly metabolized (e.g. digoxin)
[8] or the metabolism is not a rate-limiting step
for their elimination (e.g. anthracyclines and
vinca alkaloids) [9]. Studies with in vitro cellular
models identified that these interactions occur
via the inhibition of the hepatic P-glycoprotein
(P-gp) membrane transporter [10,11]. Moreover,
inhibition of another transporter, Oatp2, has been
described for amiodarone [12]. Although the
involvement of both transporters in MTX phar-
macokinetics seems to be minor, serious interac-
tion between AMD and MTX has been reported
in patients with psoriasis [12]. Authors have
suggested pharmacokinetic mechanisms but the
proof is still missing.

Azithromycin, a 15-ring member macrolide
antibiotic, is widely used in the therapy of
community-acquired but also hospital infections
[14). In comparison to other macrolide antibiotics,
AZT possesses unigue pharmacokinetic character-
istics with a lungcr half-life, greater tissue dis-
tribution and higher intracellular concentration
than others known [15]. It is mainly eliminated in
unchanged form in the faeces via biliary excretion
and intestinal secretion, whereas urinary excretion
is the minor elimination route in humans [15,16].
Recently, Sugie et al. [17] have demonstrated that
the active excretion of azithromycin is mediated
via two ATP-dependent membrane transporters,

interaction

Copyright © 2008 John Wiley & Sons, Ltd.
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P-glycoprotein and Mrp2. At the same time,
azithromycin has been shown to produce inhibi-
tion of the hepatobiliary excretion of drugs that
are substrates for Mrp2, the main transporter for
biliary excretion of MTX [18,19]. Regarding co-
administration with MTX, the interaction between
MTX and another macrolide antibiotic has already
been described [20]. Moreover, an inhibitory effect
of azithromycin on the renal and biliary excretion
of MTX given in a high-dose regimen was
demonstrated recently [21]. Therefore, the ques-
tion of whether AZT could also affect LDMTX
pharmacokinetics arises.

The present study aimed to investigate
whether amiodarone or azithromycin influences
either the hepatobiliary or renal excretion of
LDMTX in rats. At the beginning, the pharma-
cokinetic profile of both potential inhibitors was
described in rats including their renal and biliary
excretion. Thereafter, an i vivo clearance study
was performed in rats where the influence of
either amiodarone or azithromyein on the phar-
macokinetics of MTX was examined during
steady-state  MTX plasma concentrations. In
addition, the kinetics of another organic anion,
endogenous conjugated bilirubin, was monitored
in the same animals to obtain further information
on the potential inhibitory influence of both
compounds on this excretory pathway.

Methods

Chemicals

Amiodarone was purchased from Sigma Chemi-
cal (5t Louis, MO). Azithromycin and clarithro-
mycin were kindly donated by Zentiva (Praha,
Czech Republic). Amiodarone, methotrexate and
azithromycin for injection were obtained from
EBEWE Pharma (Unterach, Austria) and Pliva
d.d. (Zagreb, Croatia), respectively. All other
reagents are commercially available and were of
analytical grade. All reagents were used without
further purification. '

Animals

Male Wistar rats (280-320g) were obtained from
BioTest Ltd (Konarovice, Czech Republic). The

Biopharm. Drug Dispos. 2%: 289-299 (2008}
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rats were housed under controlled environmental
conditions {temperature of 22 + 1°C and humid-
ity of 55% + 5%) with a commercial food diet and
water available ad [libitum. All rats received
humane care according to the criteria outlined
in the Guide for the Care and Use of Laboratory
Animals (revised 1996; http://www.nap.edu/
books /0309053773 /html /81.html). The study
protocol was approved by the Animal Welfare
Committee of Charles University in Prague,
Faculty of Medicine in Hradec Kralove.

Amiodarone and azithromycin pharmacokinetics
in rats

Rats (#=3) under anaesthesia by intraperitoneal
injection of sodium pentobarbital (50 mg/kg
body weight) were fixed in a supine position
and cannulated into the right jugular vein, left
carotid artery, bile duct and urinary bladder for
drug administration, blood sampling, bile collec-
tion and urine collection, respectively. After
surgical preparations, the rats received an in-
travenous injection of either azithromycin
(40 mg/kg) or amiodarone (25mg/kg). The dose
was selected on the basis of experience from
previous studies [17,22] to allow comparison of
the pharmacokinetic data. In addition, 4% man-
nitol solution was infused at a rate of 2ml/h
throughout the study to maintain a constant
urine flow rate. Blood samples ( &~ 0.3 ml) were
taken at designated time intervals (4, 10, 20, 40,
70, 90 and 120min) after injection of the drug,.
Plasma was obtained from the blood samples by
centrifugation at 3000xg for 5min at 4°C.
Simultaneously, bile and urine samples were
collected in preweighed tubes at 20 min intervals.
All specimens were stored at —80°C until
analysis. The body temperature of the animals
was maintained at 37°C by the placement of the
animals on a heating platform.

Effect of azithromycin and amiodarone on the
biliary and renal clearance of MTX in rats

Rats (n=6, in each group) under light anaesthesia
with sodium pentobarbital (50 mg,”kg) were
fixed in a supine position and cannulated into
the right jugular vein, left carotid artery, bile duct
and wurinary bladder for drug administration,
blood sampling, bile collection and urine collec-

Copyright © 2008 John Wiley & Sons, Ltd.
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tion, respectively. After surgical preparations, the
rats received a bolus injection of MTX in a
loading dose of 4umol/kg, followed by a
constant-rate infusion {Perfusor Compact; Braun,
Prague) of a saline solution containing 4%
mannitol delivering 1.8 pmol/kg of MTX per h
at a rate of 2ml/h until the end of the study. The
loading and maintenance doses of MTX were
determined by preliminary biliary and renal
clearance experiments. Mannitol solution was
used to maintain a sufficient and constant urine
flow rate. After a 60 min infusion when MTX C.,
was attained, bile and urine samples were
collected at 20 min intervals for 40min. After a
100 min infusion, a bolus of amiodarone (25mg/
kg) or azithromycin (40mg/kg) or isotonic saline
was administered intravenously. Bile and urine
samples were thereatter collected in preweighed
tubes at 20min intervals from 160 to 220 min.
Blood samples were collected at the midpoints of
the bile collection periods (70, 90, 170, 190 and
210 min after the start of MTX infusion). Plasma
samples were obtained by immediate centrifuga-
tion of blood samples and were kept frozen
(—80°C). The volume of bile and urine samples
measured gravimetrically with specific
gravity assumed to be 1.0. The body temperature
of the animals was maintained at 37°C by the
placement of the animals on a heating platform.

Wids

Drug analysis

The concentration of amiodarone, azithromycin
and methotrexate in plasma, urine and bile were
determined by high-performance liquid chroma-
tography (HPLC) methods.

The concentrations of methotrexate were mea-
sured after deproteination of samples according
to a previously described method [2] with the
following minor modifications. Briefly, the in-
strument was an Agilent 1100 series (Agilent,
Palo Alto, USA) chromatograph provided with a
fluorescence detector (excitation, 350 nm; emis-
sion 430 nm). Separation was achieved at 30°C
using a column Gemini C18, 1104, 4.6 % 150 mm
and precolumn Gemini C18, 4 < 3mm (Phenom-
enex, Torrance, USA). The mobile phase flowing
at the rate of (0.6 ml/min consisted of ammonium
acetate and acetonitrile (87:13, v/v).

Biopharm. Drug Dispos. 29: 289-299 (2008}
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For amiodarone and desethylamiodarone ana-
lysis, plasma, bile and urine samples (0.1 ml)
were diluted by using 0.4 ml of water. A solution
of zinc sulfate 20 pl (10%) and acetonitrile (1 ml)
was added. The samples were mixed and
centrifuged for 10min at 15000 =« ¢. The injection
volume of supernatant was 70 pl. Analysis was
performed on a 2695 Waters Separations Module
(Waters Corp., Milford, MA, USA) equipped with
a 996 photodiode array detector and Pelder
column-thermostat  Jet-Stream  (Thermotechnic
Products). Empower Software (Waters Corp.,
Miltord, MA, USA) was employed for the data
acquisition and processing. The separation of
amiodarone and desethyvlamiodarone was per-
formed on the analytical column Symmetry C18
(Waters) 5 pm particle size (4.6 mm i.d = 150 mm).
A Waters Symmetry C18 5 pm particle size Guard
Column (3.9mm i.d. « 20 mm) was used as the
analytical precolumn. The isocratic flow rate of
the mobile phase was set at 1.1 ml/min. The
mobile phase consisted of acetonitrile (47%) and
50 mm phosphate buffer pH 3.1 (53%). UV
spectra of all chromatographic peaks were
recorded in the range 200-600nm using a
diode-array UV detector with a resolution at
1.2nm.The wavelength of 242 nm was used for
quantitation. The lower limit of detection was
0.10pmol /1 (amiodarone) and 0.2 pmol /1 (meta-
bolite), respectively, The inter- and intra-batch
accuracies and precisions reached values of 92.6-
104.7% (recovery) and 2.3-94% (RSD), respec-
tively.

The HPLC method for arithromycin analysis
was pertormed as follows. The plasma sample
(150 ) was mixed with the same volume of
0.05M potassium carbonate, 5ul of acetonitrile
and 50l of internal standard (20 mg/1 clarithro-
mycin). After 5s shaking, 12ml of tert-butyl-
methylether was added and the mixture was
vigorously vortexed for 30s and centrifuged at
2200 x g for 10min. The organic layver was
transferred to an Eppendorf tube and evaporated
to dryness. The remnant was dissolved in 100 ul
of mobile phase and 50pl was injected on a
column. Samples of bile and urine were diluted
with water and 50ul of internal standard (20 mg/
1 clarithromycin) was added. The mixture was
directly injected on an HPLC column. The
chromatographic system consisting of HPLC

Copyright @& 2008 John Wiley & Sons, Ltd.
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pump LC-20AD, autoinjector SIL-10ADvp (Shi-
madzu, Japan), thermostated column compart-
ment LCO102 (Ecom, Czech Republic) and
coulochem detector with analytical cell model
5010 (ESA Inc., MA, USA) was used for all
separations. Chromatographic data were cap-
tured and evaluated with Clarity Lite sottware
(Prague, Czech Republic). Isocratic separation at
a flow rate of 1.0ml/min was carried out on a
Gemini C18 reverse phase column (150 = 4.6 mm,
3 pm particle size), protected with a Gemini C18
4« 3mm guard column (Phenomenex, Torrance,
CA, USA) at a temperature of 40°C. The mobile
phase consisted of 0.05M phosphate buffer
(pH=8.0) and acetonitrile (6040, v/v). The
effluent was monitored at an electrode potential
of 900 mV with a total sample run time of 20 min,
The lower limit of detection was (0.156 um. The
inter- and intra-batch accuracies reached values
of 2.2=-19.7%.

The concentrations of creatinine and bilirubin
(direct and total) were measured on Cobas
Integra & 800 (Roche Diagnostics, Mannheim,
Germany) according to the manufacturer’s in-
structions.

Pharmacokinetic analysis

Pharmacokinetic analyses were conducted with
Kinetica (version 4.4.1). Non-compartmental ana-
lysis was used to describe the disposition of
amiodarone and azithrurnycin during 120 min,
i.e. the same period during which the drugs were
present in the organism together with MTX in the
subsequent steady-state interaction study. Max-
imum observed serum concentrations (Cras) of
azithromycin and amiodarone were estimated for
ecach animal directly from the serum concentra-
tion-time data. The time of the maximum con-
centration (Tma) was defined as the Hme of the
first occurrence of Chay (1.e. coincident with the
initial blood sample). Area under the plasma
concentration-time curve (AUC) from time 0 to
Tiaee was estimated according to the log-linear
trapezoidal rule where T\, was the last quanti-
fied concentration. The biliary (ClLgye) and renal
(CLg) clearance was calculated by Equations (1)
and (2), where Xy and X, . were the amount
of arithromycin or amiodarone excreted to bile
and wurine, respectively, dul‘ing the evaluated

Bigpharm, Drug Dispos. 29: 289299 (2008)
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period and Tjae was 120min [23]:
CLgile = Xpite/ AUCH Thast (1)

CLr = XUrine /AUC ) Tragt (2)

Steady-state pharmacokinetic parameters of MTX
for the interaction study were calculated for each
animal as the mean of three points in 160°-220" of
experiment. The total plasma clearance (CLyggal)
of MTX was estimated by dividing the constant
infusion rate of MTX by the steady-state con-
centration in plasma (C.). Biliary and renal
clearance (CLyy. and CLg) of MTX during each
collection period was calculated by dividing the
respective excretion rate by C,, determined for
that collection period. Kinetic parameters of
endogenous conjugated bilirubin, an Mrp2 sub-
strate, were calculated by the same approach, on
the basis of the assumption that bilirubin plasma
concentrations were in steady-state with the
exception of CLy;. as this cannot be calculated
due to the fact that liver is the organ that
synthesizes conjugated bilirubin synthesis. The
glomerular filtration rate (GFR) was evaluated as
the clearance of endogenous creatinine (ClLeg).
The renal clearance ratio of MTX and bilirubin
was calculated as CLg/Cleg.

Statistical analysis

Interaction experiments were carried out in five
animals per group. All experimental data are
expressed as mean £+ SEM. Statistical signifi-
cance was examined by unpaired f-test using
Graphpad Prism 4.0 software (Graphpad Soft-
ware, San Diego, USA) A value of p<0.05 was

considered statistically significant.

Results

Plasma concentration-time curove Uf amiodarone
and azithromycin

Semilogarithmic plots of plasma, biliary and
urinary concentration-time data for amiodarone
and azithromycin after a single intravenous
injection are shown in Figure 1, respectively.
Regarding amiodarone, the maximum concentra-
tions of the compound in plasma (C..,.J), mea-

Copyright © 2008 John Wiley & Sons, Lid.
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Figure 1. Semilogarithmic plots of amiodarone (A} and
azithromycin (B) plasma, biliary and urinary concentration
versus time curves measured in Wistar male rats after
intravenous administration of a single bolus dose (25mg/kg
of amiodarone and 40mg/kg of azithromycin). For amiodar-
one, the main metabolite, desethylamiodarone, was detected
only in bile. Symbols: W, drug concentrations in plasma; ¥
drug concentrations in bile; &, drug concentrations in urine;
{», desethylamiodarone concentrations in bile. Values are the
mean + SEM (n=3)

sured 4min  after admimstration, were
14.5 + 1.9 pm. The main metabolite, desethyla-
miodarone, was detected only in bile. Concentra-
tions of both amiodarone and desethylami-
odarone in bile quickly exceeded amiodarone
concentrations in plasma (Figure 1A). Within
120 min of administration, the rats excreted only
0.1% ot the applied amiodarone dose, 97% of
which appeared in bile and 3% in urine. The
CLpj. and CLg of amiodarone were 5.9 4+ 0.7ml/
h/kg and 0.2 = 0.07 ml/h/kg, respectively. In the

Biopharm. Drug Dispos. 29: 289-299 (2008}
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case of azithromycin, Cpae measured within
4min after administration was 325 + 7.8pum.
Both bile and urine concentrations were well
above those measured in plasma (Figure 1B). A
total of 18% of the injected azithromycin dose
was excreted in urine and bile over the evaluated
period (120 min), 8% of which was into the bile
and 92% into urine. The Clpje and Clg of
azithromycin  were 90.4 =+ 17.9ml/h/kg and
1116 + 377 ml/h /kg, respectively.

Steady-state pharmacokinetics of methotrexate in
control animals

Pharmacokinetic data of MTX during steady-
state of plasma concentrations in control rats are
summarized in Table 1. A steady-state concentra-
tion of MTX was attained after 60 min from the
start of its constant rate infusion. Concentrations
of MTX in bile were 169-fold higher than in
plasma, suggesting an important contribution of
the active transport mechanism. Urinary concen-
trations were also 98-fold higher than in plasma,
but a CLg/CLcg ratio below 1 suggests that
glomerular filtration together with tubular reab-
sorption play main roles in methotrexate renal
elimination. The sum of MTX biliary and urinary
excretion rates accounted for 87% of the infusion
rate in the absence of inhibitors. Thus, the
metabolism of methotrexate under these condi-
tions should be minor and any potential effect of
an interaction involving metabolism should be
minimal.

Effect of amiodarone and azithromycin on biliary
and renal clearance of MTX

The effects of amiodarone (25 mg/kg) and azi-
thromycin (40mg/kg) on the biliary and renal
excretion of MTX were investigated under stea-
dy-state conditions obtained by the continuous
intravenous infusion. The pharmacokinetic para-
meters of MTX are summarized in Table 1.
Administration of amiodarone significantly de-
creased the CLyye of MTX by 27% with a cor-
responding reduction of Cly,, by 28%. The renal
clearance of MTX remained unaffected after
amiodarone; however, CLeg was significantly
reduced by 33%. In comparison, there was no
change in any of the MTX pharmacokinetic
parameters after azithromycin administration

(Table 1).

Effect of amiodarone and azithromycin on con-
jugated bilirubin (CB) excretion

To further investigate the influence of both
potential inhibitors on the organic anion elimina-
tion pathways, the biliary and renal excretion of
another MRP2 substrate, endogenous CB, was
evaluated in the MTX-infused The
results of endogenous bilirubin kinetics in rats
are presented in Table 2. Amiodarone produced a
5.9-fold increase in the biliary excretion of
conjugated bilirubin. However, as the concentra-
tions of CB in plasma rose 5.5-fold as well, the
overall influence of amiodarone on CB biliary
clearance remained insignificant. Despite the

animals.

Table 1. Effects of amiodarone and azithromycin on biliary and renal excretion of MTX in rats

MTX
Contmol AMD AFT
Urine flow rate (ul/min) 118420 131 4+ 3.1 1384+ 25
Bile flow rate (pl/min} 187+ 21 187 + 47 2084+ 07
Urinary excretion rate (nmol/kg/min} 73417 122 433 81+15
Biliary excretion rate (nmol/kg/min} 187+ 15 187 +1.5 1704+ 19
s [t} 17401 25 +04° 1.6 +01
CLg (ml/kg/ min} 43409 51-+14 5.6+ 14
CLpi. (ml/kg/min} 111412 79 415 104+ 05
CLpoy (ml/ kg/min} 1774+ 1.0 127 +1.8° 197+ 18
Cleg (ml/kg/min} 77+12 52 + 06 76409
Clg/Cleg 0.6+ 0.1 1.0 4+ 027 0.7+ 01

Values are mean + SEM (n=5).
Significantly different from control values (*p< 0.05).
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Table 2. Kinetics of endogenous bilirubin in rats (n=5 in each group) after administration of either amiodarone (25mg/kg) or

azithromycin (40mg/kg)

Control AMD AFT
Conjugated bilirubin
Urinary excretion rate (nmol/kg,/min} 012 + 003 016 + 0.0d 013+ 003
Biliary excretion rate (nmol/kg,/min} 36+ 1. 2144 3.¥F 36 +03
Coa [pnt) 0.2 + 0. 114027 0.1 -+ 0.002°
CLg (ml/kg/min} 0.7 + 0. 0.2 + 0.05° 13403
CLg/CLcg 0.1 4 0 0.03 + 0.008" 02 +0.03
Total bilirubin
Co () 4.1+ 01 61+ 04" 50 +0.5

Data om urine and bile flow rates are listed in Table 1—samples from the same animals were analysed. Pharmacokinetic analysis was performed on
the basis of the assumption that bilirubin serum concentrations were in steady-state.

Values are mean + SEM (n=5).

Significantly different from control values (*p= 0,05, "p= 001, “p < 00010,

administration of amiodarone not changing the
CB wrinary excretion rate, the renal clearance of
CB was decreased. In contrast, administration of
azithromycin induced a significant decrease in

CB C...

Discussion

This study initially describes in detail the biliary
and urinary excretion of amiodarone and azi-
thromycin during the first 120min upon intrave-
nous administration of a single bolus dose
to male Wistar rats. Thereafter, the influence of
both compounds on steady-state pharmacoki-
netics of MTX was monitored in separate groups
of animals during the same period. A significant
decrease of MTX biliary clearance was observed
after administration of amiodarone, which was
associated with increased MTX plasma concen-
trations and decreased total clearance of the
drug. In contrast, no change in MTX pharmaco-
kinetics was detected after administration of
azithromycin. The evaluation of kinetics of
another organic anion, endogenous conjugated
bilirubin, showed a significant increase in its
plasma concentrations and biliary excretions
after administration of amiodarone, while a
decrease of plasma CB concentrations
detected atter application ot azithromycin.

In humans, the major route of MTX elimination
is renal excretion of unmetabolized drug,
which accounts for approximately 60% to 90%
of the total body clearance. In addition, about

was
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3% to 4% of the applied dose is excreted in
urine as 7-hydroxy-methotrexate [3]. The remain-
ing 10-30% of methotrexate is eliminated
by active biliary excretion, which is mediated
mostly by MRP2 [24,25]. In rats, 62% of
Lvi-administered MTX is excreted into bile,
whereas 27% of the dose is excreted into urine,
as shown by Masuda ef al. [19]. Similarly to
humans, biliary excretion is mediated by MRP2
as demonstrated by the almost complete aboli-
tion of methotrexate biliary recovery in Eisai
hyperbilirubinaemic rats (EHBR), the strain
deficient in MRP2 expression and function in
the liver and intestine [26]. Consistent with
previous reports, the present study demonstrated
that biliary excretion represents the major route
of MTX elimination in rats. Importantly, unlike
these studies, a dosage regimen was used that
maintained steady-state  MTX concentrations
equal to those measured after low-dose MTX
administration [2]. The equilibrated rate of
administration and the sum of urinary and
biliary excretion confirmed the steady-state. An
observed small discrepancy between the overall
excretion and the infusion velocity could, at least
partly, be explained by metabolism to 7-hydro-
xymethotrexate by hepatic  aldehyde-oxidase,
which may account for 6-10% of the adminis-
tered dose [27]. Concerning renal elimination,
steady-state concentrations of MTX wused in our
study were associated with a ratio of Clg/CLcg
below 1, which suggests tubular reabsorption. A
similar observation was reported previously in
humans [1].

Biopharm. Drug Dispos. 29: 289-299 (2008}
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Before the interactions study with MTX, a short
study was performed to obtain information about
the kinetics of amiodarone and azithromycin in
rats during an appropriate time period. Com-
plete pharmacokinetic parameters of the
compounds could not be described due to the
long Thalf-life of both compounds [17,28].
Nevertheless, the study focused on actual con-
centrations in fluids and biliary and renal
excretions during the period of planned co-
administration with MTX. Regarding amiodar-
one, as expected [22], the principal route of the
drug elimination was biliary excretion. A
small proportion of the dose excreted during
the evaluated periods corresponds well with the
very long biological half-life of amiodarone in
humans and rats [5,28]. Importantly for interac-
tions, the measured plasma concentrations in
our study comply with those observed in clinical
settings where therapeutic concentrations are
1-25mg/1, ie. 1.5-3.7pm [5]. Administration
of azithromycin also yielded pharmacokinetic
behaviour that complies with previously re-
ported data [17]. The only difference was
higher renal clearance of azithromycin in
our study. This fact may be related to the
continual infusion of fluids and the maintenance
of constant urine flow throughout the study to
provide the same conditions as in the case of the
following interaction study. Similarly to amio-
darone, plasma concentrations of azithromycin
were within the range attainable in humans
129,30]. Thus, the basal condition for evaluation
of MTX interactions was fulfilled for both
potential inhibitors.

The study evaluated the effect of amiodarone
on the steady-state biliary and renal excretion
of methotrexate in rats. As reported by Reynolds
et al. [13], administration of amiodarone to
patients receiving oral LDMTX therapy induced
serious  skin necrosis which healed rapidly
when methotrexate was discontinued. Despite
no interaction study being available vet,
the authors proposed that the interaction had a
pharmacokinetic background. In agreement
with this suggestion, our study showed, for
the first time, that amiodarone significantly
decreased the biliary clearance of methotrexate
with a corresponding increase in its C...
Considering MTX pharmacokinetics, the interac-

Copyright © 2008 John Wiley & Sons, Ltd.
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tion described in our study is clearly based on
changes in activities of transport proteins in the
liver. Nevertheless, we are that the
methodology used in our study did not allow
us to answer the question of which transporter is
involved in the observed interaction. Studies
with transfected cell lines showed the inhibitory
effect of amiodarone on P-gp- and OATP2-
mediated transport of digoxin and anthracycline
[11,12]. No study reporting the mvolvement of P-
gp in methotrexate biliary excretion is available.
However, P-gp is a transporter of cationic
compounds with large lipophilic molecules and
indirect evidence of there being no influence of
MTX on the biliary secretion of other P-gp
substrates suggests that the contribution of P-gp
to MTX biliary elimination is small [31]. In
contrast, recent data demonstrated that both
main members of the OATP family, human
OATP1AZ and OATP1B1 and rat Oatplal
(Oatpl) and Oatpla4 (Oatp2), which function
similarly, may contribute to MTX transport [32-
34]. Moreover, Ueda et al. [35] suggested that
interactions of methotrexate with organic anions
take place at the level of basolateral membrane,
the location of OATPs in the liver. Taken together,
the inhibition of Qatp2-mediated hepatic uptake
of MTX seems to be the principal mechanism of
increased plasma concentration of MTX during
amiodarone administration. In kidneys, reduced
CLeg was observed in amiodarone-administered
animals. This result complies with the described
impairment of kidney function during acute
amiodarone therapy [36]. Nevertheless, a de-
creased glomerular filtration rate after adminis-
tration of amiodarone was not associated with
reduction of MTX CLg. The ratio of CLgyrx/ CLer
was increased after amiodarone, suggesting a
blockade of reabsorption when compared with
control animals. Amiodarone’s inhibitory influ-
ence on OATP1 in the kidney, where this protein
is expressed on the apical membrane of the distal
tubule and seems to play a role in active tubular
reabsorption of MTX [33], requires further
elucidation.

The idea for evaluation of potential azithro-
mycin-MTX interaction originates from the fact
that interaction of MTX with other macrolide-like
antibiotics has already been described, and that
azithromycin was shown as an inhibitor of the

daware
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Mrp2 transporter, an important molecule for
biliary excretion of MTX [19,26]. Nevertheless,
our study showed that the administration of
azithromycin did not change LDMTX pharma-
cokinetics. This also provides important informa-
tion for clinical practice where these two
compounds may be co-administered in situations
such as chemically induced abortion [37]. In
addition, the absence of interaction supports the
significance of Oatps for the pharmacokinetics of
LDMTX. First, azithromycin is not an inhibitor of
QOatps, thus indicating that potency to inhibit
methotrexate pharmacokinetics is only through
Mrp2 [38]. Second, Mrp2 is a low-affinity high-
capacity MTX transporter with K, of 300 p, thus
its importance for pharmacokinetics of LDMTX is
likely less prominent than for interactions with a
high-dose regimen [19,35]. This information is
supported by our recent finding that azithromy-
cin produced a decrease in biliary and renal
elimination of MTX when its C., approached an
anticancer regimen [21].

To turther extend information on the influence
of amiodarone and azithromycin on the elimina-
tion pathways for organic anions the kinetics
of endogenous conjugated bilirubin was evalu-
ated in the (MTX-infused) animals.
It is known that Mrp2-mediated biliary excretion
of conjugated bilirubin serves as the main rate-
limiting step in the biliary elimination of the
compound and that MRP2 deficiency is asso-
ciated with hyperbilirubinaemia in rats
and humans [39]. Because both evaluated com-
pounds have been demonstrated previously to
produce intrahepatic cholestasis during repeated
long-term administration, we expected a de-
crease in the biliary excretion of the compound
associated with its increased plasma concentra-
tions [40,41]. Indeed, administration of amiodar-
one induced a marked increase of endogenous
conjugated bilirubin plasma concentration (5.9-
fold); however, the biliary excretion of CB
was correspondingly increased (5.5-fold), too.
Because CB is the metabolite which is formed
from bilirubin intrahepatically, the decreased
uptake to hepatocytes is unlikely to be the
cause of increased C, of the compound after
amiodarone injection. Therefore, the acute in-
crease seems to be related to increased produc-
tion of CB rather than to the cholestasis reported

sdime
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aftter chronic treatment. This finding is supported
by mild haemolysis observed in serum and urine
of amiodarone bolus administered animals (un-
published observation). Indeed, haemolytic anae-
mia due to impaired erythrocyte membrane
function and in witro photohaemolysis
described for amiodarone [42,43]. In addition,
the observed decrease in CLeg which was
associated with decreased renal clearance of CB
may point to another mechanism of amiodarone
induced hyperbilirubinaemia. These data may
bring new insight into the mechanism of hyper-
bilirubinaemia observed after acute high-dose
amiodarone administration in humans [44].
Regarding azithromycin, similar kinetic beha-
viour of CB, ie. decreased CB plasma concentra-
tion, was observed in mice lacking Mrp3, the
basolateral transporter of conjugated bilirubin
with overlapping substrate specificity with Mrp2
[45,46]. Possibly, azithromycin also inhibits Mrp3,
thus preventing backward transport of CB to
blood.

In conclusion, the present study suggests that
amiodarone, an inhibitor of Oatp2, increases the
plasma concentration of MTX by inhibiting
Oatp2-mediated hepatic uptake of MTX in rats.
Although the data obtained in the present study
cannot be extrapolated directly to humans, the
results provide useful information about the
mechanism of interaction already described in
clinical practice. Therefore, the co-administration
of both compounds would better be avoided in
humans or, it inevitable, then careful monitoring
of MTX plasma concentrations with immediate
correction of its dosage is obligatory. In addition,
our data show that one of the most commonly
used antibiotics, azithromyein, at clinically rele-
vant plasma concentrations, failed to demon-
strate any significant effect on the in vive biliary
or renal excretion of low-dose methotrexate in
rats and thus suggests a safe combination for
therapy with low-dose methotrexate.

was
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Although amiodarone (AMD) is known to produce drug-drug interactions through inhibition of
transporter-mediated excretion of drugs, its impact on these mechanisms during chronic treatment has
not been described yet, Therefore, the aim of this study was to investigate the influence of AMD pretreat-
ment on the main multidrug transporting proteins, Mdr1 and Mrp2,in the liver and kidney. The expression
of the transporters and pharmacokinetics of their substrates, rhodamine-123 (Rho123) and endogenous

gey}”';”d‘s" conjugated bilirubin (CB), were evaluated in rats after either AMD oral pretreatments (4-14 days) or
m'_O arone single intravenous bolus. AMD pretreatment of all durations up-regulated renal Mdr1 and Mrp2 protein

Mdr1 . .

Mrp2 expression to 155-190% and 152-223% of the control values, respectively, In agreement, we observed a

Cyp3az corresponding increase in renal clearance of both substrates. Hepatic expression was increased only for

Mdr2 Mdr1 to 234-270% of controls, which was associated with increased biliary elimination of amiodarone
Rhedamine-123 without change in Rho123 biliary clearance, Interestingly, hepatic expression of another Mdr transporter,
Mdr2, was progressively decreased by amiodarone administration. Acute administration of AMD reduced
Rho123 biliary clearance by 64%. Our results indicate that repeated administration of AMD to rats is asso-
ciated with significant increase in hepatic and renal expression of Mdr1 and Mrp2 transporters, which

may contribute to variability in pharmacokinetics of AMD and simultaneously applied drugs.

© 2009 Elsevier Ltd, All rights reserved,

1. Introduction

Amiodarone is a potent drug used in the treatment of seri-
ous supraventricular and ventricular tachyarrhythmias. However,
its wide clinical use is precluded by extensive adverse effects
and drug-drug interactions. In order to limit these complications,
careful monitoring of the therapy is recommended. In addition,
prospective identification of the mechanisms involved in such
therapeutic complications may allow their better prediction and
even prevention.

The most frequently reported drug-drug interactions of amio-
darone are those based on the inhibition of biotransformation [1].
As a highly lipophilic molecule, amiodarone is widely bound in the
tissues with huge distribution volume and a correspondingly long
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serum elimination half-life of 40-60 days [2]. The main route of
its elimination is the hepatic biotransformation to desethylamio-
darone (DEA) by CYP3A4 and CYP2C8, with further metabolism by
CYP3A4 followed by excretion into the bile [3]. Amiodarone was
demonstrated as a potent inhibitor of CYP3A4, CYP1A2, CYP2C9,
CYP2C19 and CYP2D6 [4,5]. Based on this mechanism, serious
amiodarone drug-drug interactions were described with agents
such as warfarin, simvastatin, and cyclosporine A [5]. In addition,
amiodarone may affect excretion of drugs that either are poorly
metabolized, e.g. digoxin [6], or those whose metabolism is not
the rate-limiting step in their elimination, e.g. anthracyclines and
vinca alcaloids [7]. Studies with cellular models identified that
these interactions may occur in the liver via the inhibition of either
canalicular multidrug resistance protein 1 (Mdr1) [8,9] or basolat-
eral organic anion transporting polypeptide 2 (Oatp2)[10,11]. Asa
consequence, information about the principal underlying mecha-
nism of these interactions has become less conclusive. In addition,
itis well known that a long term treatment by Mdr1 inhibitors (e.g.
cyclosporine A or ritonavir) may result in the transporter induction
[12,13]. No such information is currently available for amiodarone.
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The present study aims to investigate amiodarone influence
on the expression and function of two main drug transporting
multidrug resistance proteins, Mdr1 and Mrp2, in the liver and
kidneys. The function of the transporters was evaluated by elimina-
tion kinetics of two substrates, rhodamine-123 (Rho123 for Mdr1)
and endogenous conjugated bilirubin (CB for Mrp2) in rats after
either chronic (4-14 days)or acute (i.v. bolus) AMD administration.
Detailed analysis of hepatic transport was evaluated using cultured
primary hepatocytes. Changes in Mdr1, Mrp2, and Oatp2 protein
expression were evaluated by Western blot.

2. Materials and methods
2.1. Materials

Rho123 and amiodarone were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Cyclosporine A (CsA) was a commercially
available original formulation of Sandimmun (Novartis Ltd.). Mouse
monoclonal antibodies C219, directed to the Mdr1 (150-170kDa)
and M2III-5, directed to Mrp2 (170-190kDa) were purchased
from Signet Laboratories, Inc. (Dedham, MA, USA). Rabbit anti-
Oatp2 (75 kDa) polyclonal antibody was obtained from Millipore
Corporate Headquarters (Billerica, MA, USA). Rabbit anti-Mdr2
(170kDa) and anti-Cyp3a2 (55kDa) polyclonal antibodies were
obtained from Abcam (Cambridge, UK) and Daiichi Pure Chemi-
cals Co. (BD Gentest, Woburn, Massachusetts, USA), respectively.
As a loading control for Western blot, rabbit polyclonal B-actin
antibody (42-45kDa) was purchased from Sigma (St. Louis, MO).
Horseradish peroxidase-linked sheep anti-mouse and donkey anti-
rabbit immunoglobulin G were purchased from GE Healthcare
(Prague, Czech Republic). All other reagents were obtained from
Sigma Chemical Co. (St. Louis, MO) and Bio-Rad laboratories (Her-
cules, CA, USA), respectively, and were of the highest purity
available.

2.2. Animals and treatment

Adult male Wistar rats (Kondrovice, Czech Republic) with ini-
tial weight of 270-280 g were used throughout the study. Animals
were housed under controlled environmental conditions (12-h
light-dark cycle; temperature, 22 £ 1°C) with a commercial food
diet and water freely available. All experiments were performed
in accordance with the Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health (NIH
Publication, 1996) and under the supervision of the Ethical Com-
mittee of the Faculty of Medicine in Hradec Kralove.

Rats were divided into six groups (n==6, in each group). Amio-
darone pretreated animals (25 mg/kg) received the drug once
daily by stomach intubation for 4, 7, and 14 consecutive days.
Corresponding three control groups were treated with an equal
volume of vehicle alone (PBS, 2.0 ml/kg). Pharmacokinetic study
with Rho123 was performed 24 h after the last dose administration.
During this experiment, rats under light anesthesia with sodium
pentobarbital (50 mg/kg) were fixed in supine position and can-
nulated in jugular vein, carotid artery, ductus choledochus and
bladder for drug administration, blood, bile and urine sampling,
respectively. The body temperature of the animals was maintained
at 37°C by a heating platform. Thereafter, a bolus dose of Rho123
(80 ug/kg) was applied intravenously, followed by a constant-rate
infusion (Perfusor Compact; Braun, Prague) of a saline solution
containing 4% mannitol delivering 400 p.g (i.e. 1050 pmol)/kg of
Rho123 per hour at a rate of 2 ml/h for 2 h. The loading and mainte-
nance doses of Rho123 were determined by previous experiments
[14]. Mannitol solution was used to maintain sufficient and con-
stant urine flow rate. Bile and urine samples were collected in
preweighed tubes at 20-min intervals from 60 to 120 min. Blood
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samples were collected at the midpoint of each collection period
(70, 90 and 110 min after the infusion was started). Plasma sam-
ples were obtained from the whole blood by centrifugation at
1200 x g for 5min at 4°C. Organs for consequent evaluation of pro-
tein expression were immediately frozen in liquid nitrogen and
together with plasma, bile and urine samples stored at —80 °C until
analysis.

Acute effect of amiodarone, CsA (a known inhibitor of multidrug
resistance transporters) or vehicle on Rho123 kinetics was tested
similarly as described for pretreatments. After surgical prepa-
rations, the same loading and maintenance doses of Rho were
introduced. Since the 60th min of Rho123 infusion, bile and urine
samples were collected at 20-min interval for 40 min. At 100 min
of Rho123 infusion, amiodarone (25 mg/kg), CsA (25 mg/kg) or iso-
tonicsaline was administered intravenously. Bile and urine samples
were thereafter collected in preweighed tubes at 20-min intervals
from 160 to 220 min. Blood samples were collected at the midpoint
of each collection period (70, 90, 170, 190, and 210 min after the
infusion was started). Samples were processed as described above.

2.3. Rho123 accumulation and efflux in primary rat hepatocytes

Hepatocytes were isolated as described previously [15], seeded
in a density of 2 x 108 cells per Petri dish (60 mm diameter), and
cultured for one day. In Rho123 accumulation experiments, adher-
ent cells were incubated in Williams E medium containing 1 .M
Rho123 in the absence or presence of amiodarone (0.1 puM, 1 M,
and 5 uM) or CsA (1 pM and 10 M), respectively, at 37 °C for 60
and 120 min. In dye efflux experiments, cells were preloaded with
Rho123 by exposure to 1M Rho123 in the medium for 2 h and
then incubated with Williams E medium without Rho123 in the
absence (control efflux) or presence of amiodarone or CsA for up to
120 min. Subsequently, hepatocytes were washed three times with
4°Ccold PBS and intracellular dye was extracted by incubation with
0.5% Triton X (1.5 ml per dish) for 10 min at room temperature. The
accumulated or excreted amount of Rho123 was normalized for the
protein content per dish.

24. Drug analyses

The concentrations of amiodarone, and Rho123 were deter-
mined by high-performance liquid chromatography (HPLC)
methods as described previously [14,16]. The concentrations of
bilirubin and creatinine in plasma, bile, and urine were measured
on Cobas Integra® 800 (Roche Diagnostics, Mannheim, Germany)
according to manufacturer’s instructions.

2.5. Pharmacokinetic analysis

Total plasma clearance (CLlror) of Rho123 was estimated by
dividing the constant infusion rate of Rho123 by the steady-state
concentration in plasma (Css). Biliary and renal clearance (CLg;je
and CLg) of Rho123 during each collection period was calculated
by dividing the respective excretion rate (BE, biliary; UE, urinary)
by Css determined for that collection period. Biliary excretion and
clearance of AMD was calculated using the same method from mea-
surements performed in bile and plasma samples obtained during
the final collection periods (100-120" in AMD orally pretreated
rats, i.e. 24 h after last AMD administration; or 100-120’ after AMD
intravenous bolus). Clearance of endogenous creatinine (CLcg ) was
determined as an indicator of glomerular filtration rate.

2.6. Immunoblot analysis

This method was performed as described previously [17].
Briefly, a membrane-enriched fraction (50g protein) was
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separated on a 6.25% polyacrylamide gel. After being transferred
to a nitrocellulose membrane, the proteins were blocked for 1 h at
room temperature with 5% nonfat dry milk in Tris-buffered saline
containing 0.05% Tween 20 (TBST). The membrane was then incu-
bated with €219, M2-III5, anti-Mdr2, anti-Oatp2 (1:500) or anti-
Cyp3a2(1:5000) antibody for 1 h, washed four times with TBST, and
incubated for 1 h with a peroxidase-conjugated secondary antibody
(1:1000). After washing the membrane four times with TBST buffer,
chemiluminescence was developed using an ECL reagents (GE
Healthcare). The immunoreactive bands on the autoradiography
films were scanned with calibrated densitometer ScanMaker 1900
(UMAX, Prague, CZ) and quantified using the QuantityOne imaging
software (Bio-Rad Laboratories, Hercules, CA). Equal loading of pro-
teins onto the gel was confirmed by immunodetection of B-actin.

2.7. Statistical analysis

All quantitative data are presented as means and SDs. The results
of the three control groups for AMD pretreatment are presented
together because no statistically significant differences have been
found among these groups. Differences between experimental and
control values were assessed by one-way ANOVA followed by
Tukey's post hoc test using GraphPad Prism 5.0 software (San Diego,
California).

3. Results
3.1. Protein expression

To determine the potential influence of amiodarone therapy on
the protein expression of two transporters important for hepatic
and renal drug excretion, Mdr1 and Mrp2, Western blot analy-
sis was performed in total hepatic and renal membrane fractions
obtained from rats treated for 4, 7 or 14 days either with amio-
darone (25 mg/kg/day orally) or with corresponding volume of
vehiculum (PBS) alone. As demonstrated in Fig. 1A/B, amiodarone
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pretreatment significantly induced Mdr1 expression in both liver
and kidneys. The increase was most pronounced after 4 days (223%
and 190% of controls in the liver and kidneys, respectively). To
exclude a possibility of false results due to slight cross-reactivity of
(€219 antibody with Mdr2 phospholipid transporter, we analyzed
also expression of this protein, which was progressively reduced
throughout the AMD pretreatment (Fig. 1A). The expression of the
main drug metabolizing enzyme co-operating with Mdr1, Cyp3a2
(rat orthologue of human CYP3A4), was unchanged in the liver, but
increased in the kidney after 4 and 7 days of AMD administration
(Fig. 1B). The expression of Mrp2 followed different patterns in the
liver and kidneys. While in the latter (Fig. 1B) it was increased dur-
ing the whole 14-day period of treatment by 234-270% compared
to controls, the liver expression of the protein remained unchanged.
Similarly, the expression of Oatp2, one of the main drug trans-
porters localized at the basolateral membrane of hepatocytes, was
also not influenced by amiodarone pretreatment.

3.2. Effect of amiodarone oral pretreatment on the kinetics of
Rho123, AMD, and CB

Pharmacokinetic parameters of Rhol123 are summarized in
Table 1. Repeated administration of amiodarone produced pro-
gressive increase in urinary excretion rate of Rho123, which was
associated with increased renal clearance of the dye. The biliary
excretion of Rho123 demonstrated tendency to increase, never-
theless the rise was not followed in biliary clearance parameter.
Measurement of plasma and biliary concentrations of AMD showed
that the drug was present in low concentrations in plasma of pre-
treated animals while bile concentrations and thus also excretions
were comparable to those detected after single intravenous admin-
istration (Table 2). Importantly, there was statistically significant
rise in biliary clearance of amiodarone, which reflected patterns
of induced expression of Mdr1 in the liver (Fig. 1A, Table 2). The
influence of oral amiodarone pretreatment (4, 7 and 14 days) on
the renal and biliary clearances of conjugated bilirubin is shown in
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Fig. 1. Protein expression of Mdr1,Mrp2, Cyp3a2in the liver (A) and kidneys (B)and Mdr2, Oatp2 in the liver (A) after 4-, 7-, and 14-day amiodarone pretreatment determined
by Western blot. Expression (mean+SD; n=6) is presented as a relative optical density compared to the control animals (*p<0.05, “*p<0.01 and ***p<0.001).
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Table 1

Steady-state pharmacokinetics of Rho123 in amiodarone (4, 7, and 14 days) pretreated rats. Control groups (4, 7, and 14 days of oral PBS, n=6 for each group) are presented
together, because no significant difference was noted among them in any of evaluated parameter.

Pretreatment control Amiodarone
4 Days 7 Days 14 Days
Urine flow rate (pl/min) 94+ 22 133+ 22 147 £2.9° 13.2+ 14
Urinary excretion rate (nmol/min/kg) 24+06 37 +£02 40+ 1.6 47 £ 06"
Bile flow rate (jul/min) 18.8 + 2.4 19.6 + 4.2 17.5 + 3.2 20.6 + 4.2
Biliary excretion rate (nmol/min/kg) 1.1+02 1.84+1.0 12+03 1.9+ 03"
Plasma (M) 0.5 +£0.05 0.6 £0.1 07+£02 0.7+ 02
CLg (ml/min/kg) 47 +1.1 6.1+09 73+ 16 6.9+19
CLgje (mlfmin/kg) 20+£03 29413 1.8 £ 0.6 26+ 04
CLyor (ml/min/kg) 342+ 24 287 + 46 282477 29.1 £ 89
CLcr (mlfmin/kg) 77 £21 89+21 92+1.2 9.7+23

Values are shown as means £+5SD (n=6).
" p<0.05.
“ p<0.01—significantly different from control groups.

Table 2

Plasma concentrations, biliary excretions and biliary clearances of amiodarone after its either single intravenous dose or repeat oral (4, 7, and 14 days) dese administration

(25 mg/kg/day).

Amiodarone i.v. Amiodarone
4 Days 7 Days 14 Days
Plasma (pM) 1.3+02 0.14 £ 0.09 0.17 £ 0.15 0.14 +£ 0.08
Biliary excretion rate (pmol/min/kg) 92 £ 35 132 £ 97 109 + 41 58+ 17
CLgie (ml/min/kg) 0.07 +0.02 09 +03™ 084057 05403
Values are shown as means £5D (n=6).
" p<0.01.
" p<0.001—significantly different from control groups.
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Fig. 2. Biliary (CLgye: A) and renal (CLg; B) clearance of conjugated bilirubin in amiodarone (4, 7, and 14 days) pretreated rats. Bar chart presents means+SD (n=6);
“p < 0.05—significantly different from control groups. Control groups (4, 7. and 14 days of oral PBS, n=6 for each group) are presented together, because no significant

difference was noted among them in any of evaluated parameter.

Fig. 2. Repeated administration of amiodarone produced progres-
sive rise in CB renal clearance reaching the highest value on day 14.
The biliary clearance of CB followed an inverse pattern, decreasing
along the AMD treatment.

3.3. Effects of amiodarone intravenous administration on kinetics
of Rho123

We investigated the effects of amiodarone (25 mg/kg) on the
biliary and renal excretion of Rho123 under steady-state conditions
during a continuous infusion, and the parameters are summarized
in Table 3. Intravenous AMD reduced both biliary excretion and
biliary clearance of Rho123 to 43% and 36% of control values, respec-
tively, while renal elimination of the dye remained unaffected.
The total clearance of Rho123 remained unchanged, however. In
line with expectations, in the rats administered a bolus of known
Mdr1 inhibitor, CsA, both biliary excretion and biliary clearance of
Rho123 were significantly decreased compared to both control and
amiodarone-administered groups (Table 3).
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Table 3
Steady-state pharmacokinetics of Rho123 in amiodarone and cyclosporine bolus-
administered rats.

Control Amiodarone Cyclosporine
Urine flow rate 14.7 £ 4.2 169 £ 5.0 129+ 5.7
(pl/min)
Urinary excretion rate 5.7 £ 2.7 68+1.6 38+16
(nmol/min/kg)
Bile flow rate (jul/min) 196 £ 2.3 174 +£2.9 180+ 3.4
Biliary excretion rate 21406 09+03" 03 +007"
(nmol/min/kg)
Plasma (p.M) 0.7 +£ 0.1 0.7 +£ 0.05 0.7 +£0.2
CLg (mlfmin/kg) 9.8 + 38 102 +29 54422
CLgite (ml/min/kg) 36+12 1.3+04™ 05+02"
CLror (ml/min/kg) 296 + 5.7 262422 252+ 48
CLcg (ml/min/kg) 82+08 11.5+£24 73 +26
Values are shown as means £ 5D (i1=6).
* p<0.05.

“* p<0.001—significantly different from control group.
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(A) Rho123 uptake to primary of CsA to patients with transplanted kidney results in increased
0.8- rat hepatocytes expression of Mdr1 in the organ. Importantly, Mdr1 is notincreased
E3 Ctrl in patients with CsA nephrotoxicity. This indicates that CsA induces
B g6 E3 AMD 0.1 uM its own detoxification by Mdr1 and that inadecuate up-regulation
53 BE) AMD 1 uM of the protein may contribute to the drug’s nephrotoxicity [19,20].
% i M AMD 5 uM These data have been confirmed by preclinical studies in rats
g rN‘; 044 CSA 1uM [21,22]. Regarding AMD, expression changes of any transporting
'E ° CSA 10 uM protein during AMD treatment has never yet been described. There-
T g 021 fore we can only scale our results to a drug with very similar
pharmacokinetic profile such as CsA. We detected similar increase
0.0 in Mdr1 expression, which was further associated with higher
expression of another important efflux transporter, Mrp2. Although
Time (min) the presence of AMD blocks Mdr1 with the lowest reported ICsq
being 5.48 LM, the plasma concentrations measured in our study
(B) Rho123 efflux from primary were deeply below this value. This may explain the observed
0.15- rat hepatocytes increase in renal excretion of Mdr1 and Mrp2 substrates, Rho123
and CB, respectively. In addition, similarly to inducing effects for-
S E3 AMD 0.1 uM merly reported for two Mdr1 inhibitors, CsA and ritonavir [12,13],
53 0404 . . B8 AMD 1 uM we also demonstrated an increase in hepatic Mdrl expression
% g - [ AMD 5 uM after AMD pretreatment. The up-regulation was associated with
§ 8 : CSA 10 uM increased biliary elimination of the drug, whichindicates that AMD,
£ 5 0.054 apart from inhibiting Mdr1 function by direct binding to the trans-
A porter, may augment its own elimination. To improve the accuracy
: % of Mdr1 detection, we analyzed also the expression of hepatic
0.00- - i T Mdr2 canalicular transporter, which exclusively mediates biliary
60’ 120 excretion of phospholipids [23]. Unique information about amio-

Time (min)

Fig. 3. Influence of amiodarone (0.1,1, and 5 uM) and cyclosporine A (1 and 10 pM)
on intracellular accumulation and efflux of Rho123 in primary rat hepatocytes after
60 and 120min of incubation. Bar chart presents means=+SD (n=3). Significantly
different from control group (*p<0.05 and ***p <0.001).

3.4. Rho123 transport in primary rat hepatocytes

To determine localization of AMD- and CsA-Rho123 interac-
tion in the liver, accumulation and efflux study was performed
using primary rat hepatocytes (Fig. 3). After 60 min of incuba-
tion, amiodarone showed a significant concentration-dependent
decrease in Rho123 accumulation, and 5 .M amiodarone inhibited
accumulation of the dye down to 58% of the control, which was
comparable to the effects of CsA in 1 uM concentration. The incu-
bation for 120 min resulted in similar but more pronounced effects.
No clear effects of amiodarone were observed in the efflux study,
while CsA significantly inhibited also the efflux of Rho123 from
hepatocytes.

4. Discussion

The principal findings of this study relate to the induction effects
of amiodarone (AMD), a widely used antiarrhythmic agent, on
the expression and function of the main efflux drug transporters
in the kidney, Mdr1 and Mrp2. The data indicate that 4-14 days
AMD administration to rats is associated with constantly increased
Mdr1 and Mrp2 protein expression with corresponding increased
renal clearance of their model substrates, Rho123 and conjugated
bilirubin. AMD pretreatment induced also Mdr1 expression in the
liver but without significant influence on Rho123 biliary clear-
ance. In contrast, acute AMD administration markedly reduced
biliary clearance of Rho123 by blockade of its uptake to hepato-
cytes.

Induction of renal transporting protein expression, namely
Mdr1, by its inhibitor has already been documented for CsA. This
widely used immunosuppressive agent is a potent inhibitor of
cytochrome P450 enzymes and Mdr1 transporter [18] as confirmed
also by results of our study. However, repeated administration
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darone induced down-regulation of this transporter and its role
in the pathophysiology of phospholipidosis [24] induced in clinical
practice by the antiarrhythmic needs further evaluation. Moreover,
Mdr1 as one of the main Xenobiotic transporting proteins tightly
cooperates with the main xenobiotic-metabolizing cytochrome
P450isoform, Cyp3a2 (rat orthologue of human CYP3A4), and these
two molecules share similar spectrum of substrates and regula-
tory mechanisms [25]. The liver expression of the enzyme was
however not influenced by amiodarone pretreatment, so strong
inhibitory potential of the drug against this isoform could be
expected [4]. Amiodarone-induced transient increase in the kid-
ney expression of Cyp3a2 must be interpreted in the view of its
very low renal expression in comparison with hepatic tissue [26].
Thus the impact of this effect on overall metabolism of xenobiotics
would be minimal.

Interesting information was a raised urine production in AMD-
pretreated animals. Nevertheless, the systemic concentrations of
amiodarone (Table 2) were well bellow the therapeutic limit
(1-2.5mg/L, i.e. 1.5-3.7 uM). Thus, only minimal systemic effect
of amiodarone on heart rate and blood pressure could be expected.
This complies with unchanged creatinine clearance, the parameter
which is a reliable marker of glomerular filtration/kidney perfu-
sion and rapidly drops during, e.g. hypotension. In agreement,
recent reports demonstrated that significant reduction of blood
pressure and heart rate with a subsequent reduction of glomeru-
lar filtration rate is achievable in rats only with amiodarone dose
of 50 mgfkg given intravenously or intraperitoneally [27,28]. This
may also explain why we have not observed the reduction of crea-
tinine clearance after intravenous AMD administration. In contrast,
increased urine production after oral pretreatment with AMD with
unchanged creatinine clearance suggests that this increase may be
associated with induction of tubular transporters. No such data are
available for amiodarone yet, but we observed similar phenomenon
when another Mdr1 inducing agent (dexamethasone) was applied
to rats [14].

High potential of AMD to produce drug-drug interactions based
on inhibition of cytochrome P450 enzymes has been demonstrated
innumerous studies [5]. Moreover, its capability to increase plasma
concentrations of digoxin, a poorly metabolized agent, has been
known for a long time [29]. When digoxin was recognized as a
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substrate of Mdr1 [30], and the ability of AMD to decrease mul-
tidrug resistance in tumors and to potentiate the intracellular
accumulation of cytostatics [31,32] was demonstrated, inhibition
of Mdr1 was suggested as the mechanism of this interaction.
Consequent experiments on Mdr1-transfected cells confirmed the
inhibitory influence of AMD on Mdr1 with ICsq within the range
of 5.48-45.6 WM. Further studies however suggested that the
main mechanism of AMD-digoxin interaction is a blockade of
digoxin uptake into the cells at the level of basolateral trans-
porter Oatp2. The model employed was transfected Xenopus leavis
oocytes, where AMD inhibited transport of digoxin with K; of
1.8 LM [11]. AMD affinity to Oatp2 in therapeutic concentrations
was thus shown to be much higher than to Mdr1. Subsequent in
vivo study showed an increase in digoxin plasma concentration
after an intravenous bolus of AMD, as a result of impaired bil-
iary and intestinal excretion of digoxin [10]. The determination
of digoxin tissue concentrations indicated that the impairment in
biliary excretion was aresult of its decreased accumulation in hepa-
tocytes, i.e. at the level of basolateral uptake rather than canalicular
efflux.

Our results support the data that AMD-mediated interaction
takes place rather at the basolateral membrane and not at the
canalicular Mdr1 [10,11]. The addition of AMD to primary hepa-
tocytes in our study resulted in a decrease in cellular uptake of
the dye without significant influence on the efflux velocity. More-
over, in vivo study showed that Rho123 biliary excretion was not
influenced by AMD pretreatment despite the fact that biliary (and
thus intracellular) concentrations of AMD were similar to those
observed during i.v. bolus administration experiments. Because
AMD plasma concentrations were very low in pretreated animals
(24 h after the last amiodarone dose), while therapeutic concentra-
tions were attained in the bolus dose animals, we could anticipate
that the main site of AMD inhibition of drug transport in the liver
is basolateral membrane of hepatocytes. Indeed, using the same
dose of amiodarone, and reaching identical plasma concentrations,
we have recently demonstrated similar mechanism of alteration
of methotrexate biliary elimination [16]. Thus, formerly reported
inhibition of basolateral Oatp2 by amiodarone is suspected of this
interaction. Nevertheless, the affinity of Rho123 to Oatp2 has not
been evaluated yet, and further studies are needed for this Mdr1
model substrate.

In conclusion, the present findings indicate AMD capability to
modify elimination routes of Rho123, showing an increase in renal
excretion of the dye along the pretreatment with this potent antiar-
rhythmic agent. The expression of the main drug efflux transporters
in the kidney, Mdr1 and Mrp2, suggested that this increase may
be related to the up-regulation of the transporters. Induction of
Mdr1 in liver may speed the elimination of AMD from the body.
In contrast, the drug’s plasma presence within the range of ther-
apeutic concentrations resulted in marked decrease of Rho123
hepatic transport. As demonstrated during in vitro study, this effect
originates from an inhibition of basolater uptake of the dye into
hepatocytes. Therefore a combination of the described mechanisms
may be considered as the cause of AMD-mediated drug-drug and
drug-endogenous compound interactions.
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Increased hepatotoxicity of methotrexate has been reported during dexamethasone therapy in humans.
Despite the observed inducing effect of dexamethasone on some methotrexate transporting proteins in
the liver, the kinetic aspects of this interaction have not been studied yet. Thus, the aim of the present
study was to evaluate the influence of dexamethasone on the hepatic and overall pharmacokinetics
of methotrexate. Pharmacokinetics of methotrexate was evaluated in rats during an in vivo steady-state
clearance study after either single intravenous dose of dexamethasone or its four-day oral administration
in a dose optimized for transport proteins induction, Dexamethasone oral pretreatment reduced biliary
clearance of methotrexate by 53%. Although liver tissue concentration of methotrexate increased only
slightly in these animals, a significant increase in liver weights produced by dexamethasone pretreatment
revealed a marked increase in liver content of the drug. An evaluation of plasma liver enzyme activities
measured before and after methotrexate administration demonstrated a potentiation of corticosteroid
hepatotoxicity by the cytostatic. Analysis of methotrexate transporter expression in the liver showed up-
regulation of Mrp2, Oatpla4, and Oat2, and down-regulation of Mrp3. These observations comply with
increased biliary excretion and reduced plasma concentrations of their endogenous substrate, conjugated
bilirubin. In contrast, single intravenous bolus of dexamethasone did not influence any pharmacokinetic
parameter of methotrexate. In conclusion, these results indicate that hepatocellular impairment asso-
ciated with reduced biliary elimination of methotrexate, and its raised liver content may contribute to
increased hepatotoxicity of the drug when co-administered with dexamethasone. Moreover, an influ-
ence of dexamethasone on protein expression of anionic drugs transporters in the liver and kidney was
demonstrated.
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1. Introduction

Methotrexate (MTX), a folate antimetabolite, is an anionic cyto-
static drug commonly used in the therapy of many malignancies
such as acute lymphoblastic leukemia, osteosarcoma, and head and
neck tumors (Sterba et al., 2009; van Dalen and de Camargo, 2009).
In these indications, the drug is applied in high-dose regimen,
which may be associated with severe toxic reactions, particu-
larly in those patients who attain higher plasma concentrations
for prolonged period (Hansen et al., 1971; Jolivet et al., 1983).
Administered via a long-term intravenous infusion, high-dose MTX
steady-state plasma concentrations are primary dependent on the
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function of excretory pathways. In humans, the main route of MTX
elimination is urinary excretion which takes 70-90% of the applied
dose. The remaining part is mostly excreted into bile with some
minor metabolism to 7-hydroxy MTX. The driving processes of MTX
elimination are glomerular filtration in the kidneys and several
active transport processes in hepatocytes and renal tubular cells
(Grim et al., 2003).

The most important transporters for methotrexate kidney/liver
elimination are the organic anion transporters (Oat1-3), organic
anion transporting polypeptide 2 (Oatp2, Oatpla4), members of
the multidrug resistance-associated protein subfamily (Mrp2-4;
Abcc2-4) and breast cancer resistance protein (Bcrp; Abcg2)
(Badagnani et al., 2006; Borst et al., 2007; Masuda et al.,, 1997;
Takeda et al., 2002; Takeuchi et al.,, 2001; Vlaming et al., 2009).
The function of these transporters can be altered by various drugs,
and serious drug-drug interactions may result from impairment of
MTX elimination. Bone marrow suppression and acute renal fail-
ure have been described as a consequence of raised MTX plasma
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concentration during co-administration with inhibitors of renal
and/or liver organic anion transporting proteins such as nons-
teroidal anti-inflammatory drugs or probenecid (McLeod, 1998).
Logically, induction of the transport pathways may enhance elimi-
nation of the drug and thus reduce the incidence of adverse events.
However, co-administration of MTX with a potent inducer of some
of these active transport pathways in the liver and kidneys, dexam-
ethasone (Demeule et al., 1999; Luttringer et al.,2002; Micuda et al.,
2008), did not alleviate the adverse events, but even increased the
hepatotoxicity of the cytostatic (English et al., 1987; van Outryve
et al., 2002; Wolff et al., 1998). The mechanism of this interaction
is currently unknown.

The aim of the present study was to evaluate the effects
of a single- or repeated-dose dexamethasone administration on
methotrexate systemic, hepatic and renal kinetics in rats. As
a reference inhibitor of organic anion transporters, probenecid
was used to confirm the sensitivity of the in vivo model also to
inhibition. Changes in the expression of the main methotrexate
transporters (Mrp2-4, Berp, Oatpla4, and Oat1-3) in the liver
and kidney after dexamethasone pretreatment were evaluated
using Western blot and qRT-PCR. In addition, kinetic parameters
of a typical endogenous substrate of organic anion transporters,
endogenous conjugated bilirubin, were evaluated in both control
and dexamethasone-pretreated animals.

2. Materials and methods
2.1. Materials

Dexamethasone was purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Lyophilized methotrexate for infusiocn was purchased from Ebewe Pharma, and
the pure substance was a generous gift from Pliva-Lachema (Brno, Czech Repub-
lic). Mouse monoclonal antibody MllI-5, directed to Mrp2 (170-190kDa), and
BXP-21 directed to Berp (70 kDa), were obtained from Signet Laboratories, Inc. (Ded-
ham, MA, USA). Rabbit anti-Oatpla4 (75 kDa) pelyclonal antibody was obtained
from Millipore Corporate Headquarters (Billerica, MA, USA). Mouse monoclanal
antibody M;11-21 directed to Mrp3 (180-190kDa) was obtained from Alexis Cor-
poration (Lausen, Switzerland). Anti-Mrp4 antibody was purchased from Abcam
(Cambridge, UK). Oat1 and Oat2 monoclonal antibodies were purchased from LifeS-
pan BioSciences, Inc.(Seattle, WA, USA ). As aloading control for Western blot, rabbit
polyclonal 3-actin antibody (42-45 kDa) was purchased from Sigma (Prague, Czech
Republic). Horseradish peroxidase-linked sheep anti-mouse and donkey anti-rabbit
immunoglobulin G were purchased from GE Healthcare (Prague, Czech Republic).
All other reagents and supplies were obtained from Sigma Chemical Co. (St. Louis,
MO, USA) and Bio-Rad (Hercules, CA, USA), respectively, and were of the highest
purity available.

2.2. Animals and treatment

Male Wistar rats (Konarovice, Czech Republic)weighing 280-330 g were divided
into four groups (n=6 in each). One group received dexamethasone pretreatment
(25 mg/kg daily) while the three remaining were applied with vehicle alone. Both
regimens were applied for four days by stomach intubation. Dexamethasone dose
used for pretreatments was selected as previously established optimum dose for
hepatic transport protein induction and was within the range of dexamethasone
doses used for this purpose (Chandra et al., 2005; Cherrington et al., 2002; Maher
et al., 2005; Micuda et al., 2005). All animals were subjected to in vivo clearance
studies 24 h after the last oral drugfvehicle application. Rats were housed under
controlled environmental conditions (12-h light-dark cycle; temperature, 22+ 1°C)
with a commercial food diet and freely available water. The study protocol was
approved by the animal welfare committee of the Charles University in Prague,
Faculty of Medicine in Hradec Kralove.

2.3. Invivo clearance study of methotrexate and bilirubin

Rats were anesthetized with pentobarbital (50 mg/kg, i.p.) and cannulated with
polyethylene tubes in the right jugular vein for drug administration, and the left
carotid artery for blood sampling. The urinary bladder and bile duct were also cannu-
lated for urine and bile collections. Body temperature of animals was maintained at
37 *Cwith a heat lamp. To evaluate the steady-state pharmacokinetic of methotrex-
ate, all rats received a bolus intravenous injection of methotrexate at a loading dose
of 8 pumol/ kg followed by a constant-rate infusion ( Perfusor Compact; Braun, Prague)
of a 4% mannitol solution delivering dose of 10 wmol/kg of methotrexate/h at a rate
of 2ml/h until the end of the study. A 60-min infusion was found to result in a
steady-state plasma concentration of methotrexate. The previously tested dosage
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was selected to obtain a methotrexate plasma concentration below reported Ky
of basolateral (23 M) and canalicular (300 uM) transport (Ueda et al,, 2001). One
untreated group of animals received a single intravenous bolus of dexamethasone
(1 mgfkg- maximumdaily dose in humans) 10 min before initiation of methotrexate
application. Another group of untreated animals received, together with methotrex-
ate, also an intravenous infusion of probenecid (200 pmol/kg/h) starting with a
loading dose of 70 umol/kg. Mannitol was always used as a constituent of the vehicle
to obtain a constant and sufficient urine flow rate. After a 60-min infusion (attained
steady-state), bile and urine were collected in preweighed tubes at 10-min inter-
vals for 30 min. Blood samples were taken at the midpoint of the bile and urine
collection periods. Plasma samples were obtained by centrifugation at 3000 x g for
10 min. The volume of bile and urine was measured gravimetrically, with specific
gravity assumed to be 1.0. All plasma, bile, and urine samples were stored at —80°C
until analysis.

The protocol of pretreatment and in vive study of bilirubin clearance was iden-
tical to that mentioned abeve, with the only exception that animals received an
infusion of 4% mannitol only.

2.4. Immunoblot analysis

Crude membrane-containing homogenates were prepared from freshly har-
vested liversand kidneys as described previously (Micuda et al., 2007 ). Homogenates
(50 pg) were incubated with sample buffer at room temperature for 30min and
separated on a 7.5% polyacrylamide gel. After the proteins were transferred to a
nitrocellulose membrane (Bio-Rad, Hercules, CA, USA), the membrane was blocked
for 1h at room temperature with 5% nonfat dry milk in Tris-buffered saline con-
taining 0.1% Tween 20 (TTBS). The membrane was then incubated with primary
antibodies (1:500) for 1h, washed, and incubated for 1h with a peroxidase-
conjugated secondary antibody (1:1000). After washing five times with TTBS,
the membranes were developed using enhanced chemiluminescent reagent (GE
Healthcare, Prague, CZ) and subjected to autoluminography for 1-5min. The
immunoreactive bands on the exposed films were scanned with a densitometer
ScanMaker 900 (UMAX, Prague, CZ) and semiquantified using the QuantityOne
imaging software (Bio-Rad).

2.5. Examination of transporter gene expression by qRT-PCR

RNA was isolated from liver and kidney tissue samples using TRIzol reagent
(Invitrogen, USA) and converted into cDNA via an iScript reverse transcription kit
(Bio-Rad Laboratories, Hercules, USA). Ten nanograms of cDNA were loaded into
one reaction, performed in triplicate. The amplification was completed using the
TagMan® Fast Universal PCR Master Mix and pre-designed TagMan® Gene Expres-
sion Assay kit for the following genes: Mrp2 (Abcc2, Rn00563231_m1), Mrp3 (Abcc3,
Rn00589786_m1), Mrp4 (Abcc4, Rn01465702_m1), Berp (Abcg2, Rn00710585_m1),
Oatplad (Slcolad, Rn00756233.m1), Oatl (Slc22a6 Rn00568143_m1), Oat2
(Slc22a7, Rn00585513.m1), Oat3 (SIc22a8, Rn00580082_m1). Rat GAPDH (P/N
4308313) and Eukaryotic 185 rRNA (P/N4319413E) endogenous control kits were
used as housekeeping genes. All pre-made assays were provided by Applied Biosys-
tems (Foster City, USA). The time-temperature profile used in the “fast” mode was:
95Cfor20s; 40 times: 95°Cfor 35,60 °C for 305, and run on 7500HT Fast Real-Time
PCR System (Applied Biosystems, Foster City, USA). The relative expression ratio (R)
was then calculated according to Pfaffl (2001):

. E ag’cﬂ:nunl—sample), tearget

-A cleontrol—sample}/thoysekeeping
housekeeping

where Ecarger and Enousekeeping al'e the effectivity values determined from the cal-
ibration curve slopes for each gene, A Ctarger and A Clhousekeeping are the differences
in threshold values (Ct) between control and pretreated (dexamethasone) sample
for each of the genes, i.e. target and housekeeping.

2.6. Analytical procedures

The concentrations of methotrexate in the liver homogenate, plasma, urine and
bile were determined by HPLC after deproteination of samples according to a previ-
ously described method (Fuksa et al., 2008). Briefly, the instrument was an Agilent
1100 series (Agilent, Palo Alto, USA) chromatograph provided with a fluorescence
detector (excitation, 350 nm; emission 430 nm). Separation was achieved at 30°C
using a Gemini C18, 1104, 4.6 x 150 mm column and Gemini C18, 4mm x 3 mm
pre-column (Phenomenex, Torrance, USA). The mobile phase, flowing at a rate of
0.6 ml/min, consisted of ammonium acetate and acetonitrile (87:13, v/v). The con-
centrations of bilirubin and creatinine in plasma and urine were measured on a
Cobas Integra® 800 (Roche Diagnostics, Mannheim, Germany) according to the man-
ufacturer’s instructions. This instrument was also used for determination of liver
enzyme activities (ALT, AST), cholesterol and triglyceride concentration in plasma.

2.7. Protein binding experiments

The plasma protein binding of methotrexate was evaluated by ultrafiltration
through Ultrafree-MC Centrifugal Filter Units (Millipore, Billerica, MA, USA). Four
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Table 1

Changes in steady-state pharmacokinetic parameters of methotrexate after either single intravenous dose (1 mg/kg)or repeated four-day oral (25 mg/kg/day) administration
of dexamethasone. Probenecid, a reference inhibitor of organic anion transporters, was applied intravenously to a separate group of rats.

MTX parameters Control Dexamethasone oral Dexamethasone i.v. Probenecid i.v.
Systemic
Ces (M) 924103 13+£16 10 £03 19+ 14"
Clror (ml/min/kg) 22+ 08 17+ 1.6 19 + 0.6 11+08"
Biliary elimination
Bile flow rate (j.l/min) 24+ 1.0 23+1.0 23+08 28+£50
Biliary excretion rate (nmol/min/kg) 107 + 3.1 89+ 62 118 +£ 3.2 89 +£15
CLgie (ml{min/kg) 12404 74410 11 £05 51£097
Biliary excretion rate (nmol/min/g of liver) 25402 1.3+01° 29401 22405
CLgilefcrissue(mMl/min/g of liver tissue) 0.17 + 0.02 008 + 001" 0.18 4+ 0.01 0.14 + 0.04
Liver weight (g) 15+ 04 19+ 0.8™ 14+ 0.5 13403
Liver concentration (M) 15+14 17+ 13 17+ 12 19+35
Liver content of MTX (nmol) 224+ 19 324 + 32° 238+ 13 256 + 43
Renal elimination
Urine flow rate (jul/min) 11+£1.0 404+ 90" 14+ 14 10+£05
Urinary excretion rate (nmol/min/kg) 62 + 3.6 86+ 7.4 71 £ 50 79 + 6.4
GFR (ml/min/kg) 59+07 37404 47 +05 41+06
CLg (ml/min/kg) 6.7+ 05 74+10 68405 44 £ 06
CLg/GFR 1.2+ 0.1 20403 1.7 +04 1.2 +02
fu 0.9 +£ 0.01 0.8 £ 0.01 0.8 £ 0.01 0.9 £ 0.01
e 19+ 04 50412 39+ 1.1 0.9 +£07

Values are presented as means + S.EM. in groups of 6 animals.
" Significantly different from control values P<0.05.
™ Significantly different from control values P<0.01.
" Significantly different from control values P<0.001.

hundred microliters of plasma samples from control and pretreated animals were
dialyzed at 3000 x g for 20min. As a standard for recovery comparison, a pH 7.4
phosphate-buffered saline solution containing 10 .M of methotrexate was dialyzed
under the same conditions. This methotrexate concentration was chosen based on
the data obtained during in vivo experiments. Concentrations on both sides of the
membrane were measured by HPLC as described above. Tissue concentrations of
methotrexate were measured in liver homogenates diluted serially with PBS (40%,
20%, 10%, and 5%), which were upon measurement extrapolated to 100%. Each
homogenate (50 ) was deproteinized with 200 p.l of acetonitrile and centrifuged at
6000 x g for 10 min. The resulting supernatant (200 .1} was evaporated to dryness
under a nitrogen gas stream at 45°C. The residue was reconstituted with 200 .1
of the mobile phase and injected into the HPLC system. This assay was shown to
be linear for the concentrations tested, with correlation coefficients of >0.99. No
interference with the peak of methotrexate was observed in any sample.

2.8. Pharmacokinetic analysis

Pharmacekinetic parameters were calculated using MS Excel software
(Microsaft Corparation). Total plasma clearance (ClLyor) of methotrexate was esti-
mated by dividing the constant infusion rate by the steady-state concentration in
plasma (Css). Biliary and renal clearance (CLgye and CLg) of methotrexate during
each collection period was calculated by dividing the respective excretion rate by
the G determined for that collection period. In addition, tissue biliary clearance
(CLpite/ctissue ) Was also calculated using biliary excretion rate normalized to liver
weight and liver concentrations of MTX (Cjssye ) instead of Cg. Glomerular filtration
rate (GFR) was measured by clearance of endogenous creatinine. The renal clear-
ance ratio of methotrexate was calculated as CLg/GFR. The renal tubular secretion
clearance (CLgs) for unbound drug was calculated as CLg/f; minus GFR, where fi;
represents the unbound fraction of the drug. Each parameter was calculated using
the mean value of three points during 30 min of steady state.

2.9. Statistical analysis

Experiments were carried out in 6 animals per group. All experimental data
are expressed as mean 4+ S.E.M. Statistical significance was examined by unpaired
t-test or ANOVA followed by Tukey's post-hoc test using Graphpad Prism 5.0 soft-

ware (Graphpad Software, San Diego, USA). P<0.05 was considered statistically
significant.

3. Results
3.1. Clearance study with methotrexate
Detailed analysis of methotrexate pharmacokinetics is pre-

sented in Table 1. Dexamethasone four-day oral pretreatment
produced a 33% reduction of MTX total clearance, which was asso-
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ciated with corresponding increase in its plasma concentrations.
Detailed analysis of MTX excretory parameters demonstrated a
reduction of its biliary clearance to 62% of control values. This
reduction was more marked (to 47%), when the biliary clearance
was calculated using tissue concentrations of the drug and the
biliary excretion rates related to weight of the liver, which was
markedly increased by dexamethasone (Table 1). Importantly, the
intrahepatic concentrations of methotrexate slightly increased, and
the following correction to dexamethasone-induced hepatomegaly
pointed to a significant rise in the liver content of the drug. Regard-
ing renal clearance of methotrexate, it predictably accounted for
30% of the total clearance in control rats. Despite the fact that
this parameter remained unaffected by dexamethasone pretreat-
ment, we detected a slight decrease in glomerular filtration rate,
which was compensated by a significant increase in tubular secre-
tion of the drug. In contrast to the pretreatment, acute bolus of
dexamethasone had no effect on any of the evaluated parame-
ters of methotrexate kinetics. To further verify the sensitivity of
the in vivo model to co-administration of a potentially interacting
drug, we applied also probenecid, a proven inhibitor of MTX elim-
ination. This antiuratic drug significantly reduced both biliary and
renal clearance of methotrexate to 43% and 66% of control values,
respectively.

3.2. Biochemical parameters

To assess the potential hepatotoxicity of dexamethasone and
methotrexate co-administration we measured activities of ALT and
AST in plasma samples taken before and 90 min after initiation
of MTX administration (Fig. 1A and B). Dexamethasone pretreat-
ment alone was associated with increased ALT and AST activities
to 2140% and 1240% of control values, respectively. High-dose
MTX administration for 90 min produced a further increase of both
liver enzyme activities only in dexamethasone-pretreated groups.
Furthermore, dexamethasone pretreatment was associated with
increased cholesterol and TAG levels, which tended to decrease
upon MTX administration (Fig. 1C and D).



Dexamethasone reduces methotrexate biliary elimima@nd potentiates its hepatotoxicity in rats

168

—
>
=
(2]
o
]

Before MTX
After MTX

&
<

ALT in plasma (ukat/L)
N
bkt i ol

=Y
1

(=]
I

S
2

Cholesterol (mmol/L)

o

Conjugated bilirubin
in plasma ( uM}

—
e

Excretion rate

L. Fuksa et al. / Toxicology 267 (2010) 165-171

C

TAG (mmol/L)

) 6-
- BE Control
g 44 O Dexorally
L5
5L 2
z E ==
il — |
2‘% 0.15-
c —
§ = 0.10
% 0.05

0.00 }

Biliary Urinary

Fig. 1. Selected serum biochemical parameters in control, and dexamethasone (oral: 25 mg/kg/day ori.v.: 1 mg/kg) or probenecid (i.v.) applied rats. Changes in biliary and
urinary excretion rates of conjugated bilirubin after dexamethasone oral pretreatment are depicted in part F. Values are means+SEM (n=6, in each group). Statistical
significance of the difference within the same group before and 90 min after the start of MTX infusion or between the experimental and control group is marked as follows:

“P<0.05,""P<0.01, and *"*P<0.001.

3.3. Conjugated bilirubin

Renal and biliary excretion of conjugated bilirubin, a prototype
endogenous substrate for transporters of anionic compounds, was
evaluated to further describe the influence of potent corticosteroids
on these pathways. We observed a rise in the biliary excretion rate
in dexamethasone-pretreated animals to 422% of control values
which was associated with decreased plasma concentrations of the
substance (Fig. 1E and F).
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3.4. Expression of MTX transporters

Protein expression, evaluated by Western blot assay, is pre-
sented in Table 2 and Fig. 2. In the liver, the amount of Mrp2
increased to 220%, and in the kidneys to 179%. Mrp3 expres-
sion decreased to 39% of the control values in the liver and was
unchanged in the kidneys. Mrp4 protein remained stable in the
liver, while in the kidney it decreased to 31%. Oatp1a4 expression
(detected only in the liver) significantly increased to 856% of the
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Table 2

Relative expression of principal hepatic and renal MTX transporters after dexamethasone pretreatment (25 mg/kg/day orally for four days).

Gene symbol Protein synonym % of control values

Liver Kidney

mRNA Protein MRNA Protein
Abcc2 Mrp2 il 54466 2204137 1 36+82 1 179+ 89"
Abcc3 Mrp3 J 214107 39429 1 32483" 102+ 18
Abccd Mrp4 J 554117 98+ 11 64+16 1 31454
Abcg2 Berp I 304737 89+ 14 48+19 l 79464
Slcolad Qatplad 4 340 455" 856+ 617" NP NP
Sic22a6 Qartl NP NP 76+£13 74+£0.7
Slc22a7 Qar2 83459 128+3.1° 34 1337 119427
Slc22a8 Qart3 it 49+9.1 ND 90+£39 ND

Values are means £ S.E.M (n=6, in each group). NP: not present, ND: not defined (functional antibody was not available yet).
Arrows highlight whether the significant change in expression compared to control values represents an increase (1) or decrease (] )in the amount of mRNA or protein.

" Significantly different from control values P<0.05.
" Significantly different from control values P<0.01.
™ Significantly different from control values P<0.001.

LIVER KIDNEY
Mrp2 !.-- - e e Mrp2
Mrp3 M e s Vo3
Mps SRR S T N Vs
Berp B - i I ccp
Oaiplad e e B BB oat1
Oat2 W e oe 50 BB B9 0 88 Oat2
[T —— Y
DEX Ctrl DEX  Ctl

Fig. 2. Protein expression of methotrexate transporters in the liver and kidneys
of rats pretreated for four days orally by either dexamethasone (25 mg/kg/day) or
vehicle alone—representative Western blots of all evaluated transporters are shown.

control level, while Berp expression was unchanged in the liver and
decreased to 79% in the kidneys. Of the organic anion transporters
(Oats), only Oat2 in the liver was found to be slightly higher (128%)
than control values.

Relative gene expression, evaluated by qRT-PCR, is presented in
Table 2. In the liver, a significant decrease was found in canalicular
transporters at the mRNA level; Mrp2 decreased to 54% and Bcrp
to 30% compared to the control group. The expression of basolater-
ally located ABC transporters Mrp3 and Mrp4 was also decreased to
21% and 55%, respectively. In contrast, uptake transporter Oatpla4
mMRNA was up-regulated to 340% of the control values. In the kid-
neys, all examined transporter genes were down-regulated, Mrp2,
Mrp3 and Qat2 significantly to 36%, 32% and 13%, respectively.

4. Discussion

In the present study, we investigated the in vivo effects of
either single- or repeated-dose administration of dexamethasone
on the steady-state pharmacokinetics of methotrexate inrats. Daily
oral administration of dexamethasone for four days produced a
significant decrease in methotrexate total clearance due to the
reduction of its biliary elimination. Enlarged liver with slightly
increased intracellular concentrations of methotrexate resulted in
increased liver content of the cytostatic in the dexamethasone-
pretreated animals. This effect was associated with increased
plasma activities of liver enzymes after methotrexate administra-
tion in dexamethasone-pretreated rats. The expression of most
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methotrexate transporters in both the liver and kidneys was
impaired by repeated dexamethasone doses. In contrast, no effect
on the methotrexate pharmacokinetics was seen immediately after
a single dexamethasone administration.

The elimination of intravenously administered methotrexate in
rats is preferentially accomplished via the biliary route and only
about one third of the applied dose is excreted into urine (Chen et
al., 2003; Ueda et al., 2001). In humans, the situation is opposite,
and up to 70-90% of the applied methotrexate is eliminated in urine
(Grim et al., 2003). Nevertheless, evaluation of the biliary elimi-
nation revealed a marked enterohepatic circulation of the drug in
patients, so the actual biliary excretion rate may be even equal to
urinary excretion rate (Hendel and Brodthagen, 1984). Therefore,
an impairment of either pathway may gain a high clinical signif-
icance due to accumulation of methotrexate in the organism and
implying raised toxicity. Such alterations typically originate from
a blockade of methotrexate transporting proteins by a simultane-
ously applied anionic drug, e.g. NSAID or probenecid (Aherne et
al., 1978; Brouwers and de Smet, 1994). However, a potentiation
of methotrexate toxicity has been reported also by an inducer of
such transporting pathways, dexamethasone (English et al., 1987;
Wolff et al., 1998). Because the pharmacokinetic consequences of
this interaction have been unknown, we pretreated the exper-
imental animals using the dosage of dexamethasone previously
optimized for hepatic transporter induction (Micuda et al., 2005),
and performed a detailed kinetic study with methotrexate. The pre-
treatment was indeed associated with an impairment in the biliary
excretion of the cytostatic. Pharmacokinetic analysis showed that
the biliary excretion of the drug is reduced while its tissue con-
centrations are slightly raised, which may suggest a problem at
the level of the intracellular drug distribution and/or canalicular
biliary export. The observed up-regulation of the main canalicu-
lar methotrexate protein, Mrp2 (Masuda et al., 1997), and steady
levels of the second one, Berp (Vlaming et al., 2009), pointed to
an alteration of intracellular distribution of methotrexate during
corticosteroid therapy. A direct blockade of participating canalicu-
lar transporters by dexamethasone is ruled out by the observation
that when given as an intravenous bolus, dexamethasone did not
change the pharmacokinetic parameters of methotrexate. At the
same time, dexamethasone-produced increase in Mrp2 protein
expression was associated with an increase in the biliary excre-
tion of its prototype substrate, conjugated bilirubin (Kamisako et
al., 1999), and consequently, with a reduction in its plasma concen-
tration, which proved that the functional capacity of Mrp2 during
induction was raised. Other important methotrexate transporters
were changed differently. The protein expression of liver basolat-
eral efflux transporter Mrp3 was reduced, while the bidirectional
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basolateral transporters Oatp1a4 and Oat2 were up-regulated. This
may suggest an increased exchange of their substrates between
plasma and intracellular space.

Corticosteroids act typically as gene transcription regulators
(Czock et al., 2005). Our comparison of transporter protein expres-
sion with gene expression data comply with this mechanism.
Dexamethasone interacts with glucocorticoid receptor (GR) and
pregnane X receptor (PXR) which control transcription of xeno-
biotic metabolizing enzyme and transporter genes in excretory
organs (Pascussi et al., 2001; Pavek and Dvorak, 2008). In contrast,
some discrepancies were observed in our study between mRNA
and protein level of the key transporter Mrp2. This may be a con-
sequence of its complex regulation with a significant contribution
of post-transcriptional mechanisms as suggested previously (Jones
et al.,, 2005; Kubitz et al., 1999).

Hepatotoxicity is a common adverse effect of the therapy
with methotrexate. Liver damage may develop immediately after
methotrexate administration, especially if given in a high-dose
regimen, and is characterized by a transient elevation of liver
enzyme levels or hyperbilirubinaemia (Perez et al., 1979). Chronic
therapy with the drug may also induce microvesicular steatosis,
portal tract inflammation, focal liver cell necrosis, and fibro-
sis which resembles non-alcoholic steatohepatitis (Langman et
al,, 2001; van Outryve et al., 2002). Our data indicate acute
elevation of liver enzymes immediately after methotrexate high-
dose administration to dexamethasone-pretreated animals. Simple
acute co-administration of both compounds did not produce such
changes indicating necessity of primary steroid-induced cellular
damage for potentiation of the hepatotoxicity of methotrexate.
Indeed, dexamethasone pretreatment alone was apparently toxic
to the hepatic parenchyme. As suggested by the increase in the liver
weight and by other previous reports (lancu et al., 1986; Micuda
et al., 2007; Thatcher and Caldwell, 1994), the corticosteroid is
capable to induce a severe hepatic steatosis in periportal areas of
the liver acinus as a consequence of an impaired peroxisomal and
mitochondrial B-oxidation of fatty acids. Recently, Lee et al. (2008)
demonstrated this action also for methotrexate, which indicates a
common pathway for the liver damage incurred by both drugs. In
agreement, non-alcoholic fatty liver disease is one of the main pre-
disposing factors for methotrexate hepatotoxicity and vice-versa
(Lee et al., 2008; van Outryve et al., 2002). In this situation, the
observed increased liver content of methotrexate during corticos-
teroid therapy may also contribute to the tissue damage.

In conclusion, this work provides a detailed analysis of
methotrexate pharmacokinetics in rats after both single- and
repeated-dose administration of dexamethasone. Whereas the
acute administration had no effect on methotrexate pharmacoki-
netics, the repeated administration of the corticosteroid produced a
decrease in biliary excretion of the cytostatic, which was associated
with its increased plasma concentrations. These data were contra-
dictory to the observed up-regulation of the principal basolateral
and canalicular methotrexate transporters. This indicates an alter-
ation in the liver intracellular sequestration of methotrexate, which
results in increased liver content of the drug. This effect, together
with dexamethasone-induced liver damage, may predispose to the
observed acute hepatotoxicity of methotrexate.
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Aktivni transmembranovy transport je vyznamnym dag&n zasahujicim do
farmakokinetiky I€iv, a to bul’ usnadinim nebo naopak zabr&rim v gestupu léiv pies
fyziologické bariéry nebo meziiznymi kompartmenty. Membranoveé transportéry taki maj
vedle enzym podstatny vliv na osud d&a v organizmu. Spektrum a mira exprese
transportéi a jejich lokalizace na cytoplazmatickych membrénéarek pak ovliviuje
pribéh zakladnich farmakokinetickychejd absorpce, distribuce, metabolizmu a exkrece
léciva. Nicmér aktivita transportnich proteinmaze byt modifikovanaadou vlivi, mj.
sowasre podavanymi lévy. Kombinace l€iv, kde jedno moduluje transport dalSiho, tak
muze podminit zrény farmakokinetiky a nasledn farmakodynamiky, dochazi k Iékové
interakci.

Studie popsané vgdloZzené dizertai praci se ¥novaly blizSimu popisu vy
navozenych zin exprese a funkce hlavnich transportnich préteifatrech a ledvinach
a jejich vlivu na farmakokinetiku modelovych suldsir Pozornost byla sousttna
predevsim na ABC efluxni transportéry (konkeéRrgp, Mrp2) lokalizované na apikalnich
membranach buwk exkre&nich orgaid, a Oatp2 transportérilkzity pro vstup l&v do
burgk pres bazolateralni membranu. Pouzitymiivg pro blizSi popis zin v aktivnim
transportu byly dexamethason a amiodaron. Dexarsethge velmi silny synteticky
kortikosteroid, kteryin vitro i in vivo prokdzal vyznamny indgki viiv na elimin&ni
procesy, tj. biotransforntai enzymy i transportéry. Naopak amiodaron, Ziaatheaujici
antiarytmikum, je znamym inhibitorem metabolizmuivéa recentdy byl popsan jeho
piimy inhibicni vliv i na aktivni transportéry.

Bylo pozorovano, Ze podavani dexamethasonu stimubliglkovou clearance
rhodaminu-123, modelového substratu P-gp, zvySepiiiarni i moiové exkrece. Na
molekularni drovni byla potvrzena zvySena genoy@ese i zvySené mnozstvi proteinu na
membrag. Detailni kvantitativni imunohistochemicka analyzaorki jaterni tkag
ukazala, Ze P-gp je prim&rnexprimovan pedevSim v periportaén lokalizovanych
hepatocytech jaterniho acinu,figg@mz relativni narst exprese d&hem podavani
dexamethasonu je vyznammwySSi v perivendzni zén Sowkasreé jsme popsali jaterni
steatdzu navozenou podavanim dexamethasonu —olgistof prokadzanou fedevsSim
v periportalnich biikach.

Obdobré jako u P-gp, i uMrp2 transportéru jsme za pousitéjné metody
kvantitativre popsali fyziologickou lokalizaciiedevSim v periportalni oblasti a vyznamny
relativni naéist snérem k uniformni expresi v celém acind podavani steroidu. Zvyseni

exprese Mrp2 po podani dexamethasonu bylo prokdiammalyzou exprese proteinu
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a zvySenim biliarni exkrece konjugovaného bilirubin endogenniho substratu tohoto
transportéru.

V dalSi studii jsme pozorovali vyraznou modifikddnetiky metotrexatu, Siroce
pouzivaného antirevmatika a antineoplastika, zacasmého podani amiodaronu. Po
aplikaci amiodaronu v davce navozujici plazmatickkoncentrace identické
s terapeutickymi @dlovéka bylo pozorovano podstatné snizeni biliarni (eegpondujici
pokles celkové) clearance za &asného vyznamného ri&tu plazmatické koncentrace
metotrexatu. Uvedena pozorovani,t’bgotva gimo prenositelnd na situaci podavani
u ¢loveéka, poukazuji na moznou klinickou interakci a zn&eriziko projewt toxicity
metotrexatu. Dsledek interakce, ipdevSim hematologicka toxicita, byl jiz ve farm
kazuistik popsan v Kklinické praxi u nemocnych srigamu. Dale jsme na obdobném
modelu zkoumali vliv makrolidového antibiotika aminycinu na kinetiku metotrexatu,
avSak nepozorovali jsme Zadné vyznamnéergm Ol IéCiva jsou substraty Mrp2
proteinu, nicméa jejich sodasné podani nevedlo k modifikaci kinetickych parttne
Zadného z nich oproti samostatnému podani.

Antiarytmikum amiodaron bylo pouzito i v dalSi siydkde jsme blize zkoumali
jeho vliv na eliminaci rhodaminu-123. Ji¥ivke bylo popsano, Ze amiodaron je inhibitorem
funkce P gp, avSak vyznam interakce v klinické preeni zcela objasim. Provedenyn
vivo experiment potvrdil teoreticky fedpoklad, Ze akutni intravenozni aplikace
amiodaronu vyznan#nsnizi biliarni exkreci rhodaminu-123. Sagré provedendn vitro
transportni  studie s primarnimi hepatocyty blizevétdda mechanizmusin vivo
pozorovaného sniZeni jaterni eliminace, kdy komknétmistem blokéady transportu neni
eflux, tj. kanalikularni membrana s ABC transportéP-gp), ale naopak vychytavani
léciva a jeho pestup bazolateralni membranou. Opakované podaiairgntika vedlo ke
zvySeni renalni eliminace substratu v zavislostido& podavani. Z vysledk analyzy
exprese transportnich protéimyplynulo, Ze se saasré zvysilo mnoZstvi efluxnich P-gp
a Mrp2 v ledvinach. RowZ bylo pozorovano, Ze opakované podavani inhibitedlo
k indukci exprese P-gp i v jatrech.

Cilem posledni studie bylo zhodnotit vliv dexamsetirau na jaterni eliminaci
a celkovou kinetiku metotrexatu. Farmakokinetickéargmetry metotrexatu byly
hodnoceny u potkain v pribéhu in vivo studie za ustalenych koncentraci po aplikaci
dexamethasonu viznych davkovacich schématecliedlé&ba vedla k vyznamné redukci
biliarni clearance metotrexatu. Sasre bylo pozorovano zitSeni jater spojené s vyrazn

zvySenou kumulaci metotrexatu v jatrech. Analyzzplatické aktivity jaternich enzym
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provedena fed a po podani metotrexatu ukazala potenciacinjatixicity navozené
predl&bou samotnym kortikosteroidem. Vysledky této praoakazuji na hepatocelularni
zmeény navozené naruSenim biliarni eliminace metotrexdvyseni jaterni kumulace
tohoto cytostatika five gispivat ke zvySeni jeho hepatotoxicity za &mného podavani
dexamethasonu. Dale byly vivo popsany vyznamné zmy v expresi transportnich
proteini pro organické anionty v jatrech i ledvinach navazpodavanim dexamethasonu.
Shrnuté vysledky uvedenych praci popisuji aspektypnékokinetickych interakci,
kdy konkrétnim mechanizmem je modulace (ve smystSeni ¢i sniZzeni) aktivniho
transportu l&éiva zpisobend podanimdéa jiného. NaSe vysledky také @mdziuji vyznam
in vivo studii @ hodnoceni vlivu exogennich latek na aktivitu sportéfi v eliminanich

organech.
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Active transport is a substantial factor affectiehyig pharmacokinetics by either
facilitating or hampering the penetration of theigithrough physiological barriers or
between different compartments. Thus the membraaesporters exert, along with
enzymes of biotransformation, significant influerare the disposition of the drug in the
organism. The spectrum and extent of transportpression and their localization at the
cytoplazmic membranes consequently affect the ahg@harmacokinetic processes, i.e.,
absorption, distribution, metabolism, and excretidowever, the activity of the transport
proteins can be modified by many factors includeupcomitantly administered drugs.
Combination of drugs in which one modulates thedpart of the other can bring about
a drug-drug interaction resulting in profound ches\gin pharmacokinetics and
subsequently pharmacodynamic effects.

The studies included and discussed in the prekesis focused on closer research
of drug-induced changes in the expression and ifumaif the main hepatic and renal
transporters and their effects on the pharmacakmef the model substrates. The subject
of our particular interest were ABC efflux transigos (namely P-gp and Mrp2) localized
to the apical membranes of polarized epitheliuniscel the excretory organs, and also
Oatp2 transporter playing important role in the dbaral uptake of drugs.
Dexamethasone and amiodarone were employed to labogt changes in the active
transport. Dexamethasone is a potent corticostettuatl showed capability to increase
elimination processes, i.e. to induce enzymes easporters botln vitro andin vivo.
Amiodarone, a life-saving antiarrhythmic, is a whallown inhibitor of drug metabolism.
Its direct inhibitory effects on the active trangpwave recently been reported.

Our data showed that dexamethasone treatmentlsteauthe total clearance of
rhodamine-123, a model substrate of P-gp, by irstmgaits biliary and urinary excretion.
Investigating the changes at the molecular level,ovserved increased gene expression,
i.e. higher amount of both protein and mRNA. ailleda quantitative
immunohistochemical sample analysis subsequentlywsti that P-gp is primarily
expressed in hepatocytes localized periportallyiwithe liver acinus. The relative rise in
its expression during dexamethasone treatment magever, significantly higher in the
perivenous zone. Dexamethasone treatment also geddiver steatosis — histologically
proven especially in the periportal hepatocytes.

Similarly to P-gp, we described the physiologicalcdlization of Mrp2
preferentially in periportal areas using identioathodology. Dexamethasone treatment

produced (again as in P-gp induction) a relativae rof the protein amount towards
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a uniform expression throughout the acinus. Sigaift induction of Mrp2 activity was
confirmed also by protein expression analysis usWegtern blotting and by an vivo
study, where we detected an increase in the biBagyetion of conjugated bilirubin — an
endogenous substrate of the transporter.

Our next study demonstrated marked amiodaronezgdiumodification in the
kinetics of methotrexate, a widely used antirheienand antineoplastic agent. After
amiodarone administration at a dose producing pasoncentrations identical to those
observed in clinical practice we observed a sultisiaatrop in biliary (and correspondingly
in total) clearance accompanied by significant risesteady-state plasma concentration.
These data, although not directly transferrableclioical situation in human, point to
a possibility of a clinically important interactioteading to a higher incidence of
methotrexate toxicity. Such adverse events, eskheaayelosuppression, have already
been reported in case reports in psoriatic patiddssng the same model we further
investigated the influence of azithromycin, a médeo antibiotic, on methotrexate
kinetics. Both drugs are Mrp2 substrates. Concarhiggoplication of azithromycin and
methotrexate did not change any of the kinetic patars of either drug when compared to
their separate administrations.

Amiodarone was used also in the next study, irclviwe investigated its influence
on the elimination of rhodamine-123. Amiodarone piaiously been described as a P-gp
inhibitor, yet the clinical significance of thissise has not been elucidated to date. i@ur
vivo experiments confirmed the hypothesis that acuté&ravenous amiodarone
administration can significantly decrease biliakgretion of rhodamine-123. Subsequent
in vitro transport study using rat primary hepatocyteshrrexplained the mechanism of
thein vivo observed elimination blockade, where the spesifi of the transport inhibition
is not efflux, i.e. canalicular membrane with AB@risporters (incl. P-gp), but conversely
the uptake through the basolateral membrane. Regpemdministration of amiodarone
produced also a progressive time-dependent increaseéhe renal elimination of
rhodamine-123. The expression analyses of thepdoatess demonstrated an induction in
renal P-gp and Mrp2 proteins. At the same time tseoved an induction of P-gp also in
the liver after long-term amiodarone treatment.

The aim of the last study was to evaluate the effetdexamethasone treatment on
the biliary elimination and overall kinetics of rhetrexate. The dexamethasone
pretreatment led to a marked reduction in methateexoiliary clerance. a significant

increase was observed also in the liver weightegaleith cumulation of methotrexate in
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the liver tissue. According to the plasma enzymividies determined before and after
methotrexate administration, the dexamethasoneateztlihepatotoxicity was apparently
further potentiated. Our results thus suggest atoepllular injury connected with the
impaired biliary elimination of methotrexate. Witthe concomitant dexamethasone
treatment the increase in hepatic accumulation ethotrexate may contribute to an
increase in the hepatotoxicity of the antifolate.

The summarized results of the publications descmarious aspects of the
pharmacokinetic drug-drug interactions, where thedewlying mechanism of the
interactions is a modulation (either inductionfzation or inhibition) of the active
transport. Such modulation is produced by a simelbas or previous administration of
another drug known to affect the expression anffioction of transporting proteins. Our
results also accent the importance of the usage vf’o models in studies evaluating the

effects of xenobiotics on transport activitieshe brgans of elimination.
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