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Nazev dizertacni prace:

Vliv modulace zanétu na exkre¢ni mechanismy béhem intrahepatalni

cholestazy

Intrahepatalni cholestdza doprovazi celou fadu onemocnéni a mize byt vyvolana i
nekterymi 1é¢ivy. VSechny formy cholestazy jsou spojeny s uritym stupném zanétu. Cil této
studie byl tedy zaméfen na hodnoceni zmén v jaterni a ledvinné eliminaci v pribéhu riznych
forem cholestazy, a to predev§im indukované endotoxinem. Soucasné byla sledovana modulace

hodnocenych procesti vlivem uzivanych nebo potencidlnich protizanétlivych latek.

Sepse navozend gram-negativnimi bakteriemi zptisobuje akutni ledvinné selhani (AKI)
prostiednictvim aktivace imunitni odpovédi, vyvolané lipopolysacharidy (LPS) na jejich
povrchu. V této studii jsme se zabyvali moznosti zabranit takovému poskozeni dvéma u¢innymi
protizanétlivymi latkami, dexametasonem a anakinrou, antagonistou na IL-1 receptorech.
Biochemické i molekularni znaky renalniho poskozeni byly pozorovany u potkanti, kterym byl
aplikovan LPS ze Salmonella typhimurium, po ptedchozi premedikaci fyziologickym
roztokem, dexametasonem nebo anakinrou. U nelécenych endotoxemickych potkanii se béhem
10-ti hodin objevily znaky typické pro rendlni poSkozeni, chararakterizované sniZenou

glomerularni filtraci, mikroalbuminurii a snizenou tubularni sekreci azitromycinu, modelového



substratu pro transportéry Mdrl a Mrp2. Premedikace obéma imunosupresivy zmirnila v§echny
tyto znaky typické pro AKI a doSlo k obnoveni tubularni sekrece azitromycinu na troven
kontrolnich potkanti. Tento ucinek byl spojen s up-regulaci bazolateralnich transportérii pro
organické anionty, ale ne apikalnich Mdr1 a Mrp2, které byly paradoxné po aplikaci obou latek
snizeny. Déle, dexametazon zvysil exkreci zluCovych kyselin snizenim transportéru pro jejich
reabsorpci Asbt. U obou latek doSlo ke snizeni plazmatickych koncentraci cytokind,
podilejicich se na vzniku zanétu a snizeni koncentrace NO, jako odpovéd’ na redukci exprese
iINOS v ledvinach a jatrech. Dexametazon i1 anakinra byly schopny zmirnit pfiznaky AKI a
modulovat zmény v expresi transportérti zapojenych do rendlniho vylu¢ovani 1éCiv, které byly
navozeny aplikaci endotoxinu. V této praci jsme prokazali vyznamnou ulohu IL-1 beta pro

rozvoj renalniho poskozeni béhem sepse.

Dal$im krokem bylo objasnéni zmén zlucové exkrece latek, ke kterym dochdzi béhem
sepse. Hodnotili jsme protektivni vliv klinicky dostupnych chelatort zeleza na rozvoj akutniho
poskozeni jater po aplikaci endotoxinu, kdy lipopolysacharid byl podavan samostatné nebo po
ptedchozi predlécbé dexrazoxanem (DEX) nebo deferoxaminem (DFO). Piestoze ob¢ latky
dokazaly sniZit obsah Zeleza v jatrech, pouze DFO prokézal protektivni G€inek proti jaternimu

poskozeni.

K experimentalné Casto studovanym formam cholestazy patii stav navozeny aplikaci
ethinylestradiolu a porucha provézejici nealkoholové ztukovaténi jater (NAFLD). U obou
forem jsme analyzovali cholereticky potencidl boldinu, véetné molekularnich mechanismil.
Boldin urychlil tvorbu Zlu€e u potkant s aplikovanym ethinylestradiolem. DlleZitym zjiSténim
bylo, ze po aplikaci boldinu dochazi k up-regulaci Bsep se zvySenou biliarni clearance jeho
substrati, Zlucovych kyselin. V této souvislosti jsme prokézali schopnost boldinu stimulovat
FXR, transkrip¢ni regulator Bsep. Tento mechanismus byl potvrzen v nasledné studii, kde byla
cholestdza provazejici NAFLD indukovana aplikaci vysokosacharidové diety (HSD) potkaniim
s dédi¢nou hypertriglyceridémii (HHTg). Zde boldin zmirnil negativni dopady rozvijejici se
NAFLD na biliarni exkreci Zlu€ovych kyselin i glutathionu. Tato data podporuji pozitivni vliv

FXR agonisti v terapii NAFLD.
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Influence of inflammation modulation on excretory mechanisms during

intrahepatic cholestasis

Intrahepatic cholestasis accompanies several systemic diseases, and can be induced by
several drugs. All of its forms are associated with a certain degree of inflammation. The aim of
this research was therefore to study changes in hepatic and renal elimination pathways during
different forms of cholestasis, especially endotoxin-induced, and to characterize their

modulation by administration of currently used or potential anti-inflammatory agents.

One of the most significant alteration of excretory mechanisms develops during sepsis.
The status induces acute renal injury through activation of immune response activated by
lipopolysaccharides (LPS) on their surface. In this study, we examined the possibilities to
prevent such damage by two potent anti-inflammatory drugs, dexamethasone and anakinra, an
IL-1 receptor antagonist. Biochemical and molecular signs of renal impairment were observed
in rats administered the LPS from Salmonellatyphimurium, after pre-treatment with saline,
dexamethasone or anakinra. In untreated endotoxemic rats characteristic symptoms of renal
damage appeared within 10 hours - such as reduced glomerular filtration, microalbuminuria

and reduced tubular secretion of azithromycin, prototype substrate for the transporters Mdr1



and Mrp2. Pre-treatment by both immunosuppressants alleviated all of these hallmarks typical
for AKI and returned tubular secretion of azithromycin back to the control level. This effect
was associated with up-regulation of basolateral transporters for organic anions. Application of
both substances paradoxically reduced apical Mdrl and Mrp2 transporters. Furthermore,
dexamethasone increased renal excretion of bile acid through downregulation of transporter for
reabsorption, Asbt. Both agents decreased the plasma concentrations of cytokines involved in
the inflammation and decreased the concentration of NO in response to the reduction of iNOS
expression in the kidneys and liver. Dexamethasone and anakinra were able to alleviate the
symptoms of acute kidney injury and modulate changes in expression of transporters involved
in renal excretion of drugs which were imposed due to administration of endotoxin. In this
work, we have demonstrated the important role of IL-1 beta in the development of renal

impairment during sepsis.

The next step was to elucidate the changes in billiary excretion of drugs during sepsis.
We evaluated the protective effect of the clinically available iron chelators in the development
of acute liver injury after administration of endotoxin, where lipopolysaccharide was
administered, or following pre-treatment with dexrazoxane (DEX) or deferoxamine (DFO).
Although both compounds reduced the iron content in the liver, only DFO demonstrated a

protective effect against liver damage.

Further, we analyzed the potential choleretic effect of boldin, a natural choleretic agent
in healthy and cholestatic rats. Boldin caused up-regulation of Bsep and increased biliary
clearance of substrates and bile acids. Furthermore, we described the ability of boldin to
stimulate FXR, a transcriptional regulator of Bsep. We confirmed this mechanism in the
following study in which cholestasis was induced by high sucrose diet (HSD) applied to rats
with hereditary hypertriglyceridemia (HHTg). Boldin alleviated the negative influence of HSD-
induced liver steatosis on the biliary excretion of bile acids and glutathione. The data support

positive effects of FXR agonists in the therapy of non-alcoholic fatty liver disease.
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1. Seznam zkratek

ABC ATP-binding cassete

AKI acute kidney injury

ALT alaninaminotransferaza

AP-1 activator protein 1

Asbt apical sodium dependent bile acid transporter
AST aspartataminotransferaza

ATP adenosine triphosphate

BCRP breast cancer resistance protein

BSEP bile salt export pump

CBP CREB binding protein

CD14 cluster of differentiation 14

COX cyclooxygenase

CREB cAMP responsive element binding protein

CYP450 cytochrome P450

DEX dexrazoxan

DFO deferoxamin

EDTA ethylenediaminetetraacetic acid

FXR farnesoid x receptor

GFR glomerular filtration rate

GK-GR komplex glucocorticoid — glucocorticod receptor
GR glucocorticoid receptor



GRE glucocorticoid response element

GSH/GSSG redukovany glutation/oxidovany glutation

HHTg hereditary hypertriglyceridemic
HSD vysokosacharidova dieta
ICAM-1 intracellular adhesion molecul 1
IL interleukin

IL-1R interleukin 1 receptor

IL-1Ra interleukin 1 receptor antagonist

INF gamma interferon gamma

iNOS inducible nitric oxide synthase

LPS lipopolysaccharide

MATE multidrug and toxin extrusion protein
MCP-1 monocyte chemoattractant protein-1
MDR multidrug resistance protein, P-gp

MIC minimalni inhibi¢ni kncentrace

MIF macrophage migration inhibitory factor
MRP multidrug resistance-associated protein
NAFLD non-alcoholic fatty liver disease

NF-kappa B nuclear faktor kappa B

NK natural killer

NO nitric oxide

Ntcp Na'-taurocholate cotransporting polypeptide
OATP organic anion-transporting polypeptide



OATs
OCTN
OCTs
PAMPs
P-gp
SIRS
SLC
TGF beta
TLRs
TNF
TNFRs

VCAM-1

organic anion transporters

organic cation/carnitine transporter
organic cation transporters
pathogen-associated molecular patterns
P-glycoprotein

systemic inflammatory response syndrome
solute carrier

transforming growth factor beta
Toll-like receptors

tumor necrosis factor

tumor necrosis factor recepors

vascular cell adhesion protein 1



2. Uvod

Sepse je zavazny stav podminény excesivni systémovou odpovédi imunitniho systému
(SIRS, systemic inflammatory response syndrome) na piitomnost infekce. Pokud nedojde
k adekvatnimu léceni, situace se muze rozvinout do tézké sepse spojené s hypotenzi,
hypoperfuzi tkani a organovou dysfunkci. Hypotenze postupné prestane reagovat na adekvatni
tekutinovou resuscitaci a rozviji se septicky Sok s 60 % mortalitou.

Jednou z nejcastéjSich komplikaci, ktera dale zhorSuje prognézu nemocnych v sepsi, je
akutni poskozeni ledvin (AKI), ke kterému dochazi jak v disledku hypoperfuze organu, tak i
piimou interakci struktur invadujiciho mikroorganismu s buitkami glomeruli a tubula. Kromé
vyrazného poklesu glomerularni filtrace tak dochazi i ke zménam exprese a funkce dilezitych
transportért, které se podileji na eliminaci fady endo- i xenobiotik véetné 1éCiv a jejich
metabolitti. Dasledkem naruSeni téchto zékladnich eliminac¢nich d&jt je moznost nezadouci
kumulace 1éc¢iv, kterd mize podpofit jejich toxicitu. Z toho diivodu je nezbytné nutné podrobné
popsat zmény v rendlnich elimina¢nich cestach béhem sepse a charakter jejich modulace

stdvajicimi nebo potencidlnimi terapeutiky.

Molekularni podstata iniciace SIRS vychéazi z interakce mikrobidlnich antigent
s receptory na povrchu bunék nespecifické imunitni odpovédi, ale i exekutivnich bunék
jednotlivych tkani (napf. hepatocytll a bunék rendlnich tubuld). Pfedevsim se jedné o aktivaci
Toll-like receptort cirkulujicimi endotoxiny (LPS, lipopolysacharid) baktérii s naslednou
stimulaci jaderného transkripniho faktoru NF kappa B, ktera vede ke zvySené produkci
prozanétlivych cytokint (TNF alfa, IL-1 beta) a oxidu dusnatého. Nedilnou soucasti 1éCby sepse
pravé potlacenim NF kappa B kaskady. Pfiznivé tak moduluji patologické zmény
v jednotlivych organech. Nadéjnou moznosti se rovnéz jevi pouZiti vice selektivni blokady
jednotlivych cytokint, zejména IL-1. Synteticky antagonista receptoru pro IL-1 byl mimo jiné
ucinny v prevenci deregulace diilezitych jaternich transportérii pro 1é¢iva navozené endotoxiny.
Nicméné vliv téchto protizanétlivych latek na ledvinnou eliminaci 1é€iv prozatim prozkouman
nebyl. Proto se pfedmétem této prace stalo hodnoceni efektu dexametazonu a anakinry

(antagonista IL-1 receptoru) na priib&h eliminace 1é¢iv jak v ledvinach, tak okrajové i v jatrech.



3. Teoreticka ¢ast

3.1. Renalni eliminace 1é¢iv

Lidské télo je neustale vystavovano potencidln€ Skodlivym latkam, vetné 1é¢iv, toxinh
a endogennich metabolitl (1). Pro zajisténi vnitiniho prostfedi je proto nutna piitomnost
mechanismui zajistujicich eliminaci takovych latek z organismu. Tyto procesy piedstavuji
kombinaci metabolickych a exkre¢nich drah, do kterych latky vstupuji v zévislosti na své
struktufe a z ni vyplyvajicich fyzikalné-chemickych vlastnosti. Terminalni fazi eliminace je pak
exkrece, kdy dochazi k vylouceni latek z organismu. Organy, které se zapojuji do tohoto déje,
jsou zejména ledviny, plice, jatra a stfeva (2). Z hlediska podilu na eliminaci jednotlivych latek
a jejich metabolitl maji primarni roli ledviny. To je podminéno existenci tfech vyznamnych
procest, které zprosttedkuji exkreci latek do moce: glomeruldrni filtrace, tubuldrni sekrece a
tubularni reabsorpce — Obr. 1. (3). Podil kazdého z téchto procesii na celkové renélni eliminaci
zé&visi na chemickych vlastnostech dané latky. Zékladni podminkou pro vylouceni do moce je
rozpustnost ve vodé. Dalsi faktory ovliviiujici rendlni exkreci zahrnuji zejména vazebnost na
plazmatické bilkoviny, distribu¢ni objem lé€iva, pH moce, rychlost glomerularni filtrace a

pfitomnost transportéri pro aktivni tubularni sekreci a reabsorpci (4).
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Obr. 1. Rendlni exkrece latek: filtrace malych volnych molekul skrz pory glomerularnich
kapilar, reabsorpce liposolubilnich a neioizovanych latek a aktivni sekrece latek v tubularni

¢asti nefronu. Upraveno dle Boundless (5).

Ledvina (ren, nefros) je parovy organ, ovalného (fazolovitého) tvaru, ulozena po obou
stranach bederni patete v retroperitonealnim prostoru v blizkosti dvou hlavnich cév, aorty a
dolni duté Zily. Je to nejlépe perfundovany organ v téle a vysoka rychlost pritoku krve je pro
jeho spravnou funkci nezbytnd. Krev protéka ledvinami rychlosti 1,2 I/min. Zakladni stavebni
a funk¢ni jednotkou ledviny je nefron, ktery se sklada z glomerulu a z ledvinovych kanélkt —
Obr. 2. Glomerulus tvofi konvolut kapilar a je obklopen dvouvrstvym Bowmanovym
pouzdrem. Mezi parietdlnim listem tvoficim vné&j8i obal glomerulu a wvnitinim listem

visceralnim ptiléhajicim na klicky jednotlivych kapilar je kapsuldrni prostor, ktery pokracuje

6



do tubulu a tudy odtéka primarni prefiltrovand moc¢. Ledvinové télisko ma dva poly — cévni pol,
kde vstupuje arteriola afferens a vystupuje arteriola efferens a mocovy pol, kudy odtéka

primarni mo¢ do proximalniho tubulu, Henleovy klic¢ky, distalniho tubulu a sbérného kanalku

(6).
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Obr. 2. Stavba nefronu. Glomerulus s Bowmanovym pouzdrem, proximalni tubulus, Henleova

klicka, distalni tubulus a sbérny kanalek. Upraveno dle Gallery nephron diagram (7).

3.1.1. Glomerularni filtrace

Prvni fazi tvorby moce je filtrace krevni plazmy pfes glomeruldrni kapilary do
Bowmanova pouzdra, kde se vytvaii primarni mo¢ (glomerularni filtrat). Membrana
glomerularnich kapilér je tvofena ze tfi hlavnich vrstev: endotelem fenestrovanych kapilar,

bazalni membranou, kterd je vné obklopena vrstvou epitelidlnich bunék (podocyti) — Obr. 3.



Stejné jako u kapilar krevniho ob&hu i zde tvofi bazalni membrana skutecné molekularni sito
filtrace a vSechny tfi jmenované vrstvy tvoii filtrani bariéru (4). Sténa glomerularni kapilary
je sestavena tak, aby umoznovala vysoky stupei filtrace krevni plazmy, pfi soucasném omezeni
pruchodu latek, které¢ maji pomémé velkou molekuldrni hmotnost (2). Selekce je ve filtraci
velmi dilezita, nebot’ zabranuje filtraci plazmatickych bilkovin (zejména albuminu), které jsou
nezbytné pro udrzeni koloidné¢ osmotického (onkotického) tlaku v cévéch, tedy i objemu

plazmy.

Afferent arteriole Efferent arteriole Blood flow

Bowman's
capsule
Filtrate

<—— Podocytes

T eesas

Proximal tubule Basal membrane Endothelial cells

Obr. 3. Struktura glomerularnich kapilar. Upraveno dle Palmer et al. (4).

Glomerularni filtrace (GF) je jednosmérna difuze, ktera zajiStuje priichod volného
1é¢iva (latky) z krve do lumen ledvinnych tubulii a je ovlivnéna fadou faktord, zejména pak
rendlnim krevnim pratokem, molekularni velikosti latek, distribuénim objemem latek,
vazebnosti na plazmatické bilkoviny, nabojem a tvarem a kvalitou bariéry, kterd mize byt
zménéna béhem riznych onemocnéni. Nabité molekuly o stejné molekulové hmotnosti, jako
latky neutralni, se obecné budou filtrovat pomaleji. Tyka se to piedev§im negativné nabitych
molekul, jejichZ filtrace je znacné¢ omezena. Hlavnim dlivodem je pravdépodobné interakce
mezi filtrovanou molekulou a negativnim nabojem stény glomerularni kapilary. VSechny vyse
zminované faktory, které ovliviiuji glomerularni filtraci (GFR), mohou také zménit clearance
filtrovanych latek. Naptiklad zanétlivé onemocnéni glomerularnich kapilar mtaze zvysit GFR a

tim 1 filtraci 1é¢iv. VétSina 1€Civ je navic alespon ¢asteCn€ vdzand na plazmatické bilkoviny, tj.



jejich skutecna filtrace bude mens$i nez filtrace teoreticka, urcena z celkové koncentrace

v plazmé (2,4).

Farmakokinetickym parametrem popisujicim eliminaci 1é¢iv v ledvindch je renalni
clearance (CLR) (5,6). Definujeme ji jako objem plazmy, ktery je za jednotku ¢asu ocistén od
sledované latky — vzorec vypoctu viz nize. Pro latky, které jsou pouze filtrovany, nejsou
vyznamn¢ vazany na plazmatické bilkoviny a nejsou secernovany ani zpétné vstiebavany v
tubulech, je rendlni clearance totozna s GFR. Prototypem takové latky je inulin, kde plati

CLRinuiin = GFR.

CLR = RR/ Cp
CLR ..... rendlni clearance latky (ml/min)
RR ..... rychlost renalni exkrece (mg/min)
Cp ..... koncentrace latky v plazmé (mg/ml)

Hodnota GF u zdravych jedinct dosahuje pfiblizn¢ 125 ml/min a mizZe byt vyrazné
snizena u osob trpicich chronickou rendlni insuficienci nebo akutnim renalnim selhdvanim.
Zhruba 99 % primarni moce je reabsorbovano zpét do extracelularni tekutiny na podkladé

aktivnich a pasivnich déji probihajicich v tubulech (8).

3.1.2. Renalni reabsorpce

Renalni reabsorpce miize zahrnovat déje jak pasivni (pasivni zpétna difuze), tak aktivni
(aktivni transport latek pifes membranu). U vétSiny organickych aniontl a kationtl probiha
zpétné vstiebavani jako pasivni zpétnd difize. Mira této reabsorpce je pifimo Umérna
koncentracnimu gradientu dané latky a jeji rozpustnosti v tucich a nepfimo umérna stupni
ionizace v zavislosti na pKa sledované latky a pH moci. pH moci (4,5-8) miiZze proto vyrazné
ovlivnit rychlost pasivniho zpétného vstiebavani. Modulaci pH moce lze v této souvislosti
vyuzit pro podporu exkrece béhem intoxikaci. Napt. alkalizace mo¢i muze byt vyuzita ke
snizeni pasivni reabsorpce kyselych lé¢iv typu barbiturati. Koncentrace latky, a tim i

koncentracni gradient mezi moc¢i a intersticiem ledviny, se pii postupu v tubularnim systému



nefronu postupné zvysuje v disledku reabsorpce vody a iontl (2). K pasivni zpétné diftizi proto

dochazi predevsim v distalnim tubulu a sbérném kanalku, kde je koncentra¢ni gradient nejvyssi

(9).

Aktivni reabsorpce je zprostfedkovana ¢innosti transportnich proteini — pfenaSeci, na
apikalni a bazolateralni strané bun¢k vystelky, piedevsim proximalnich tubull. Transportni
proteiny vykazuji substratovou specifitu a kapacitu, kterd mize byt omezena saturaci nebo
inhibici. Pro ¢innost pfenasect je nutna bud’ dodavka energie ve formé ATP, nebo je hnaci silou
souCasny transport jiné latky, ktera pfechazi po sméru koncentraéniho gradientu (napf. Na*).
Zejména v prvnim piipadé je pak mozny pienos latky proti koncentraénimu gradientu. Dalsi
moznosti je facilitovand difuze, kdy je 1é¢ivo transportovdno bez nutnosti pfisunu energie po
sméru koncentra¢niho gradientu. Tyto dé&je jsou dulezité pro reabsorpci zivin, jako jsou
aminokyseliny, nukleosidy a glukéza — Obr. 4. (10). U néckterych latek navic dochazi
k obousmérnému aktivnimu transportu pies apikalni membranu proximalniho tubulu. Tento
mechanismus byl popsan pro n¢které organické anionty (napft. kyselinu mocovou), kdy je latka

aktivné reabsorbovana i secernovana (2).

3.1.3. Renalni sekrece

Substratt pro aktivni transportni sekrec¢ni systém v proximalnim tubulu existuje cela
fada. Tento transportni systém, ktery aktivné prenasi latky z krve do lumen tubuld, zahrnuje
sekreci organickych aniontll a organickych kationtl. Tyto dva transportni systémy jsou na

sobé& nezavislé (2).

3.2. Transportéry podilejici se na renalni eliminaci 1é¢iv

V poslednich 20- ti letech byl identifikovan velky pocet membranovych transportnich
proteinli, které maji nezastupitelnou roli v absorpci, distribuci a eliminaci latek (1é¢iv).
Transportéry 1ze rozdélit do dvou hlavnich tfid, SLC (solute carrier) a ABC (ATP-binding
casette). SLC 1 ABC transportéry jsou hojné zastoupeny v celém organismu a podileji se na

transportu Siroké Skaly latek. V zavislosti na sméru, ve kterém transportéry (specifické proteiny)
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pienaseji substrat pres bunécnou membranu, je rozdélujeme na influxni (vstup latek do bunck)

a efluxni (vydej latek z bun¢k) (11).

ABC transportéry se fadi mezi efluxni. Zprostiedkovavaji aktivni transport latek z
intracelularniho do extracelularniho prostiedi za spotiebovani energie ziskané hydrolyzou ATP.
Naopak SLC transportéry patii pievazné mezi influxni, kdy usnadnuji vychytavani nebo prenos
substratu do bunky. A to bud’ usnadnénou difuzi, nebo aktivnim transportem. Nékteré SLC
transportéry jsou obousmerné, v zavislosti na koncentraénim gradientu substratu. Je dilezité si
uvédomit, ze souhra mezi transportéry na apikdlni (lumindlni) a bazolaterdlni (krevni)
membrané polarizovanych bunék (ledvinné tubularni bunky, hepatocyty, enterocyty atd.) je
rozhodujici pro urceni sméru pohybu léCiva v organech, jako jsou jatra, ledviny, stfeva.
Vsechny tyto transportéry ovlivituji farmakokineticky profil svych substrati v organismu a dale
se podileji na vylucovani latek z ob&hu do zluci, moci nebo lumen stfeva. Ptehled zakladnich
substratii pro jednotlivé transportéry nabizi Tab. 1. V dalS$im textu bude pozornost vénovéana
zejména transportériim ditllezitym pro eliminaci 1€¢iv v ledvinach, které v prehledu demonstruje

Obr. 4. (11).

Blood Urine

OCT2 OATP1A2

OATA MRP2, MRP4
OAT? MATE1, MATE2-K

OAT3 P-gp
OCTN1, OCTN2

Obr. 4. Piehled renalnich transportérd. Upraveno dle Kathleen M. Giacomini et al. (12).
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3.2.1. SLC transportéry

Pro 1é¢iva jsou z této skupiny dilezité predevsim transportéry z rodin SLC22 a SLCO —
Tabulka 1. SLC22 sdruzuji transportéry pro organické anionty (OAT), organické kationty
(OCT) a pro organické zwitterionty/kationty (OCTN). Charakteristickd je pro né Siroka
substratova specifita. Hlavni zastupci této rodiny transportérti se nalézaji hlavné v jatrech,
ledvinach a stievech. Dals§i rodinou transportéri jsou SLCO, kam patii polypeptidové
transportéry pro organické anionty (OATPs). V posledni dobé byla navic v kinetice 1é€iv
popsana diilezitost transportérti multidrug and toxin extrusion (MATE) ze skupiny SLC47 (11).

3.2.1.1. OATs

Transportéry pro organické anionty (OATs) hraji velmi dlleZitou roli v ledvinné
eliminaci 1éCiv, jelikoz negativné nabitd glomerularni membrana omezuje filtraci aniontt. Tyto
transportéry jsou proto lokalizovany ptredevsim v ledvinach, ale nékteré najdeme i v jatrech,
placent€ a mozku. V ledvindch umoziiuji pfedevsim influx organickych anionti z krve do bunék
proximalnich tubulti. Pracuji na zdklad€ antiportu, kdy pfijem organického aniontu je spojen s
vymeénou za jiné organické anionty piendsené ven z buiiky. K tomuto dé&ji dochazi bez spotteby
energie - hybnou silou je intracelularni-extracelularni koncentracni gradient. Vychytavani latek
na bazolateralni membrané proximalniho tubulu je zprostiedkovano a regulovano pievazné
OATI1 a OAT3. Oba transportéry se v substratové specifité pfekryvaji, a i jejich mechanismus
transferu je stejny. Organicky aniont je do bunky pfijiman vyménou s intracelularnim alfa-
ketoglutaratem (13). OAT3 v porovnani s OAT] ma vétsi substratovou specificnost, je vice
exprimovan v ledvinach a hraje vyraznéjsi roli v rendlnim transportu organickych aniontt u lidi

(10,14).

3.2.1.2. OCTs, OCTNs

Dalsi skupinou SLC22 jsou transportéry pro organické kationty, OCTs a OCTN:s.
Specializuji se na pfenos organickych kationtd pfes bazolateralni membranu do buiky
facilitovanou diftzi, po sméru elektrochemického potencidlu. Oproti tomu transport pres
kartaCovy lem probiha jako antiport organicky kation — proton. Tyto dva mechanismy jsou
dilezité pro sekreci organickych kationtdl z krve do moce. RozliSujeme 2 skupiny transportérii
pro kationty: OCTs (OCT1-OCT3) a OCTNs (OCTN1, OCTN2). Vsechny jsou ve vétSim ¢i
mensim mnozstvi zastoupeny v ledvinach a hraji dilezitou roli v eliminaci mnoha 1é¢iv (15).

Napt. OCT1 je u lidi nejvice exprimovan v jatrech a v mensim rozsahu pak ve stievech a uplné
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nejmensi zastoupeni je v ledvinach. Naopak OCT?2 je nejvice zastoupen v ledvinach, méné pak

ve stieve a v jatrech uplné chybi (16).

3.2.1.3. OATPs

Dalsi rodinou transportériit jsou SLCO, kam patii polypeptidové transportéry pro
organické anionty (OATPs). Podileji se na vychytavani substratli o vétsi molekulové hmotnosti
(MW je vétsi nez 450 Da) a relativné lipofilnich organickych aniontl. Jejich substratova
specifita je Siroka, zahrnuje amfipatické organické slouceniny, jako soli ZluCovych kyselin,
hormony $titné zlazy a steroidni konjugaty (17). Jejich pfesny mechanismus ¢innosti je nejasny.
Ma se za to, ze pracuji jako obousmérné antiporty zavislé na pH, které jsou stimulovany
kyselosti extracelularniho prostiedi (18-21). Ne&které studie naznacuji, ze funguji jako
elektroneutralni vyméniky. OATPs mohou vyménovat své substraty za intraceluldrni
bikarbonat (22,23), glutathion (24,25) nebo konjugaty glutathionu (20). Jejich rozlozeni v
tkanich je rizné. Nékteré izoformy jsou zastoupeny skoro ve vSech tkanich a u nékterych je
exprese omezena pouze na jeden organ. Bylo popsano 11 lidskych OATPs, které jsou zarazeny
do 6 rodin podle identity sekvenci aminokyselin, které¢ obsahuji. Mezi nejvice prozkoumané a
popsané patii rodina 1, kterd obsahuje OATP1A2, OATP1B1, OATP1B3 a OATPI1C1 (26).
OATP1A2 hraje hlavni roli v absorpci, distribuci a exkreci xenobiotik. V jatrech je vyhradné
exprimovan v cholangiocytech (27), a mize se podilet na reabsorpci xenobiotik, které jsou
exkretovany do zluce. V ledvinach je OATP1A2 exprimovan na apikéalni strané membrany
v distalni ¢asti nefronu (27), kde je zodpoveédny za reabsorpci 1é€iv z mo€i nebo naopak za
jejich sekreci. OATP1B1, OATP1B3 se nachazi primarn€ na bazolateralni strané¢ hepatocytii
(28-30). OATPIBI je exprimovan po celém lalicku, zatimco OATP1B3 se nachazi hlavné
okolo centralni Zily (31). Vyznam OATP1B/1B3 v ledvinach je zatim nejasny.

3.2.1.4. MATE1, MATE?

MATEI (multidrug and toxin extrusion protein) se nachdzi v kartd¢ovém lemu na
apikalni membrané bun€k proximdlnich tubulii a na apikdlni membran¢ v hepatocytech.
Podileji se na transportu latek pfes membranu jako antiport organicky kation/H". Hraje
dilezitou roli v rendlni a bilidrni exkreci exogennich a endogennich kationtil, vcetné léCiv
(32,33). MATEI1 v jatrech tvoii funk¢ni celek s bazolaterdlnim OCT]1 transportérem, se kterym
zprostfedkovava biliarni exkreci mnoha kationtovych lé€iv a jejich metabolith (32).

V proximalnim tubulu ledvin spolupracuje MATEI s bazolateralnim OCT2 transportérem a

13



ucastni se spole¢né na sekreci fady organickych kationtd (15,32). Krom¢ jater a ledvin je
MATEI! exprimovan mimo jiné v srdci, nadledvinach, varleti a kosternim svalstvu. V jinych
organech, nez jsou ledviny a jatra, je fyziologickéd role MATE1 mén¢ znamé (34). MATE2 je
exprimovan v kartdovém lemu proximdlnich tubulti a bylo zjiSténo, ze se nachéazi pouze
v ledvinach. Tento renalni transportér je zodpoveédny za pienos 1€Civ pies kartaCovy lem. Hraje
diilezitou roli v tubularni sekreci 1é¢iv (34). Podili se na rendlni eliminaci 1é¢iv ve spolupraci s

OAT2.

hlavni
tkanova membranova
Gen protein mechanismus distribuce  lokalizace priklady substratt

SLC22 rodina

acyklovir,
SLC2241 OCTI1 OC uniport  Stievo BLM metformin,

cimetidin,
Jatra AM zidovudin

cimetidin,
SLC2242 OCT2 OC uniport  Ledviny BLM famotidin,
ranitidin,
metformin

adefovir,
SLC2246  OATI1 DK/OA Ledviny AM acyklovir,

metotrexat,
antiport ketoprofen,

ibuprofen, PAH,
ranitidin

erytromycin,
SLC2247 OAT2 OA antiport  Jatra BM allopurinol,

PAH, teofylin,
salicylaty,
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ranitidin

tetracyklin,
SLC2248 OAT3 DK/OA Ledviny LM pravastatin,

antiport olmesartan, PAH,

furosemid,
metotrexat

SLC47 rodina

H*/0C metformin,
SLC 4741 MATE1  antiport Jatra KM cimetidin,

Ledviny LM prokainamid

H/0C metformin,
SLC4742 MATE2  antiport Ledviny LM cimetidin,

prokainamid

SLCO rodina

indometacin,
SLCOIA2 OATP1A2 OA antiport Stievo LM rosuvastatin,

enalapril,
Ledviny LM levofloxacin,

metotrexat

Tabulka 1. Pfehled SLC transportért dulezitych pro rendlni eliminaci 1é¢iv.

Zkratky: OC — organické kationty, OA — organické anionty, BLM —bazolateralni membrana,
AM - apikélni membrana, LM — laminarni membréana (kartacovy lem), KM — kanalikularni
membréana, DK — dikarboxylat, PAH — p-aminohippurova kyselina, upraveno dle Russel et al.

(10).
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3.2.2. ABC transportéry

ABC transportéry — Tabulka 2. hraji diilezitou roli pfi absorpci, distribuci a eliminaci
1é¢iv, jelikoZ se hojné vyskytuji zejména na apikalnich membranach bunék s bariérovou nebo
exkreéni funkci. Nekteré z nich jsou rovnéz spojovany s fenoménem mnohocetné 1ékové
rezistence (napt. P-gp/MDRI1 — multidrug resistence protein) v disledku piitomnosti v
membran¢ nadorovych buné¢k. Maji malou molekulovou hmotnost 150-200 kDa a zajist'uji
export latek (1é¢iv) ven z buiiky za spotieby energie, kterou ziskavaji hydrolyzou ATP na ADP,

tj. patii mezi transportéry s efluxni ATPazovou aktivitou (35).

3.2.2.1. P-gp/MDRI

P-glykoprotein (P-gp) patii mezi hlavni transportéry rodiny ABC. Jeho substratova
specifita je neobvykle velmi §iroka. Dokéze rozpoznat stovky slouc¢enin od malych molekul
(350 Da) az po polypeptidy (4000 Da). P-gp je exprimovan v mnoha tkanich, jako stieva, jatra,
ledviny, plice, placenta. P-gp je jeden z hlavnich efluxnich transportérd, zajist'ujici transport
latek z intracelularniho do extracelularniho prostiedi pies apikalni/luminalni membranu bunék.
Zapojuje se do ledvinné a biliarni exkrece, kdy chrani organismus pied potencialné skodlivymi
latkami vcetn¢ fady 1éCiv. V enterocytech naopak plisobi proti vstitebavani substratd, a tim

modifikuje jejich biologickou dostupnost (36).

3.2.2.2. BSEP
Podobny P-gp je bile salt export pump (BSEP) exprimovany na apikalni membrané jater

(v malém mnoZstvi zastoupen i v ledvinach), ktery je zodpovédny za vyluCovani (export)
monovalentnich Zlucovych kyselin do Zluc¢i (37). BSEP se zda byt kliCovym transportérem u
1é¢ivy navozené cholestazy. Latky jako glibenklamid nebo rifampicin mohou inhibovat BSEP,
coz vede k intracelularni akumulaci soli Zlu€ovych kyselin, ke snizeni toku Zluc¢e a v kone¢ném

dasledku k poskozenti jater (37).

3.2.2.3. MRP
Déle mezi ABC rodinu transportérii fadime skupinu multidrug resistence-associated

proteini (MRP). MRP transportéry zprostiedkovavaji transport organickych aniontovych
slouc¢enin vcetné glutathionu, sulfatovych konjugat, glukuronidit a dokonce i1 nckteré

kationtové substraty za ptitomnosti redukovaného glutathionu (38).
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Najdeme je ptedevsim ve stievée, jatrech a ledvinach, v menSim zastoupeni i1 v ostatnich
tkanich (placenta, mozek) (39,40). V ledvinach hraje nejvyznamnéjsi roli MRP2 a MRP4
v sekreci na apikélni membran¢ bunék proximalnich tubuli. Mensi roli ma MRP3, ktery je

lokalizovan na bazolaterdlni membrané a zprostfedkuje eflux do intersticidlni tekutiny.

3.2.2.4. BCRP

BCRP (Breast cancer resistence protein) patii mezi diilezité efluxni transportéry. Podili
se na vylucovani xenobiotik a latek toxickych pro organismus ve stieveé, hepatocytech i
tubularnich bunikach a brani v penetraci latek ptes placentalni a hematoencefalickou bariéru
(41). V soucasné dobé je povazovan za jeden ze tii hlavnich transportérti zptsobujicich 1€kovou
rezistenci u savci. S tim souvisi 1 jeho tkanova distribuce, kterd odraZi jeho dulezitou roli
v ochrané bunék proti potenciondlné cizorodym toxickym latkdm. Mezi ptirozené vyskytujici
se xenobiotika, u kterych hraje BCRP dulezitou protektivni roli, patii i mutageny a karcinogeny.

Funguje i jako efluxni pumpa pro velké mnozstvi 1éCiv, véetné chemoterapeutik (42).

Nékteré mechanismy zapojené do rendlni eliminace 1écCiv citlivé reagujici na rtizné
patofyziologické situace. To se pak mlze projevit zménami kinetiky a potazmo dynamiky
podavanych 1é¢iv. Proto je nutné tyto procesy studovat, aby bylo mozné dané zmény
predikovat a terapii dle toho individualizovat. Jednim z velmi ¢astych zavaznych zdroji
vyznamné poruchy renalnich elimina¢nich mechanismi je sepse. Dalsi text se proto bude

vénovat dané problematice.
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hlavni
tkanova membranova
Gen protein mechanismus distribuce  lokalizace ptiklady substratt
ABCB rodina
efluxni daunorubicin,
ABCBI MDRI1 transportér  stfevo LM levofloxacin
digitoxin,
jatra KM sumaptriptan
karbamazepin,
ledviny LM amiodaron
ABCC rodina
efluxni doxorubicin,
ABCC2 MRP2 transportéry  stfevo LM cisplatina
PAH, konj.
jatra KM glutathion
indinavir,
ledviny LM metotrexat
efluxni
ABCC3 MRP3 transportéry  stfevo BLM metotrexat,
glukuronidové
jatra AM konjugaty
ledviny BLM
efluxni
ABCC4 MRP4 transportéry  stifevo LM adefovir, tenofovir,
metotrexat,
jatra AM furosemid
ledviny LM cefazolin, PAH

Tabulka 2. Pfehled ABC transportéri dillezitych v rendlni eliminaci 1é€iv.

Zkratky: BLM —bazolateralni membrana, AM — apikalni membrana, LM — laminarni membrana
(kartaCovy lem), KM — kanalikuldrni membrana, PAH — p-aminohippurova kyselina, upraveno

dle Russel et al. (10).
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3.3. Sepse jako zdroj variability renalni eliminace 1éCiv
3.3.1. Patofyziologie sepse

Sepsi se oznaCuje zivot ohrozujici stav zpisobeny predevSim imunitni odpovéedi
organismu na pfitomnost infekéniho agens. Rozviji se tzv. syndrom systémové zanétlivé
odpovédi (SIRS, systemic inflammatory response syndrome), coz je stav charakterizovany
dvéma ¢i vice z nésledujicich kritérii: a) télesnd teplota > 38 °C nebo < 36 °C; b) tepova
frekvence > 90/min; c) dechova frekvence > 20/min nebo pCO; < 32 mmHg; d) pocet leukocytii
> 12 tis./ul nebo < 4 tis./ul nebo pocet nezralych forem ptresahuje 10% (43). Primarni roli
v rozvoji sepse hraji mechanismy piirozené imunity, které jsou také rozhodujici pro aktivaci a
modulaci pozdni antigen-specifické imunitni odpovédi. Proces je iniciovan antigeny infekéni
Castice (nejCastéji bakterialni), které stimuluji Toll-like receptory (TLRs) na povrchu bunék
imunitniho systému (44), ale i bunék jednotlivych tkanich. TLRs jsou transmembrianové
proteiny se schopnosti aktivovat signalni drahy, spoustét vyplavovani cytokint, aktivovat
neutrofily a stimulovat endotelidlni bunky. TLRs jsou zakladnimi receptory patficimi do
skupiny PAMPs (pathogen-associated molecular patterns) receptorii v systému piirozené
imunity. U savci bylo rozpoznano 11 riiznych TLRs. Nejvice studovanym je TLR4, ktery
reaguje na nejsilngjsi stimulant pfirozené imunity, gram-negativni bakterialni endotoxin, coz
jsou lipopolysacharidové (LPS) fragmenty jejich zevni membrany (45). Navazani LPS na TLRs
vede k aktivaci bunék a sekreci prozanétlivych mediatord. Klicovym krokem intracelularniho
pfenosu signdlu je aktivace transkripénich faktorti, které se translokuji do jadra a moduluji
transkripci cilovych gent. Hlavnim transkripénim faktorem je zde NF-kappa B, ktery up-
reguluje transkripci genil pro mediatory zanétu, jako je TNF-alfa, interleukiny, COX2 a iNOS.
Tyto mediatory plsobi na cévni endotel a hladkou svalovinu, coz zplsobuje vazodilataci,
zvySenou cévni permeabilitu a pfesun neutrofilli do instersticia tkdni - Obr 5. Suma vSech téchto
patofyziologickych d&ji pak podminuje klinickou zévaznost sepse. V terapii sepse se proto
kromé symptomatologickeé terapie hypotenze zvazuje 1 zasah do LPS-TLR-cytokinové kaskady

s cilem modulovat imunitni odpovéd’ (46).
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Obr. 5. Sepse navozena endotoxiny uvolnénych z bunééné stény G mikroorganismil. Endotoxin
je lipopolysacharid, ktery se vaze na TLR na povrchu makrofagi, dochazi k aktivaci NF-kappa
B. Nasleduje uvoliiovani prozanétlivych mediatorti zanétu provazené zménou morfologie a

funkce riznych organd. Upraveno podle Angus et al. (47).

3.3.2. Cytokiny

Cytokiny jsou malé¢ molekuly bilkovinné povahy (molekuldrni hmotnost do 40 kDa),
které jsou produkovany, aby lokalné modulovaly vznik a rozvoj pfirozené i specifické imunitni
odpovédi. Primarné dochazi k uvolnéni TNF-alfa a IL-1beta, coz je zahy nasledovano produkci
prozanetlivych (IL-1, IL-6, IL-12, TNF-alfa, [IFN-gamma a MIF) i protizanétlivych mediatord,
jakymi jsou IL-10, IL-1 RA (receptor antagonist), TGF-beta a IL-4, které se staraji o nastaveni
imunitni rovnovahy (48). Tabulka 3. prezentuje vyznam jednotlivych cytokini v regulaci

zanétlivé odpovedi behem sepse.
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zména/zapojeni do terapeutické
Cytokiny hlavni funkce onemocnéni Vyuziti

aktivace bimék imunitmiho

TNF-alfa SVstemu aterosklerdza, BA sTNFRs
Alzheimerova
navozuje horetkua choroba, autoimunitni
koagulaci onemocnéni TNFR inhibitory
zpusobuje kachexii nidorova onemocnéni anti-TNF Ab

navozuje horeckua

IL-1 koagulaci zanétliva onemocnéni IL-1R2
podponyi extravazaci bunék srdeéni selhani, IL-1Ra
imunimiho systému diabetes (anakinra)

anti-IL-1 beta

mAb
zvviena hladina
IL-6 aktivace Ba Tlymfocyti v sérubéhemsepse  sIL-6R
BA, Crohnova anti-IL-6 Ab
navozuji horeéku choroba (siltuximab)
anti-IL-6R-Ab
(tocilizumab)
zvvienahladina
INF-gamma antivirova aktivita v séru béhemsepse  rIFN-gamma
podponyi diferenciaci TH1
1L-12 lymfocym nidorova onemocnéni anti-IL-12 mAb

navozuji protinddorovou
imunitni odpovéd

Tabulka 3. Ptehled cytokind, jejich hlavni funkce, podil na ostatnich onemocnénich a jejich

terapeutické vyuziti. Zkratky: mAb — monoklonalni protilatky, Ab — protilatky,

RA —revmatoidni artritida, sSTNFRs — soluble TNF receptor, IL-1Ra — IL-1 receptor antagonist,

r[FN-gamma — recombinant IFN-gamma, upraveno dle Schulte et al. (48).
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3.3.2.1. Prozanétlivé cytokiny

TNF-alfa a IL-1beta patii v patofyziologii sepse k nejvice studovanym cytokiniim. Oba
cytokiny jsou velmi silné prozanétlivé medidtory a ucastni se celé tady infekénich i
neinfek¢nich (napf. revmatoidni artritida a idiopatické stievni zdnéty) zadnétlivych onemocnéni
(49-52). Uvolnovani TNF-alfa z makrofagl zacind uz béhem 30 minut po inicidlnim
impulzu, nasleduje transkripce genu a translace RNA, coz zatazuje tento cytokin mezi ¢asné
mediatory zan¢tu. TNF-alfa plisobi pies transmembranové specifické TNF receptory (TNFR1
a TNFR2) (53). Obsazenim téchto receptorti dochazi k aktivaci bun¢k imunitniho systému a
uvolnovani dalSich imunoregula¢nich mediator. Podobn¢ jako TNF-alfa i IL-1 beta je
uvoliovan pfedevsim z aktivovanych makrofagii béhem 30 minut. Pisobi ptes 2 typy receptort,
IL-1R1 a IL-1R2 (54,55). Jeho ucinky na buiiky imunitniho systému jsou srovnatelné s TNF-
alfa. Kromég IL-1 beta rozeznavame jesté IL-1 alfa, kde jeho funkce neni zatim GpIn€ zndma a

za hlavni mediator béhem sepse z rodiny proteint IL je povaZovan IL-1 beta.

Dulezita role TNF-alfa a IL-1 u septickych stavii byla popsana v mnoha studiich na
experimentalnich zvitatech 1 u lidi. U pokusnych zvitat bylo zjiSténo, Ze injekéni podani TNF-
alfa zplisobuje stav, ktery je z velké €asti k nerozeznani od pribéhu sepse. Podobné vysledky
byly publikovany i pro IL-1 beta (48). Déle bylo zjisténo, ze TNF-alfa a IL-1 ptisobi synergicky
a vyvolavaji Sokovy stav zplsobeny excesivni vazodilataci, zvySenou cévni permeabilitou,
plicnim edémem a horeckou. Tato data podporuji vedouci roli obou cytokinii v patogenezi
ke zvySené produkci TNF-alfa a IL-1 beta a k naslednému uvoliiovani téchto mediatorti do
systémového ob&hu, kdy jejich maximalni koncentrace je detekovana 60-90 minut po aplikaci
LPS (lipopolysacharid) (56—58). Po uvolnéni do systému plisobi oba medidtory na riznych
cilovych bunkach, jako jsou makrofagy, neutrofily a endotelidlni buiiky. Zvysena koncentrace
TNF-alfa vede ke zvySené produkci makrofagli z kmenovych bunék, dale podporuji aktivaci a
diferenciaci makrofagii a v neposledni fad¢ prodluzuji jejich Zivotnost. V endotelovych
buiikach zvysuje expresi adhezivnich molekul (ICAM-1, VCAM-1) a chemokinti (59,60). TNF-
alfa také zvysSuje pfilnavost integrinu v neutrofilech a podporuje jejich extravazaci do tkani.
Kromé toho tyto mediatory zesiluji zanétlivou reakci, tim Ze aktivuji makrofagy k produkci
dalSich prozanétlivych cytokinti (IL-6, IL-8 a MIF), kyslikovych radikalt a slouc¢enin dusiku
(NO) (61,62).
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Toto vSe ma za nasledek sepsi s organovou dysfunkci. Aplikace LPS laboratornim zvifatim se

proto Casto vyuziva jako standardni model sepse.

3.3.3. Zmény farmakokinetiky 1é¢iv podminéné sepsi

Sepsi indukované zmény hemodynamiky, metabolismu a dalSich organovych funkci
ovliviiuji vyrazné farmakokinetiku fady 1é¢iv, prakticky na trovni vSech procesti. Koncentrace
1éciv v plazm¢ mohou byt snizeny bezprosttedné po podani (Cmax) Vv disledku snizené
biologické dostupnosti, pokud jsou léky podavany per os nebo v dusledku zvySeného
distribu¢niho objemu. Naopak plazmatickd koncentrace 1éCiv mlze byt zvySend zejména
v eliminacni fazi kvili niz§i vazbé na albumin, snizenému metabolismu nebo snizené renalni i
biliarni exkreci. Ze stejného divodu muze byt zvySend plazmaticka koncentrace metaboliti,
coz muze vést ke zvysené toxicité (63,64). Detailni znalosti o0 zménach farmakokinetickych
procesti béhem sepse jsou proto velmi dilezité pro adekvatni vybér a davkovani 1é¢iv s cilem

dosahnout optimalnich vysledku terapie pii minimalizaci rizika toxicity.

3.3.3.1. Absorpce

Zmény farmakokinetiky na Urovni absorpce jsou zejména disledkem dysfunkce
v cirkulaci, doprovazejici sepsi a septicky Sok, kterd vede ke snizené perfuzi svalt, kize a
organt ve splanchnické oblasti; negativni vliv m4 rovnéZ venostaza v GITu v disledku
zhorSeného odtoku (65). Absorpce 1éCiv je pomalejsi, ¢asto nekompletni, proto byva v téchto
stavech preferovan intravaskularni zpiisob aplikace. Terapie vasopresory, jako jsou
norepinefrin nebo dopamin béhem sepse ukazala zvySené prokrveni ve splanchnické oblasti,

coz muze déle pfispivat k variabilité téchto déji (66—68).

3.3.3.2. Distribuce

Rychlost a rozsah distribuce 1é€iv jsou kromé vlastnosti 1é€iva urCovany 1 srde¢nim
vydejem, mistnim (regiondlnim) pratokem krve, vazebnou kapacitou proteintli, permeabilitou
membran a zménou objemu télesnych tekutin. VSechny tyto parametry se mohou v pribéhu

sepse a septického Soku ménit, ¢imz mize dojit i ke zméndm v distribuénim objemu 1&Civ (69).

Zmeny v perfuzi tkani: Na zvifecim modelu sepse se ukazalo, ze dochazi k redistribuci
krve do zivotné dilezitych organd, jako je mozek a srdce na tikor prokrvovani ledvin, sleziny a
GITu. Po intraven6znim podani 1éciv behem sepse byla proto v mozku a srdci casto

zaznamenana zvysend koncentrace podavaného léCiva (70,71). Tyka se to predevSim vysoce
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liposolubilnich latek, jako jsou anestetika. Naopak distribuce do tkani se snizenym prokrvenim
je béhem sepse omezena. To Ize dokumentovat na ptikladu gentamicininu podaného
intravendzné. U nemocnych v septickém stavu byla vyznamné snizena koncentrace antibiotika
v mikrocirkulaci v porovnani s centralni cirkulaci — u¢inek byl nasledné nedostate¢ny (69). Pro
dosazeni koncentrace 1éCiva nutné k eradikaci infekce bylo proto potieba davku zvysit. To vSak

zvysuje riziko organové toxicity.

Zmeny v permeabilité membran: S pokracujicim rozvojem zanétu se béhem sepse
pusobenim prostaglandini, leukotrient a aktivovanym komplementem prohlubuje endotelialni
poskozeni. V mikrocirkulaci dochéazi ke zvySené propustnosti kapilar a hromadéni intersticidlni
tekutiny, tzv. capillary leak syndrome. Tento jev mize mit vliv pfedevsim na distribuci 1é¢iv
s malym distribu¢nim objemem. Jako ptiklad lze uvést zvySeny distribu¢ni objem gentamicinu
u septickych pacient béhem akutni faze, ktery je pficitan zvySené propustnosti kapilar. Kromé
snizeného prokrvovani tkani, jak bylo uvedeno vyse, vede zvySend propustnost kapilar ke
snizeni koncentrace 1é¢iva v plazmé. ZvySena davka antibiotika by znamenala zvySenou
toxicitu, proto je nutno navic prodlouzit ddvkovaci interval, aby udolni koncentrace v plazmé

dostatecné klesly (72).

Zmény ve vazbé na protein: Zména ve vazbé€ 1éCiva na protein béhem sepse miize byt
déna zménami koncentrace proteinii v plazmé. Snizend koncentrace plazmatickych proteini a
tim 1 snizend vazba l1é€iva na protein béhem ledvinného a jaterniho poskozeni vede k tendenci
ke zvySeni intenzity u¢inku vcetné toxicity. Béhem sepsi navozeného renédlniho selhavani byly
navic prokazany konformacéni zmény molekuly albuminu, coZ mliZe vést ke sniZzené vazbé léciv

kyselé povahy na tento plazmaticky protein (73).

Zmeny v télesnych tekutinach — sloZeni kompartmentii: Zadrzovéni tekutin zptisobené
selhdvanim srdce a nahrada tekutin jako soucast 1é€by septické Soku se podileji na zvySeni
distribu¢niho objemu. ZadrZovani tekutin je také pfiznakem selhani ledvin, kdy dochézi ke

zméné celkoveé vody v téle a tim 1 ke zmeéné v distribuci mnoha 1é€iv (66).

3.3.3.3. Renalni eliminace

Pro vétSinu 1éCiv jsou ledviny hlavni cestou exkrece (3). Az u 15-23 % septickych
pacientil se rozviji akutni rendlni selhdvani. Tato situace vede u 1€¢iv s primarné renalni cestou

eliminace k jejich hromadéni v organismu a ke zvySovani rizika toxickych projevl (74).
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Postizeny jsou vSechny exkre¢ni mechanismy. Snizeny pritok krve se projevuje snizenou
rychlosti glomerularni filtrace (GFR). Nasleduje ischemie tubuldrni ¢asti, coz vede ke zhorseni
vylucovani endogennich latek a xenobiotik, které je dale ovlivnéno zménami v expresi genli
transportnich proteint v tubulech (75-78). Piedchozi studie popsaly béhem sepse na zvitecich
modelech downregulaci Oatl, Oat3 a Octl-Oct3 transportérii na bazolaterdlni membrané.
Naopak indukci iNOS dochazi béhem sepse k up-regulaci transportéru Mdr1 na apikalni strané
bun¢k tubulii, coz napomdhé exkreci hromadicich se toxickych latek a ochrané pted dalSim
poskozenim tubul (79,80). Celkové dochazi béhem sepse k poklesu renalni clearance 1€¢iv a

s tim souvisejicimu prodlouzeni biologického polocasu eliminace.

3.3.3.4. Jaterni eliminace

Pro tfadu 1é¢iv jsou primarnim organem eliminace jatra. Probiha zde nejenom bilidrni
exkrece, ale pfedev§im metabolickd konverze za ucelem zvySeni rozpustnosti molekuly ve
vodé. Hlavnimi determinanty jaterni clearance jsou pritok krve jatry, vazebnost 1é¢iv v plazmé
a ¢innost enzymu a transportérti podilejicich se na eliminaci. B€hem septického stavu mohou
byt vSechny tyto parametry ovlivnény. Sepse snizuje pratok krve jatry, coz mize zvysit zejména
dostupnost 1éCiv s vysokym extrakénim pomérem. VétSina 1€Civ je metabolizovédna v jatrech
enzymy CYP450. Béhem sepse je aktivita téchto enzymil sniZzena (69). Vyznamné rovnéz klesa
exprese a aktivita transportnich proteinii pro 1éc¢iva. Jelikoz tyto transportni systémy jsou
dualezité 1 pro tvorbu Zluce, je sepse nebo podani LPS spojeno s intrahepatalni cholestazou (81).
Tyto zmény jsou disledkem plisobeni prozanétlivych cytokinti (pfedev§im TNF-alfa a IL-
Ibeta) 1 pfimé LPS-TLR aktivace na hepatocytech. Zmény se tykaji transportérii jak na
bazolaterdlni, tak i apikdlni membrané — Obr. 6. Na bazolaterdlni membrané se sniZuje
pritomnost Oatp1, Oatp2 1 Ntcp prenaSecl s cilem snizit vstup toxickych latek typu Zlucovych
kyselin do hepatocytd a tim branit dalSimu rozvoji cholestazy (76,77). Downregulace exprese
genu Ntcp béhem zanétem navozené cholestazy je zplsobena sniZzenou vazebnou aktivitou
transkripéniho nuklearniho faktoru HNF1 alfa a RXR:RAR. Zmény v dostupnosti a vazebné
aktivité¢ téchto dvou hlavnich transaktivator jsou vyvolané aktivaci zanétlivé intracelularni
signalizaéni kaskady (82—84). SniZeni Oatplal, 1a4 a 1b2 bchem akutni faze je Castecné
zpusobena snizenou expresi a aktivitou reguldtoru HNF1 alfa. Kromé toho miize hrat roli i
exprese indukénich PXR a CAR nuklearnich receptori béhem akutni faze, kdy LPS vede k
jejich znac¢né redukci (85). Na kanalikuldrni membrané tak dochazi k redukci hlavnich
exportnich pump pro zlucové kyseliny a fady dalSich anorganickych aniontii, Bsep a Mrp2

(86,87), které jsou pravé regulovany FXR, RAR, PXR a CAR. Celkové tedy vyznamnym
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zpusobem klesa eliminace substrata Iékovych transportéri, coz vytvarti zakladni podminku pro
kumulaci a rozvoj toxicity. Mén¢ je znam vliv endotoxinové cholestdzy na expresi efluxnich
transportéri Mrp3 a Mrp4 na bazolateralni membrané hepatocytii. U mysi aplikace endotoxinu
nebo 1écba TNF-alfa vyvolala snizeni Mrp3 mRNA, na druhou stranu u potkanii [é€enych LPS
byl efekt opacny. Tento rozdil miize znamenat mezidruhové rozdily, které mizeme pozorovat

u zanétem navozené regulace transkripce (81).

Obr 6. Regulace transportéri pii endotoxinem navozené cholestaze. Celkoveé dochézi ke snizeni
exprese transportérii na bazolaterdlni i1 kanalikularni membrané hepatocyti. Hlavnim
regulatorem poklesu exprese Mrp2 a Ntcp je zejména IL-1 beta. Downregulace Oatplal,
Oatpla2 a Oatpla4 je zprostiedkovana sniZzenou expresi a aktivitou HNF1 alfa. Bsep a Mrp2 je
regulovan sniZzenou expresi nuklearnich receptorti FXR, PXR a CAR. Zkratky: PXR — Pregnane
X Receptor, CAR - Constitutive Androstane Receptor, HNF1 alfa - Hepatocyte Nuclear Factor
1 alfa. Upraveno dle Geier A., et al. (81).
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3.4. Lécba sepse

Terapeutické intervence se béhem sepse soustfed’uji na udrzeni naplné cévniho feciste,

krevniho tlaku, perfuze organti, dale pak na potlaceni infekce a ptfipadné i zanétlivé reakce.

3.4.1. Nahrada tekutin a vasopresory

Pti sepsi je dilezitd intravendzni ndhrada tekutin, aby se zabranilo hypovolémii a
selhdvani ledvin. Pfi tézké sepsi nebo septickém Soku se ndhradni tekutiny podavaji nitrozilné
béhem prvnich 24 az 48 hodin. Nezbytné je monitorovani tvorby moce, aby se mohly vcasné
odhalit pfiznaky ledvinného selhavani, které byva castou komplikaci sepse nebo septického
Soku. Pokud sepse zplisobi snizeni krevniho tlaku, pouZivaji se vasopresory. Vyuziva se jich
predevsim v situaci, kdyZ hypotenze nereaguje na poc¢atecni nahradu tekutin k udrzeni stfedniho
arterialniho tlaku. Dle oficialnich doporuceni jsou hlavnimi l1é¢ivy v tomto sméru noradrenalin
a dopamin (88). U pacientil se septickym Sokem s téZkou hypotenzi a vysokym srde¢nim
vydejem, u nichz nahrada tekutin a podani vysokych davek konvencnich katecholaminti selhala,

lze zvézit podani terlipresinu, analogu vazopresinu (89).

3.4.2. Antibiotika

Antibiotika jsou hlavni kauzalni 1écbou sepse 1 septického Soku. Pii tézké sepsi nebo
septickém Soku jsou antibiotika poddvéna nitroziln€ (i.v.). V idealnim piipadé by méla byt 1écba
antibiotiky zahdjena co nejdfive, nejlépe do jedné hodiny od diagnozy, aby se zabranilo
zavaznym komplikacim nebo smrti. Diilezité je urcit pravdépodobny zdroj infekce a podéavat
intravenozné Sirokospektré antimikrobidlni latky, dokud nejsou k dispozici vysledky
identifikace a rezistence, kdy se pak pouziji antibiotika cilen¢ proti ur€itému typu bakterii (90).
Sepse muze byt zplusobena bud gram-negativnimi bakteriemi (Enterobacteriacea,
Haemophilous influenzae, Pseudomonas aeruginosa, Bacteroides fragilis, E. coli, Klebsiella a
dal§i) nebo gram-pozitivnimi bakteriemi (Staphylococcus spp., Streptococcus spp.,
Enterococcus spp., Clostridium spp. a dalsi) a v neposledni fad¢ dal$imi mikroorganismy

(Candida spp., Mycoplasma pneumoniae, Legionella spp., viry a dalsi) (91).

Rendlni exkrece je zdkladni eliminacni cestou minimalné u 60 % antibiotik. Béhem
sepse dochazi k zasadnim zménam funkce jednotlivych procest, které mohou mit vliv jak na
farmakokinetiku, tak néasledné¢ na farmakodynamiku antibiotik, zejména ve smyslu jejich
kumulace a potenciace toxicity. Optimalnim feSenim by bylo provadéni terapeutického

monitorovani plazmatickych koncentraci podanych 1é¢iv a jejich metabolitl s nasledné
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individualizovanou zménou davky. Nicméné méteni hladin je proces znacné narocny a nelze
ho zabezpecit v dostate¢ném rozsahu. Z toho diivodu je dalezité nalezit¢ prozkoumat charakter
zmeén jednotlivych mechanismii zapojenych do farmakokinetiky 1é¢iv béhem sepse. Nasledné
je mozné predikovat farmakokinetiku konkrétnich 1é¢iv na zakladé znalosti jejich vlastnosti a
zapojenych farmakokinetickych déjii. V tomto ohledu je rovnéz dulezit¢ popsat zmény
zapojenych procest indukovanych soucasné aplikovanou lécbou. Pfedevsim se jedné o ucinek

1é¢iv modulujicich zanétlivou odpoved.

3.4.3. Glukokortikoidy

Rozsah poSkozeni a intenzita zanétlivé odpovédi je zavisla na rovnovdze mezi
zanétlivymi a kompenzacnimi protizanétlivymi reakcemi. Sepse, septicky Sok a nasledky
systémové zanétlivé odpovédi na infekcei patii mezi tfinact nejCastéjSich umrti ve Spojenych
prabéh sepse a septického Soku. Kortikosteroidy byly mezi prvnimi protizanétlivymi a
imunomodula¢nimi latkami, které se testovaly u nemocnych v sepsi. Studie s vysokymi
davkami kortikosteroidli neprokazaly u septickych pacientl zlepSeni, a navic u nékterych lécba
vysokymi davkami vedla ke zvySené mortalité. V posledni dob¢ se objevil novy koncept 1éCby,
kdy jsou pacientim podavany kortikosteroidy vicekrat, ale v nizSich davkach (hydrokortison
100 mg i.v. 3x denné po dobu 5 dni) (93). Vysledky randomizovan¢ studie Carlet J. et al. (94)
jsou slibné a ukazuji na nové vyuziti kortikosteroidt v 1écbé sepse. Potencidln€ ptiznivy efekt
piehled zapojenych mechanismil nabizi Tabulka 4. Pozitivné se mohou projevit i dalsi G€inky
glukokortikoidi: stabilizace lysozomalnich enzymi, sniZeni propustnosti kapilar, sniZeni
koagulopatie, antagonizace u¢inkti endotoxind a snizeni mistni zanétlivé odpovédi a uvolnéni
mediatort zanétu. Dale podporuji vazokonstrikéni uc¢inky na kapilarni fecisté, a to bud’ piimo,

nebo nepiimo prostiednictvim adrenergniho systému (93).
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ucinek na cytokiny ucinek na neutrofily ostatni u¢inky

downregulace cytokintia  stabilizace neutrofilnich

TNF alfa lysozomt inhibice iNOS, COX-2, PLA>

zabranéni uvolnéni TNF a

IL z mononuklearnich zabranéni uvolnovani

bunék lysozomalnich enzymu zabranuji aktivaci komplementu
Tabulka 4. Piehled protizanétlivych ucinkt glukokortikoidii, Zkratky: iNOS — inducible nitric

oxide synthase, COX-2 — cyklooxygenase 2, TNF — tumor necrosis factor, IL. — interleukin,
PLA> — phospholipase A2, upraveno podle Klaitman et al. (93).

Utinek glukokortikoidi je zprostfedkovan aktivaci glukokortikoidniho receptor (GR),
ktery patii do skupiny nukledrnich receptorti. Po navdzani glukokortikoidi na glukokortikoidni
receptor, ktery se nachazi v cytoplazmé, dochdzi k aktivaci tohoto receptoru a k translokaci
komplexu glukokortikoid — GR do jadra. Uvnitt jadra mizou glukokortikoidy regulovat
genovou transkripci nékolika cestami: a) pfes navazani komplexu GK-GR na specifickou
sekvenci DNA, ¢imz dochédzi k pfimé aktivaci exprese genl; b) interakci s jinymi
transkripénimi faktory; c) prostfednictvim modulace stability specifické mRNA molekuly
(post-transla¢ni modulace) (95). Navazanim komplexu GK-GR na glukokortikoid odpovidajici

-----

lipokortin 1, IL-10, antagonista IL-1 receptoru a dalsi (96).

Nejvyraznéjsim ucinkem glukokortikoidii je inhibice exprese genli pro zanétlivé
mediatory. K tomu nedochazi pfimou reakci mezi GR a GRE, nebot’ u vétSiny zanétlivych
mediator nejsou v promotorovych ¢astech genu pfitomna tato GRE mista. SpiSe je to pfimou
interakci mezi aktivovanym GR a aktivovanymi transkripnimi faktory. Je to tzv. negenomova
cesta (transreprese), kdy dochazi k navazani transkripcnich faktord, jako nuklearni faktor kappa
B, aktivac¢ni protein — 1 (AP-1) a dalSich. To mé za nasledek regulaci exprese zanétlivych gent

se snizenou tvorbou prozanétlivych mediatorti a cytokinti (96).

Glukokortikoidy dokaZou ménit i strukturu chromatinu. Glukokortikoidni receptory
interaguji s vazebnym proteinem pro CREB (c-AMP-response element binding protein), ktery
pusobi jako kofaktor transkripce, a vdzou nékolik dalSich transkripénich faktorti, které mezi
sebou konkuruji o vazebna mista na této molekule (96). Translaéni modulace, ktera ma za
nasledek sniZzenou stabilitu mRNA a sniZeny biologicky polocas, byla pozorovana napt. u IL-
Ibeta a IL-6 (95).
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3.4.4. Anti-cytokinova terapie

-----

také inhibitory prozanétlivych cytokind, jako jsou sSTNFRs, IL-1Ra a IL-1R2, je na jedné stran¢
dilezitd pro eliminaci patogenii napadajicich organismus a na druhé stran¢ pro zmirnéni
poskozeni tkan€ zanétlivou reakcei (48). Cytokinové receptory a antagonisté receptorit TNFRs,
IL-1R2 a IL-1Ra moduluji ¢innost TNF-alfa a IL-1, kdy antagonizaci receptori miizeme
zmirnit jejich ucinky v organismu. U dobrovolnikl byly po aplikaci endotoxinu zméteny v
systémovém obéhu zvysSené hladiny TNFRs a IL-1Ra. U mySich modeltu septického Soku
podani IL-1Ra zvysilo pteziti, coz potvrzuje potencidlni terapeuticky ucinek IL-1Ra. Pfi méteni
koncentraci u septickych pacientii se pro TNFRs nebo TNF vice neZ absolutni plazmatické
koncentrace vyuziva pomér mezi TNF-alfa a TNFRs. Z toho vyplyva, ze pro prub¢h sepse je
dilezita urcitd rovnovaha mezi cytokiny a jejich rozpustnymi inhibitory receptorti. Piesny
mechanismus stale neni pln¢ znam. Lécba anti-cytokiny nebyla doposud u kriticky nemocnych
pacientil se sepsi u€innd, coz odrazi slozitost patofyziologie tohoto stavu. Nejvic nadéjnym se
jevi IL-RA, jelikoz byl ptipraven i synteticky analog a vysledky ukazuji, ze tyto latky mohou
potlacit nékteré projevy sepse. VIiv této latky na eliminacni déje nebyl doposud popsan. Proto

se dana otazka dostala do centra nasi pozornosti (48).

3.4.5. Potencialni ovlivnéni imunitni odpovédi modulaci hladiny Zeleza pomoci chelatora

Recentni studie naznacuji, Ze dal§im faktorem, ktery miZe modulovat zéanétlivou
odpovéd’ béhem sepse je zelezo. Tento prvek méd vyznamnou funkci v redoxni rovnovaze a
hraje dlleZitou roli v oxidacnim posSkozeni tkdni béhem zanétu (97). Studie potvrzuji, Ze
piitomnost bakterii nebo lipopolysacharidu v cirkulaci vede k velmi rychlé sekvestraci zeleza
ve tkanich. Cilem je sniZit dostupnost Zeleza pro bakterie a nasledné tim inhibovat jejich rust.
Iniciatorem sekvestrace zeleza je aktivace nespecifické imunity bakteridlnimi antigeny,
zejména endotoxiny, které stimuluji tvorbu cytokinii v makrofazich (98). Z nich zejména IL-6
je schopen aktivovat pSTAT3 kaskadu v hepatocytech, coz nasledné vede ke zvySené syntéze
a vyplaveni hepcidinu, hlavniho hormonu snizujicitho hladinu Zeleza v séru. Podstatou je
navazani hepcidinu na ferroportin, transportér pro zelezo, ktery zprostiedkuje vydej zeleza,
zejména z hepatocytl, makrofagii a enterocyti do séra. Komplex hepcidin-ferroportin je
nasledné internalizovan z membrany a degradovan. Tim dochazi ke sniZeni absorpce Zeleza ve
sttevé a k jeho sekvestraci ve tkadnich, zejména v jatrech a bunkach nespecifické imunity.

Hepcidin je navic jednou znejaktivngjSich antimikrobidlnich latek syntetizovanych
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v organizmu béhem mikrobialni infekce a samotné jeho podani vykazuje pfiznivé ucinky
v potlaceni priznakl sepse. V makrofazich sekvestrované zelezo pomaha v inaktivaci baktérii
zvySenim produkce reaktivnich forem kysliku a aktivaci lyzozomu. Nicméné v dal$ich tkéanich,
zejména v jatrech, souCasné¢ timto mechanismem pfispiva kumulované Zelezo i k orgénové
toxicité. V naslednych studiich bylo skute¢né prokdzano, ze béhem sepse muize chelatace zeleza
vyznamn¢ omezit rozvoj zanétlivé reakce i poSkozeni tkani, coz bylo dokonce spojeno s lepSim
prezivanim (99,100). Nicméné pro dalsi vyuziti tohoto piistupu prozatim neexistuje dostatek

dat, véetn¢ absence informaci o vlivu danych latek na elimina¢ni mechanismy pro 1é¢iva.

3.4.6. Boldin

Boldin je hlavni alkaloid z kiiry a listd stromu boldovniku vonného (Peumus boldus
Molina, Monimiaceae). Tato latka je povazovéana za nositele ucinktl, pro které je extrakt z
boldovniku vonného pouzivén v tradi€ni mediciné€ k 1é€bé bolesti hlavy, kloubli, menstruacnich
bolesti, dyspepsie, zanéti mocového Ustroji a tvrdi se taky, Ze ma sedativni a mirn€ hypnotické
ucinky. Boldin je proto v soucasnosti studovan na pftislusnych in vitro a in vivo modelech a
vysledky skuteéné ukazuji na jeho silné antioxidac¢ni schopnosti, které umoziuji prevenci
patologickych stavii souvisejicich s oxida¢nim stresem, jakymi jsou poSkozeni jater (101,102),
rozvoj systémové zanétlivé reakce (103), proliferace nadorovych bunck, zvySena agregace
krevnich desti¢ek nebo aterosklerdza (104). Boldin taky prokazal dalsi G¢inky nesouvisejici s
oxidaCnim stresem, a to relaxacni aktivitu na hladké svalstvo stiev a cév krevniho fecisté
(pravdépodobné prosttednictvim antagonismu nikotinovych a a; receptorii a Ca** kandl®),
neurolepticky/antinociceptivni ucinek (pravdépodobné diky blokddé¢ D> receptort) a
cholagogni/cholereticky uc¢inek. Pravé cholereticky efekt predstavuje v soucasnosti jednu
z hlavnich oblasti podavani potravinovych doplikdi obsahujicich boldin. Ne¢kolik praci
demonstrovalo, Ze p.o. podani extraktu boldovniku vonného miize zvysit tok Zluc¢i u potkani 1
mysi (105-107). Novéjsi studie naopak nepotvrdily cholereticky U€inek u potkanti ani po p.o.
podani 200-800 mg/kg etanolového extraktu boldovniku vonného ani po iv. podani bud’
extraktu (4:1) nebo ¢istého boldinu (101). Tyto nesrovnalosti ve vysledcich ukazuji na potiebu
lepsi charakterizace mechanismu a podminek piedpokladané cholerézy po podani boldinu.

Soucasné neni znamo, jak boldin ovliviiuje cholestatické stavy.
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5. Cile prace

Béhem sepse dochazi ke zménam procesti, zejména na urovni eliminace, které mohou vyrazné
modifikovat farmakokinetiku 1éCiv. Aby se zabranilo moznym toxicitam nebo selhani efektu,
terapie. Nedostatek informaci v dané oblasti byl hlavnim diivodem k formulovani nasledujicich

cilt prace:

1) charakterizovat zmény exprese 1€ékovych transportérti v ledvindch a v jatrech béhem
modelového septického stavu a popsat jejich funkéni dopady na farmakokinetiku
1é¢iv. V nasi studii byl jako modelovy substrat pro 1ékové transportéry pouzit
azitromycin.

2) prostudovat vliv dvou silnych protizanétlivych latek na akutni ledvinné selhani a
asociované zmény eliminacnich mechanismil béhem sepse. Pouzity byly:

a) anakinra — antagonista na IL-1 receptoru
b) dexametazon — glukokortikoid

3) sledovat vliv dvou rliznych klinicky dostupnych chelatort zeleza, dexrazoxanu a
deferoxaminu, jako prevence akutniho poSkozeni jater béhem modelového
septického stavu.

4) zhodnotit vliv boldinu na mechanismy tvorby Zluce a popsat efekt této latky na

modelech intrahepatélni cholestazy.
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6. Seznam praci a podil kandidatky na jednotlivych publikacich

Tato dizertacni prace je predkladéna jako komentovany soubor 4 praci publikovanych
v Casopisech s impakt-faktorem. VSechny manuskripty jsou plivodni experimentalni prace
zaméiené na farmakokinetiku 1€¢iv za septickych stavii nebo farmakokinetiku 1é¢iv béhem
cholestazy, jako mozny nasledek sepse. Kandidatka je prvni autorkou dvou praci (6.1 a 6.3) a

spoluautorkou dalsich dvou manuskriptt (6.2 a 6.4).
Podil pfedkladatelky na jednotlivych publikacich je nasledujici:

6.1. IL-1 receptor blockade alleviates endotoxin-mediated impairment of renal drug excretory

functions in rats.
- praktické provedeni in vivo studii
- 80% in vitro studii (PCR, WB, stanoveni TBA, ELISA)
- histologie (foceni a vyhodnocovani)
- analyza dat a sepisovani manuskriptu
6.2. Deferoxamine but not dexrazoxane alleviates liver injury induced by endotoxemia in rats.
- UCast na in vivo studiich
- ¢astecné provedeni in vitro experimenti (PCR, WB, TBA)

- podil na analyze dat a sepisovani manuskriptu

6.3. Boldine enhances bile production in rats via osmotic and farnesoid X receptor dependent

mechanisms.
- ucast na in vivo studiich
- ¢astecné provedenti in vitro experimenti (PCR, WB, TBA)

- podil na analyze dat a sepisovani manuskriptu

6.4. Boldine attenuates cholestasis associated with nonalcoholic fatty liver disease in

hereditary hypertriglyceridemic rats fed by high-sucrose diet.
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- UCast na in vivo studiich
- ¢astecné provedenti in vitro experimentl (PCR, WB, TBA)

- podil na analyze dat a sepisovani manuskriptu
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7. Komentare k jednotlivym publikacim

7.1. IL-1 receptor blockade alleviates endotoxin-mediated impairment of renal drug
excretory functions in rats.

Kadova Z, Dolezelova E, Cermanova J, Hroch M, Laho T, Muchova L, Staud F, Vitek L, Mokry
J, Chladek J, Havlinova Z, Holecek M, Micuda S

Am J Physiol Renal Physiol. 2015 Mar 1;308(5):F388-99
[Fo015) 3,3

Dexametazon a anakinra (antagonista na IL-1 receptorech) patii mezi silné

-----

ledvinné poskozeni a s tim spojené ovlivnéni exkre¢nich funkci béhem endotoxémie u potkant.

Deset hodin po aplikaci LPS jsme u neléenych endotoxemickych potkanti mohli
pozorovat typické symptomy akutniho poskozeni ledvin, jako jsou snizend glomerularni
filtrace, zménéna tubularni exkrece mocoviny a sodiku a snizené ledvinna exkrece azitromycinu
(substratu pro Mrp2 a Mdrl, tj. hlavnich 1ékovych efluxnich transportéri). Po aplikaci obou
latek doslo ke zmirnéni zanétlivych odpovédi, poskozeni jater a akutniho ledvinného selhavani.
Zvysila se renalni clearance azitromycinu obnovenim glomeruldrni filtrace, bez vyraznych
zmén na jeho tubuldrni sekreci. Soucasné€ jsme pozorovali rozdilny Gi¢inek obou 1é¢iv na renélni
expresi jednotlivych transportérii. Pouze po aplikaci dexametazonu doslo ke zvySeni renélni
clearance Zlucovych kyselin, jako reakci na redukci transportéru pro jejich tubularni reabsorpci

Asbt. Obé¢ latky piizniveé tlumily cholestdzu navozenou LPS v jatrech.

Souhrnné miZeme fici, Ze nase data u obou latek prokézala jejich ucinnost v prevenci
proti akutnimu ledvinnému poskozeni vzniklému béhem endotoxemie. DoSlo k obnoveni
renalniho vylu€ovani 1é¢iv, pfedevsim diky zlepSeni glomerularni filtrace. Vliv obou 1é¢iv na
tubularni funkce a exkreci 1é¢iv byl rozdilny, s dirazem na nutnou znalost transportni cesty pro
individudlni 1é¢iva pouzivana b&hem sepse. Uginek anakinry déle potvrzuje vyznamny podil

IL-1 v patogenezi endotoxinem (LPS) navozeného akutniho ledvinného poskozeni.
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THE ENDOTOXINS RELEASED FROM the cell wall of gram-negative
microorganisms play an important role in the initiation and
maintenance of the severe inflammatory response of organisms
during sepsis. These lipopolysaccharides bind to toll-like re-
ceptors (TLR) in tissues, especially at the surface of macro-
phages, and trigger a nuclear factor-kB-directed immune re-
sponse. This response is based on the increased production of
proinflammatory cytokines, such as TNF-«, IL-1{3, and IL-6,
and nitric oxide (NO) released by inducible nitric oxide syn-
thase (iNOS), which subsequently distort the morphology and
function of several organs (6). Untoward acute injury can be
seen especially in the kidney (acute kidney injury; AKI) and
typically includes reduced blood flow, with a decreased glo-
merular filtration rate (GFR). Consequent ischemia of tubular
segments leads to an alteration of transport functions, with
reduced urinary concentration ability and eventually to acute
tubular necrosis. The urinary excretion of endo- and xenobiot-
ics is further mitigated by profound changes in the expression
of transporting proteins in tubules (2, 5, 18, 26, 27). In this
situation, the pharmacological modulation of the regulatory
mediator pathways, such as the inhibition of iNOS or activa-
tion of the protective heme oxygenase (HMOX)-CO pathway,
may significantly restore GFR and tubular excretory functions
(20, 35) and consequently affect the pharmacokinetics of drugs
administered in therapy for sepsis (55). However, the influence
of immune response-modifying agents on the drug-excretory
capacity of the renal tubule during such a status has not been
described as yet.

The drugs which have a significant immunosuppressive
effect, which are routinely administered to patients during
septic shock, are glucocorticoids (29). The rationale for their
use is to support the insufficient endogenous secretion of
cortisol, to enable the maintenance of the vascular reactivity to
catecholamines, and consequently, blood pressure. However,
corticosteroids in applied dosages also possess a strong
genomic effect, based on the suppression of NF-kB and their
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IL-1 RECEPTOR BLOCKADE ALLEVIATES TOXIC RENAL IMPAIRMENT

target proinflammatory cytokines (7). As a consequence, with
sepsis, corticosteroids terminate systemic and tissue inflamma-
tion, restore organ function, and prevent death (3). In the
kidney, the protective corticosteroid effect includes the inhibi-
tion of iNOS activity, the prevention of hypoxic injury to the
cortex, the improved permeability of the glomerular endothe-
lium, and the normalization of water clearance (25, 40, 47). In
addition, corticosteroids are known for their ability to induce
drug transporters in the liver during endotoxemia (6a). Taken
together, these drugs may have strong potential to modify renal
excretion of therapeutics and endobiotics during sepsis.

An alternative therapeutic strategy for the improvement of
survival, as well as for the prevention of acute tubular injury
during endotoxemia or sepsis, may be the more specific anti-
cytokine approach using IL-1 receptor blockade (4, 11-13, 36).
Although later studies were unable to find a positive effect of
a recombinant human IL-1 receptor antagonist on septic acute
renal failure (52), the synthetic IL-1 receptor antagonist anak-
inra showed a preventive effect on endotoxin-induced down-
regulation of some crucial drug transporters in the liver (16).
Corresponding data about a renal effect are missing. The
objective of the present study was, therefore, to investigate the
influence of both the corticosteroid dexamethasone and anak-
inra on the renal excretory pathways for endo- and xenobiotics
in the rat model of endotoxin-induced AKI.

MATERIALS AND METHODS

Chemicals. Azithromycin (AZT) was used in its original formula-
tion for parenteral administration (Sumamed, Pliva-Lachema, Brno,
Czech Republic); dexamethasone was purchased from Sigma (St.
Louis, MO); ANA was used in its original formulation for parenteral
administration (Kineret, Biovitrum, Stockholm, Sweden), and LPS
(from Salmonella enterica serotype typhimurium) was obtained from
Sigma-Aldrich (St. Louis, MO).

Animal models. All procedures were approved by the Animal Care
Committee at Charles University in Prague, Faculty of Medicine in
Hradec Kralove. Male Wistar rats (280-320 g: purchased from
Konarovice, Czech Republic) were kept under temperature- and
light-controlled conditions, on a 12:12-h light-dark cycle. Throughout
the study, the rats were fed a commercial food diet and had free access
to water. The rats were divided into the following four groups (n = 12
for each): 7) control group, which received only saline at designated
time points; 2) LPS-treated group, which was injected with 4 mg/kg
body wt of LPS intraperitoneally (ip); 3) DEX+LPS-treated group,
which received 10 mg/kg body wt of dexamethasone ip 1 h before
LPS administration; and 4) ANA +LPS-treated group, which received
10 mg/kg body wt of anakinra ip 1 h before and 4 h after LPS
treatment. The regimens were selected on the basis of previous studies
(6a, 16). The administration of a steroid before LPS in rodents is
commonly used because of the reduced receptor-binding capacity for
glucocorticoids under septic conditions in animals (9, 44). Anakinra
was used with the same regimen as recommended previously (16)
only we have added the dose 5 h after initial administration due to the
short half-life of the agents in rats. After the application of LPS or
corresponding saline, all the animals were housed in metabolic cages
for 10 h, where water consumption was monitored and urine was
collected. Thereafter, the animals were anesthetized ip with pentobar-
bital sodium (50 mg/kg). Six animals from each group were cutha-
nized by exsanguination to obtain plasma for biochemical analysis
and the liver and kidneys for expression analysis: samples were
snap-frozen in liquid nitrogen and stored at —80°C until analysis. The
other six animals from each group underwent an in vivo clearance
study.

F389

In vivo clearance study. Rats were under pentobarbital sodium
anesthesia (50 mg/kg ip). The right jugular vein used for drug
administration and the continuous infusion of physiological saline (2
ml/h), the left carotid artery for blood sampling, the common bile duct
for bile collection, and the urinary bladder for urine collection were
cannulated. Thereafter, the rats received a single bolus of AZT (20
mg/kg). Blood samples (~0.3 ml) were taken at designated time
intervals (0, 4, 10, 30, 60, 120, 180, and 240 min) after the injection
of AZT. Bile and urine samples were collected in preweighed tubes at
30-min intervals throughout the experiment. Blood was centrifuged at
2,000 g for 5 min at 4°C to obtain plasma. Organs were snap-frozen
in liquid nitrogen and, together with plasma, bile, and urine samples,
kept at —80°C until assayed.

Analytic procedures. The concentrations of AZT, citrulline/argi-
nine, and nitrites/nitrates were determined by previously described
HPLC methods (14). Biochemical analyses of serum and urine were
performed on a Cobas Integra 800 and Cobas Mira Plus (Roche
Diagnostics, Mannheim, Germany) according to the manufacturer’s
instructions. Bile acids were determined from serum, urine, and bile
using a commercial kit (Diazyme Europe) according to the manufac-
turer’s instructions. Fractional excretion was calculated according to
the following formulas: FEn, = 100 X (urine sodium X plasma
creatinine)/(plasma sodium X urine creatinine); FE ., = 100 X
(urine urea X plasma creatinine)/(plasma urea X urine creatinine).

Pharmacokinetic analysis. Data were analyzed with Kinetica and
MS Excel software. Pharmacokinetic parameters of intravenously
administered AZT were calculated according to standard noncompart-
mental techniques (14). The area under the plasma concentration-time
curve (AUC,...) was calculated from the sum of the AUCq 1iast
estimated by the log-linear trapezoidal rule from fime O to the time of
the last measured concentration (7T1a.), and the AUC was extrapolated
to infinity (AUCtys-) and calculated as the last measured concen-
tration divided by the elimination constant (K), estimated on the
basis of linear regression analysis. The half-life (7',,2) was calculated
by dividing In(2) by Ka. Total clearance (CLyq) was calculated as
CLr1or = Dose/AUC .. The apparent volume of distribution (Vd) was
calculated as Vd = CLyor X AUMC/AUCy..., where AUMC is the
area under the first moment plasma concentration vs. time curve. The
biliary (CLgjie) and renal (CLg) clearance were calculated as CLgjie =
Xpile/AUCo. 1145t and CLr = Xurine/AUCo. 1145, Where Xuite and Xurine
were the amounts of AZT excreted to bile and urine, respectively,
during the evaluated period, and T, was 240 min. Tubular secretory
clearance (CLgs) of AZT was calculated as the difference between
CLgr (AZT renal clearance) — CLcg (creatinine clearance).

Histological examination. The kidneys were fixed in 10% neutral
buffered formalin solution and thereafter embedded in paraffin and
stained with hematoxylin-eosin. Pictures were taken using an Olym-
pus BXS51 microscope with an Olympus DP71 camera. Glomerular
and tubular damage was evaluated by the same specialist,

Western blot analysis. One hundred milligrams of kidney or liver
tissue was minced with scissors in 0.5 ml RIPA buffer (Sigma) in the
presence of protease inhibitors, homogenized with ULTRA-TURRAX
(2 X 15 s), and centrifuged (3,000 rpm for 10 min, 4°C). Protein
concentrations were measured with a BCA Protein Assay Kit (Ther-
moScientific), using bovine serum albumin as a standard. Proteins
(100 pg) were separated on SDS-polyacrylamide gel and transferred
to a polyvinylidene difluoride membrane. After blocking in Tris-
buffered saline, supplemented with 0.05% of Tween 20 and 5% of
nonfat dry milk, the membranes were incubated for 1 h with appro-
priate primary antibodies (Table 1). Blots were then incubated for 1 h
in horseradish peroxidase-conjugated secondary antibodies (GE
Healthcare, Prague), and the membranes were visualized with en-
hanced chemiluminescence reagents (ThermoPierce). The band inten-
sities were detected using ScanMaker 1900 (UMAX) and QuantityOne
imaging software (Bio-Rad). Equal protein loading was confirmed by
immunodetection of GAPDH (kidneys) or B-actin (liver).
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Table 1. Antibodies used in Western bloiting

IL-1 RECEPTOR BLOCKADE ALLEVIATES TOXIC RENAL IMPAIRMENT

Secondary
Primary Antibody Antibody
Detected Molecular
Protein Source Catalog no. Dilution Weight, kDa

Oatl Sigma SAB2102179 1:1,000 1:2,000 62
Oat2 Sigma AV42708 1:2,500 1:3.000 60
0at3 Sigma SAB2102179 1:1,000 1:2,000 62
P-gp Sigma P7965 1:500 1:1,000 145
Mrp2 Alexis ALX 801-037 1:500 1:1,000 190
B-Actin Sigma A 5316 1:5,000 1:8,000 42
Gapdh Sigma G 8795 1:5,000 1:8,000 37
HMOX1 Sigma H4535 1:1,000 1:3.000 32
iNOS BD Bioscience 610329 1:1,000 1:2,000 130

Antibodies were obtained from GE Healthcare Life Sciences: ECL mouse IgG, horseradish peroxidase (HRP)-linked anti-mouse and anti-rabbit secondary
linked F (ab’)> fragment (catalog no. NA931) and ECL rabbit IgG, HRP-linked F (ab’)> fragment (catalog no. NA 934). HMOXI, heme oxygenase-1; iNOS;

inducible nitric oxide synthase.

Real-time gRT-PCR. Real-time PCR was performed on a 7500HT
Fast Real-Time PCR System (Applied Biosystems, Foster City, CA).
Total RNA was isolated from liver and kidney tissue samples using
TRIzol reagent (Sigma-Aldrich) and converted into cDNA by a High
Capacity ¢cDNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s protocol. Thirty nanograms of cDNA
was loaded into one reaction. All experiments were performed in
triplicate. Genes were amplified using TagMan Fast Universal PCR
Master Mix and predesigned TagMan Gene Expression Assay Kits
(Table 2). All data were normalized to GAPDH, and differences in
gene expression were calculated from detected dCt values, as de-
scribed previously (22).

Detection of HMOX activity. Twenty microliters of tissue sonicate
was incubated for 15 min at 37°C in septum-sealed, CO-free 2-ml
vials, containing 20 pl of 50 M methemalbumin as a substrate in the
absence (blank) or presence of 20 pl of 4.5 mM NADPH. Blank
reaction vials contained 0.1 M potassium phosphate (pH 7.4) in place
of NADPH. The amount of CO generated by the reaction and released
into the vial headspace was quantified by gas chromatography.
HMOX activity was calculated by the number of picomoles of CO
produced per milligram of protein per hour.

Data analysis. We detected maintenance of mRNA expression of
selected transporters during the in vivo clearance study, i.e., between

Table 2. Predesigned TagMan Gene Expression Assay kits
(Life Technologies) used for quantitative real-time RT-PCR

Gene Protein Symbol Assay ID

Abcbll Bsep Rn00582179_ml
Abce2 Mrp2 Rn00563231_ml
Abcc3 Mrp3 Rn00589786_m1
Abced Mrp4 Rn01465702_m1
Abchbla Mdrla Rn00591394_ml
Abcblb Mdrib Rn00561753_m1
SlelOal Ntep Rn00566894_m1
Sleola2 Oatpla2 Rn00756233_ml
SleiOa2 Asbt Rn01482843_ml
Sle22ab Oatl Rn00568143_m1
Slc22a7 Oar2 Rn00585513_ml
Sle22a8 Oar3 Rn00580082_m1
Slc22al Octl Rn00562250_ml
Slc22a2 Oct2 Rn00580893_m1
Sle22a3 Oct3 Rn00570264_m1
Slc47al Matel Rn01460731_m1
Sle47a2 Mate2 Rn02601013_ml
1l-6 IL-6 Rn99999011_ml
Tnf Tnf-a Rn99999017_ml
Gapdh Gapdh Rn01775763_gl

10 and 14 h after LPS challenge, despite the previously described
progressive decrease in Oatl, Oat3, and Mrp2 mRNAs until 12 h after
LPS administration (20, 23). This observation complies with previous
reports that pentobarbital anesthesia (53) and fluid replacements (10)
may modify ongeing endotoxemic injury. Therefore, we decided to
use data from the 10-h time point uninfluenced by procedures of the
in vivo clearance study as a reference to evaluate effect of both agents
on molecular and histological parameters of AKI. Data are expressed
as means * SD. All data were analyzed using one-way ANOVA,
followed by a post hoc test (Neuman-Keuls test). Analysis was
performed using GraphPad Prism 5.0 software (GraphPad Software,
San Diego, CA). A difference of P < 0.05 was considered statistically
significant.

RESULTS

Effect of immunosuppressive therapy on LPS-mediated AKI.
The administration of LPS raised serum parameters typical of
AKI, urea and creatinine (Table 3). The inclusion of corre-
sponding urine analyses showed a significant decrease in crea-
tinine clearance and an increase in microalbuminuria, the
indicators of impaired glomerular filtration (GFR), which was
combined with altered tubular functions, as demonstrated by
changes in the fractional excretion of sodium and uvrea (Fig. 1).
Urine production in LPS animals remained unchanged, pre-
sumably due to opposite changes between GFR and sodium
fractional excretion. Pretreatment with either drug prevented
the development of glomerular impairment in particular (Fig.
I, C and D). Tubular functions were mainly influenced by
dexamethasone. The drug further increased an LPS-induced
rise in the fractional excretion of sodium, with a consequent
increase in urine production (Fig. 1), while the fractional
excretion of urea was restored, which suggests its positive
influence on organic anion transport.

Biochemical analyses of serum also confirmed the choles-
tatic potential of LPS, as indicated by increased levels of
bilirubin, bile acids, and activities of ALP (Tables 3 and 4).
Both agents protected against the development of all these
alterations. Moreover, kinetic parameters of bile acid elimina-
tion (Table 4) demonstrated the restoration of their impaired
biliary clearance, suggesting significant modification of re-
sponsible transporting proteins (see below). Dexamethasone
also prevented impairment of urinary clearance of bile acids
and predictably raised the level of glycemia.
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Table 3. Selected serum biochemical parameters related to endotoxemic liver and kidney impairment

Ctrl LPS DEX-LPS ANA-LPS

Conjugated bilirubin, pM BD 3.0 1.6 BD BD
Total bilirubin, pM 2505 9.3 £ 8.3* 3.0 £ 0.6 38 = 1.7%
AST, pkat/l 22+04 45+10 41=*11 3.0+03
ALT, pkat/l 0.6 = 0.03 28 gre 0.7 = 0.05F+ 1.4 = 0.31
ALP, pkat/l 172101 5.0 £ 1.THRE 2.5 = 04%FT 3.3 = 0.6F77F
Glucose, mM 8113 S6E12 1 8333
Urea, mM 6807 2] b BOreE 11 £ 4.617 13 = 4.6%%
Creatinine, pM 30 =65 61 £ 16.1%%% 47 = 11%} 44 = 9.7%%

Values are means = SD; n = 6/group. Ctrl, control; LPS, endotoxemic rats; DEX, dexamethasone-pretreated rats; ANA, anakinra-pretreated rats; BD, below

detection limit; AST, aspartate aminotransferase; ALT, alanine aminotransferase: ALP, alkaline phosphatase. *P < 0.05, **P < 0.01, ***P < 0.001, significantly
different from control values. TP < 0.05, 3P < 0.01, {+P < 0.001, significantly different from LPS values.

Histological evaluation showed normal architecture of renal
parenchyma in control animals. LPS administration produced
cellular vacuolization and impairment of apical membrane
integrity in renal tubular cells, without microscopic changes in
glomeruli (Fig. 2B). Despite variable results from tubular
functional parameters (Fig. 1, £ and F), both drugs were able
to attenuate such pathological changes, as exemplified in Fig.
2, C and D.

Immunosuppressive agents modulated LPS-induced changes
in renal elimination of AZT. To evaluate the function of
drug-transporting proteins, we measured pharmacokinetic pa-
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rameters of biliary and urinary elimination of AZT, a typical
substrate for multidrug transporters Mdrl and Mrp2 (45) (Ta-
ble 5). Untreated endotoxemic animals showed significant
decreases in both biliary and renal excretion and clearance of
the antibiotic, which was associated with prolongation of its
half-life. In the case of the liver, the change could only be
attributed to the consequence of reduced active biliary secre-
tion. Analysis of urinary parameters suggested that reduced
GFR is responsible for the alteration in particular. Pretreatment
with either drug did not show any consistent effect on AZT
biliary clearance, but both raised renal clearance through an

wekk
T

LPS DEX-LPS ANA-LPS

Fig. 1. Effect of dexamethasone (DEX) and

anakinra (ANA) on LPS-induced changes in

weight loss (A), urine production (B), creati-

nine clearance (C), microalbuminuria (D),

and fractional excretion of sodium (Fena; E)

t and urea (FEyeq; F). Values are means = SD

(n = 6). *P < 0.05, *'P < 0.01, "™'P <

0.001, compared with controls, P < 0.05,

t P < 0.01, P < 0.001, compared with
LPS.
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Table 4. Serum concentrations and excretory characteristics
of bile acids

Cirl LPS DEX-LPS ANA-LPS
Plasma TBA, pM 1781 40 19* 20497 21 = 11F
TBA CLgije, ml/min 16+ 1.6 4.6* 4% 12+ 1.8f 13 +28F
TBA CLurine, pl/min 1.5 0.7 0.5 £ 0.2% 1.3+ 08} 0402*

Values are means = SD: n = 6/group. Samples were taken at intervals of
0-30 min from the in vivo clearance study (10 h after LPS administration).
TBA CLgile/CLuUrine, biliary/urinary clearance of total bile acids. *P < 0.05,
#*pP < 0,01, significantly different from control values. 1P < 0.05, signifi-
cantly different from LPS values.

increase in GFR, which may contribute to shortening of T ..
Interestingly, the tendency for the reduction of Vd after LPS,
most probably due to tissue hypoperfusion, becomes signifi-
cant during coadministration with dexamethasone. The effect
may reflect the reduced distribution of AZT into tissues, as a
consequence of restored blood vessel permeability after the
administration of an immunosuppressant during endotoxemia.
In agreement, total clearance of AZT remained limited in the
dexamethasone group, despite an increase in renal clearance.

LPS-induced changes in renal drug transporters were dif-
ferentially changed by applied immunosuppressants. Important
renal transporters, which are responsible for the elimination of
AZT and other organic anions and drugs used in the treatment
of sepsis, were determined. LPS treatment significantly up-
regulated mRNA levels of transporters at the apical membrane
(Mrp2, Mrp4, Mdrlb, and Asbt) and downregulated basolateral
Oat and Oct uptake transporters, as well as the multidrug and
toxin extrusion protein 1 (Matel) apical transporter, compared
with controls (Table 6). The administration of either drug
prevented changes in apical membrane transporters, where
dexamethasone also showed a protective effect on Asbt and
Bsep However, both only had a minimal effect on the tran-

Fig. 2. Effect of immunosuppressive agents
on histological changes induced by endoto-
xins in kidneys. Administration of both DEX
and ANA was able to prevent damage to
apical membrane integrity (AMI), and vacu-
olization of tubular cells (VTC), seen in LPS-
treated animals. Representative histological
slides are shown. A: control. B: LPS-admi-
nistered. C and D: DEX (C)- or ANA (D)-
pretreated LPS rats (bar = 100 pum).
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scription of basolateral molecules. In addition, we also ana-
lyzed mRNA expression of genes crucial for AZT pharmaco-
kinetics in samples from the in vivo clearance study, i.e., 14 h
after LPS challenge (Table 7). The administration of both
agents demonstrated similar effect as at 10 h.

With respect to the anionic nature of AZT, we further
analyzed the protein expression of Oatl-3, Mrp2, and P-gp
(Fig. 3). Using crude membrane fractions, we confirmed the
transcriptional downregulation of Oatl and the upregulation of
Mrp2 in untreated LPS rats. Oat2 and QOat3 proteins were
posttranscriptionally upregulated by endotoxins. The adminis-
tered drugs had diverse effects on transporters; while dexa-
methasone prevented Mrp2 induction, anakinra restored Oatl
and Oat2 levels.

To confirm the reliability of our model, we also evaluated
the influence of LPS on mRNA expression of corresponding
hepatic transporters. The majority of the changes observed in
our study, i.e., the upregulation of Mdrlb and the downregu-
lation of other bile acid or drug transporters in untreated LPS
rats (Table 8), complies with former reports (6a, 16, 17). Only
dexamethasone was able to partially alleviate changes in Ntcp,
Bsep, and Mdrlb gene transcription, while anakinra accentu-
ated those in Mrp4 and Mdrlb (Table 8).

Effect of immunosuppressive therapy on LPS-mediated
changes in regulatory molecules. We evaluated the effect of
both agents on two principal pathways regulating renal damage
during endotoxemia, CO and NO. LPS treatment significantly
enhanced HMOX1 expression and CO production in both the
liver and kidneys (Fig. 4). Dexamethasone, as well as anakinra,
returned both indicators to the control level. Similarly, un-
treated LPS showed a marked induction of iNOS in both
organs, followed by an increase in NO plasma concentrations
(Fig. 5). Only dexamethasone was able to significantly reduce
the tissue content of the iNOS protein, which corresponded to
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Table 5. Pharmacokinetic parameters of intravenously administered azithromycin (20 mg/kg)

F393

Ctrl LPS DEX-LPS ANA-LPS
Vdss, kg 94 +41 69 +24 38+ 1.6%t 6208
AUCo, mg:l~"-min~" 377 £ 80 552+153 627 = 187 360 + 225
Tip2, min 148 = 62 232 + 76* 120 = 627 89 + 321+
Xpile» mg/240 min 0.15 = 0.03 0.08 * 0.03** 0.11 £0.03+ 0.1 * 0.04
Xurine, mg/240 min 1.1£03 0.6 +0.3* 1.2 + 0.21% 09*02
CLtota, ml/min 21£3.6 14 £3.7% 13- £3.6% 20 = 6.9
CLgite, ml/min 0.5 = 0.08 02x01% 0.2 £ 0.00% 04 =02
CLg, ml/min 39+ 1.2 1.4 +0.9%* 24 0.7 28 * 1.3%
CLcr, ml/min 17+03 0.9 £ 0.5%* 14 + 0.2} 1.7 + 0.4
CLg — CLcr 23*10 0.5 £ 0.5%* 1.0 + 0.6% 1.1 £1.0*

Values are means * SD; n = 6/group. AUC area under the curve; T'i/2q, distribution-phase half-life; Xgii, biliary excretion; Xurine, urinary excretion; CLryo,
total clearance; Vd,,, steady-state volume of distribution; CLy, biliary clearance; CLg, renal clearance; CLcg, creatinine clearance; CLgs, tubular secretory
clearance of azithromycin. *P < 0.05, **P << 0.01, significantly different from control values. +P < 0.05, #1P < 0.01, significantly different from LPS values.

a change in NO, levels. However, total NO in plasma was
decreased by both agents. The only substrate for NOS is
arginine, which is converted to NO and citrulline. As a result,
lowered plasma levels of arginine and an enhanced concentra-
tion of citrulline may be found in sepsis, which also complies
with our results (Fig. 5F). Arginine deficiency in such condi-
tions may contribute to a number of negative effects, such as
endothelial and T cell dysfunction (34). Importantly, the ad-
ministration of both agents in our study restored the citrulline/
arginine ratio in serum and attenuated the LPS-mediated in-
duction of TNF-a and IL-6 mRNA in the kidneys (Table 6).

DISCUSSION

The main finding of the present study is that nonselective
immunosuppression by a corticosteroid or the selective IL-1
receptor blockade, by anakinra, may both alleviate endoto-
xemic renal impairment, especially by preserving glomerular
filtration. On the other hand, the endotoxemic depression of
renal tubular functions, including drug excretory capacity, was
only partially influenced by the agents. While diverse effects
were detected in LPS-downregulated basolateral transporters,
the prevention of LPS-mediated upregulation was seen in the
apical excretory Mrp2, which, however, had no effect on the
excretion of its substrate, AZT. Impairment of tubular excre-

tory functions of endobiotics, namely urea and bile acids, was
favorably influenced by dexamethasone.

The positive modulation of some signs of AKI during
endotoxemia, especially the restoration of GFR, has already
been described for corticosteroids and is mainly ascribed to the
downregulation of iNOS (25, 40, 47, 48). We have verified this
mechanism for dexamethasone with the reduction of iNOS,
NO plasma levels and the citrulline/arginine ratio, which is the
indicator of arginine breakdown by NOS (31). Importantly,
unlike in other forms of AKI, such as ischemic or cisplatin
induced (1), only the IL-1 receptor blockade in our study
showed that crucial functional parameters of LPS-imposed
AKI were significantly related to this pathway, and could be
improved by anakinra to a similar extent as to that with the use
of dexamethasone. In fact, Berry et al. (4) recently suggested
that IL-1B-mediated neutrophil recruitment may play a key
role in the development of AKI, and even sole administration
of IL-1P can produce a systemic and kidney response closely
resembling an endotoxemia insult (42). In agreement, both
compounds reduced renal IL-6 mRNA, confirming their anti-
inflammatory influence, but predictably anakinra was unable to
change TNF-a expression. On the other hand, contradictory
results, with the absence of any beneficial effect of the IL-1pB
receptor blockade or IL-1RA during endotoxemia/sepsis, also

Table 6. Gene expression of renal drug transporters and cytokines measured in kidneys

Curl LPS DEX-LPS ANA-LPS
Abce2 (Mrp2) 100 + 20 266 + 298+ 137 = 35+ 91 = 28+
Abced (Mrpd) 100 + 8 180 = 56% 161 = 57 156 = 42
Abcbla (Mdrla) 100 + 23 58 + 23+ 63 + 28%* 46 + 13++
Abcblb (Mdrlb) 100 + 64 184 = 109* 58 = 267 83 = 35¢
Abchl1l (Bsep) 100 + 71 50 =20 11252
Slel0a2 (Asbt) 100 + 27 161 = 55% 43 + 30%s it 172 90
Sle22a6 (Oatl) 100 + 17 41 = 19#Hs 43 & Pr 77 = 2984t
$lc22a7 (Oat2) 100 = 52 18 = 17#* 45 = 32%* 36 = 214+
S$lc22a8 (Oat3) 100 * 23 39 + 10+* 43 = 16%* 69 + 38+
Sle22al (Octl) 100 £ 27 =33 45 = 16* 88 =33
$lc22a2 (Oct2) 100 + 30 51 = 19% 116 = 4971 69 = 16
Sle22a3 (Oct3) 100 + 27 46 = 25% 70 = 25 81 + 38
Sle47al (Matel) 100 + 45 40 = 174+ 44 = 23%* 43 + |3++
Sle47a2 (Mate2) 100 = 36 82+ 18 97 = 34 9 = 13
11-6 (IL-6) 100 + 40 15,141 = 7,085%%* 1188 = 7701+ 8,335 = 2,913+
Tnf (Tnf-a) 100 £ 69 673 £ 210%** 345 £ 243*%+ 694 = 125%%*

Values are means * SD presented as % of control values (measured in control saline-treated animals); n = 6/group. *P < 0.05, #*P < 0.01, ***P < 0.001,
significantly different from control values. ¥P < 0.05, 1P < 0.01, 171P < 0.001, significantly different from LPS values.
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Table 7. Changes in mRNA expression of selected genes in
rats after 4-h clearance study with azithromycin (14 h after
administration of LPS)

Cirl LPS DEX-LPS ANA-LPS
Sle22a6 (Oatl) 100 = 33 43 £ 27%* 18 = grss 63 = 24%
Sle22a7 (Oar2) 100 = 64 28 =+ 20% 84 + 34 48 = 26
Sle22a8 (Oar3) 100 = 45 49 * 31* 9k GhER 79420
Slcl0a2 (Asbt) 100 + 34 290 + 106%F 19 * 14%+f 116 *+ 32%++
Abcc2 (Mrp2) 100 £22 124 * 90* 63 = 2745 78 =24

Values are means * SD presented as % of control values (measured in
control saline-treated animals; n = 6/group. *P < 0.05, **P < 0.01, **pP <
0.001, significantly different from control values. TP < 0.05, 1P < 0.001,
significantly different from LPS values. 3P < 0.05, 1P < (.01, significantly
different from corresponding values measured after 10 h from LPS adminis-
tration.

exist (37, 52). Whether these discrepancies are a matter of
appropriate dosage, or of pharmacological differences between
IL-1RA and anakinra, requires further characterization. Know-
ing the short half-life of anakinra in rats, and based on a
previous study on the prevention of liver impairment (16), we
therefore selected a repeat dose administration after 5 h, which
produced a reliable effect,

CO, another gaseous product significantly involved in cell
signaling, could also be very important for the pathogenesis of
AKI. Unlike NO, the role of CO released from hemoglobin by
inducible HMOX1 is mainly considered nephroprotective (35).

IL-1 RECEPTOR BLOCKADE ALLEVIATES TOXIC RENAL IMPAIRMENT

Tracz et al. (46) demonstrated that the LPS challenge in
HMOX1 '~ mice led to a greater activation of NF-kB in the
liver and an elevation of serum cytokines and chemokines,
while Vanova et al. (50) showed significant alleviation in
LPS-induced hepatic damage by CO inhalation. On the other
hand, Poole et al. (39) detected improved hemodynamic and
renal hallmarks of endotoxemic AKI, after the administration
of the HMOXI inhibitor zinc protoporphyrin. The authors
ascribed the effect to local NO release, which may occur in
decreasing concentrations of CO. However, both drugs in our
study prevented the LPS-mediated induction of CO production,
with a parallel reduction of NO plasma levels. Upon consid-
eration that negative regulation was described between NO and
CO during sepsis (15), we suggest that changes in CO release
in our study reflected the severity of inflammation during
endotoxemia, rather than causal protective mechanisms.
Endotoxemia, as well as sepsis, has a critical negative
impact on transported mediated drug elimination in all excre-
tory organs (17). The new information provided by our study is
the influence of both evaluated agents on renal drug-transport-
ing proteins during endotoxemia. Previous studies described
downregulation of Qatl, Oat3, or Octl-3 basolateral transport-
ers (21, 23), and inconsistent induction (Mdrl, Mrp2, or Bsep)
(18-20), maintenance (Mdrl, and Mrp2) (5, 55), or even
downregulation (Mdr1) (2) of apical tubular proteins in LPS
animals. Importantly, in these studies such modifications were
associated with corresponding changes in the kinetics of sub-
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Table 8. Liver gene expression of major bile acid and drug-transporting proteins

Citrl LPS DEX-LPS ANA-LPS
Slei0al (Ntep) 100 £ 15 S ot 22 ekt O + 4¥=**
Abcbl! (Bsep) 100 = 32 20 5%%% 62 £ 39%} 22 o FwEx
Sleola2 (Oatpla2) 100 = 46 2o 18 5 16%4* Rlamr iy
Abce2 (Mrp2) 100 = 34 ] ke I7 £ ] ke 2yt A
Abce3 (Mrp3) 100 = 42 52 + 2gk** 26 + 10+ 44 + [2%HE
Abced (Mrp4) 100 = 16 115 £20 153 Hi25%wg 170 b 37kt
Abcblb (Mdrlb) 100 £ 72 1,017 £ 780%** 337 = 2651 1,409 = 4]15%*F*¢t

Values are means = SD presented as % of control values (measured in control saline-treated animals); n = 6/group. *P < 0,05, **P < 0.01, significantly
different from control values. TP < 0.05, 1P < 0.01, +P < 0.001, significantly different from LPS values.

strates for these transporters. Our data from the LPS group is
mainly consistent with these observations. The only discrep-
ancy was in the up- instead of downregulation of the Oat3
transporter, and currently there is no explanation for this effect.
Concerning renal tubular apical proteins, we support the tran-
scriptional induction of multidrug transporters during endotox-
emia (20), which was formerly ascribed to the inducing effect
of cumulating anionic substrates, such as bile acids (18).
However, a similar reduction of plasma bile acid by both
agents, and differential changes in multidrug protein contents,
suggest the existence of another mechanism. Indeed, dexa-
methasone is a well-known enzyme inducer, and through
stimulation of the PXR receptor (38), it is also able to increase
the expression of Mdrl and Mrp2 in excretory organs, includ-
ing the kidneys of healthy animals (32, 33). However, its
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administration in our study led to the downregulation of Mrp2,
which points to a prevailing regulation of these transporters
during endotoxemia by inflammatory mediators, which were
effectively suppressed by the agent. In agreement, Heemskerk
et al. (19) showed that the upregulation of Mdrl is also NF-kB
dependent, which is the transcription factor suppressed by
corticosteroids (7). In contrast, anakinra changed Oatl and
Qat2 protein, which signifies the regulatory role of the IL-1
receptor in their posttranscriptional regulation.

The function of renal drug transporters was evaluated by the
measurement of the clearance parameters of azithromycin,
which is the substrate for Mdrl and Mrp2 (45). The CLg/CLcR
ratio of 2.6 showed a marked secretion of the drug in the renal
tubuli of control animals, and its significant decrease in LPS
animals, despite the transcriptional upregulation of Mrp2 and
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the maintenance of Mdrl protein expressions, respectively.
Such a discrepancy suggests that both transporters are not the
only proteins responsible for azithromycin tubular secretion.
Decreased basolateral uptake by Oatl and increased apical
reuptake by Oat2, the major renal transporters for organic
anions, may indeed indicate the involvement of these mole-
cules in AZT elimination (51). In support, both immunosup-
pressants were unable to increase tubular secretion of the
antibiotic, because of diverse effects on the transporters. Al-
though the relationship of AZT to transporters from the solute
carrier family, SLC22, awaits further clarification, our data
may have further implications. First, the comparison of mRNA
and protein contents showed that during endotoxemia, tran-
scriptional regulation prevails in renal Oatl, Mrp2, and Mdrl,
while posttranscriptional modification is important for Oat2
and Oat3 and that these processes are dependent on IL-1
receptor stimulation. Second, corticosteroids or IL-1RA ad-
ministration under such circumstances differentially modulate
individual transporters and may modify the kinetics of their
substrates, where drugs commonly administered in sepsis also
belong, such as penicillins or cephalosporines (51).
Comparison of renal clearances of AZT and creatinine
demonstrated that both therapies modified kinetics of AZT

AJP-Renal Physiol - doi:10.1152/aj

especially by changes in GFR. Although creatinine clearance is
not considered as an optimal marker for GFR due its minor
tubular secretion and reabsorption (49), reported values and
degree of its reduction after LPS administration in our study
are in agreement with former data reported with inulin (49, 54).
Together with restoration of creatinine clearance in our endo-
toxemic animals administered with either immunosuppressant,
despite uninfluenced expression of all transporters mediating
creatinine secretion (Oct2/3, Matel/2, and Oat2/3) (28), it
suggests sufficient sensitivity of this marker for estimation of
GFR in our settings. This assumption is further supported by
corresponding changes in microalbuminuria, the marker of
glomerular impairment. On the other hand, persistence of
increased serum creatinine levels after administration of either
immunosuppressant to endotoxemic animals despite normali-
zation of creatinine clearances may reflect restoration of de-
creased creatinine production during sepsis (8). and/or incom-
plete attenuation of impaired kidney perfusion.

We, herein, also demonstrated that both compounds in-
creased the biliary elimination of bile acids and reduced their
levels, as well as other indicators (bilirubin, ALP) of choles-
tasis in plasma. In addition, we discovered that dexamethasone
reduced the expression of the renal tubular bile acid uptake
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transporter Asbt and increased the efflux, Bsep, with a conse-
quent increase in bile acid renal clearance to control levels.
Although the extent of renal bile acid elimination is much
smaller than hepatic elimination, the increase in bile acid
elimination after the administration of dexamethasone is inte-
resting, because the drug has been recently described as a
promotor of cholestasis, due to the inhibition of the tran-
scriptional activity of the farsenoid-X receptor (30), which
is the bile acid sensor. Transcriptional upregulation of the
farsenoid-X receptor target gene Bsep in the kidneys and
liver by dexamethasone and its absence after the adminis-
tration of anakinra, signify the involvement of another, as
yet unknown, regulatory pathway. This consideration is also
supported by the lack of the anakinra effect on the other
tubular excretory functions, whereas dexamethasone re-
stored the fractional excretion of urea, the change attribut-
able to the upregulation of urea transporters (41), and raised
the fractional excretion of sodium, which is well known
during corticosteroid therapy and reflects their stimulatory
effect on sodium transportation in tubuli (43).

Although we are aware of the limitations of the tested animal
model of sepsis for the generalization of obtained results,
reported similarities allow us to conclude that our results
support the use of the presented immunosuppressants for the
prevention of AKI during sepsis and for the partial compensa-
tion of the deficit in renal drug elimination under these circum-
stances, especially with the restoration of GFR. However,
marked variability in modulation of tubular secretion of AZT
by both agents in our study suggests that significant augmen-
tation of active tubular secretion of drugs can be expected in
some individuals in sepsis administered with immunosuppres-
sant, what may contribute to high interindividual variability in
the elimination of coadministered agents. In addition, we have
demonstrated the involvement of the IL-1 pathway in the
regulation of drug excretory mechanisms during endotoxemic
AKI, and also presented the complex influence of corticoste-
roids, the agents currently used in this indication. Our data also
point towards the involvement of transporters, other than
multidrug-resistance transporters, in the urinary elimination of
AZT.
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7.2. Deferoxamine but not dexrazoxane alleviates liver injury induced by endotoxemia in
rats.

Cermanova J, Kadova Z, Dolezelova E, Zagorova M, Safka V, Hroch M, Laho T, Holeckova
M, Mokry J, Kovarikova P, Bures J, Sterba M, Micuda S.

Shock. 2014 Oct;42(4):372-9.
IF2014)2,732

Intracelularni  zelezo kumulujici se v jatrech béhem endotoxémie vede ke
zvySené tvorbé volnych radikali s naslednym poskozenim tkan¢. Jednim z nadéjnych piistupi
pro prevenci tohoto poSkozeni jater se proto jevi sniZzeni dostupnosti katalyticky aktivniho

volného Zeleza ve tkani pouzitim chelatord.

Extracelularni chelator Zeleza deferoxamin (DFO) snizuje oxida¢ni poskozeni Zivotné
dilezitych orgéand, jako jsou plice a ledviny a zvySuje procento preziti u septickych pacienti.
Mezi dalsi funkce patii redukce funkci monocyt-makrofagového systému, kterd je dale
podpoiena snizenou produkci prozanétlivych cytokinii jako TNF-alfa. DalSim chelatorem v této
studii byl dexrazoxan (DEX), ktery dobife pronikd do intracelularniho prostfedi, kde je
metabolizovan na slouceninu velmi blizkou EDTA. Dexrazoxan je schvalen pro klinické
vyuziti jako kardioprotektivum v antracyklinové kardiotoxicité, kdy pusobi jako chelator
volného nebo slabé vazaného 1é¢iva. Vzhledem k tomu, Ze DEX se metabolizuje na ADR-925
v jatrech, je idealnim kandidatem k prevenci endotoxémii navozeného poskozeni jater. Cilem
této studie bylo porovnat ucinek dvou chelatort Zeleza béhem modelového septického stavu

indukovaného endotoxinem a s tim spojeného poSkozeni jater.

Lipopolysacharid snizil plazmatické koncentrace Zeleza spolu se zvySenou produkci
hepcidinu a snizenou expresi ferroportinu v jatrech. Pfesto, Ze oba chelatory byly schopny snizit
obsah Zeleza v jatrech s odpovidajicimi zménami v expresi hepcidinu a ferroportinu, pouze
DFO ukézal protektivni ucinek proti poskozeni jater. Bohuzel DEX neprokazal ani jeden ze
znaku protekce. Naopak jesté zhorsil pomér GSH/GSSG, coz je hlavni indikator oxidativniho
stresu. Tato studie tedy prokazala vyrazné rozdily v ucinku dvou klinicky pouzivanych

chelatorti na modulaci endotoxinem navozené jaterni patologie.
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DEFEROXAMINE BUT NOT DEXRAZOXANE ALLEVIATES LIVER INJURY
INDUCED BY ENDOTOXEMIA IN RATS
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ABSTRACT—The purpose of the present study was to compare the activity of two different clinically available iron chelators
on the development of acute liver injury after administration of the bacterial endotoxin (lipopolysaccharide [LPS]) in rats.
Lipopolysaccharide was administered either alone or after pretreatment with dexrazoxane (DEX) or deferoxamine (DFO).
Control groups received only saline or its combination with either chelator. After 8 h, untreated LPS rats developed liver
injury, with signs of inflammation and oxidative stress. Lipopolysaccharide reduced plasma iron concentrations in associ-
ation with increased production of hepcidin and the reduced liver expression of ferroportin. Administration of chelating
agents to LPS animals showed distinct effects. Although both drugs were able to reduce liver iron content, together
with corresponding changes in hepcidin and ferroportin expressions, only DFO showed a protective effect against
liver injury despite relatively small liver concentrations. In sharp contrast, DEX failed to improve any hallmark of liver
injury and even worsened the GSH/GSSG ratio, the indicator of oxidative stress in the tissue. High-performance liquid
chromatography-mass spectrometry analysis showed marked liver accumulation of iron-chelating metabolite of DEX (ADR-
925), whereas the parent compound was undetectable. Further downregulation of transporters involved in bile forma-
tion was observed after DFO in the LPS group as well as in healthy animals. Neither chelator imposed significant liver injury
in healthy animals. In conclusion, we demonstrated marked differences in the modulation of endotoxemic liver impair-
ment between two iron chelators, implicating that particular qualities of chelating agents may be of crucial importance.

KEYWORDS—Deferoxamine, dexrazoxane, endotoxin, iron, liver impairment

INTRODUCTION

The liver is one of the central organs for the onset, modulation,
and termination of systemic toxicity produced by gram-negative
bacteria during the sepsis (1). The molecules, which significantly
contribute to the impairment imposed by these bacteria, are lipo-
polysaccharide (LPS) endotoxins, the major components of their
outer membrane. In the liver, LPS binds to Toll-like receptors
(TLRs) at the Kupffer cells and induces the production of nitric
oxide (NO) and proinflammatory cytokines such as tumor ne-
crosis factor-a (TNF-a), interkeukin-1p (IL-1B), and IL-6. These
molecules, together with the direct effect of cumulating leukocytes
and LPS (2), subsequently induce a stress response of hepatocytes
characterized by generation of reactive oxygen species and corre-
sponding protein and lipid membrane impairment (3). Hepatocel-
lular damage is further worsened by downregulation of transporters
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responsible for bile acid-dependent, as well as —independent,
bile production with consequent intrahepatic cholestasis (4).
Recent advances strongly suggest that the liver may signifi-
cantly modulate the pathophysiology of sepsis/endotoxemia
among others by targeting iron metabolism. Bacteria require
sufficient plasma concentration of free iron for proper prolifera-
tion. One of the spontaneous defense mechanisms against bacte-
rial growth is, therefore, a reduction of iron plasma levels, which
is regularly seen during inflammatory situations (2). This effect is
mediated by increased liver production of the main iron-
regulating peptide—hepcidin (5). Unsurprisingly, hepcidin was
first identified as an antimicrobial peptide in plasma and urine (6)
but, consequently, it was described as the main suppressor of iron
absorption in the duodenum and inducer of intracellular iron se-
questration in hepatocytes and macrophages. High hepcidin pro-
duction, therefore, leads to a reduction of the iron in the serum.
At the molecular level, hepcidin binds to ferroportin, the only ex-
porter of iron from the cells, with subsequent internalization of the
transporter and its degradation. Although the principal pathway
upregulating hepcidin production is the iron-sensitive BMP-
SMAD (bone morphogenetic protein-son of mothers against
decapentaplegic) cascade, its synthesis is also induced during the
inflammation by cytokine IL-6, which in turn activates pSTAT3-
controlled transcription (7). Thus, the intracellular labile iron pool
consequently increases during endotoxemia, which may contribute

Copyright © 2014 by the Shock Society. Unautherized reproduction of this article is prohibited.
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to the generation of free radicals via Fenton reaction and accen-
tuating the liver injury (8). In such situations, one of the reason-
able approaches for the reduction of tissue injury might be the
reduction of the availability of catalytically active free iron in
the tissue.

Indeed, administration of iron chelator deferoxamine (DFO)
during sepsis or endotoxemia has been repeatedly reported to
reduce oxidative damage in vital organs, such as the lungs or
kidneys, and it may even lead to improved survival (9-14). The
association of this effect with the ability to reduce the function
of the monocyte-macrophage system is suggested by the cor-
responding decrease in the production of key regulatory cyto-
kines such as TNF-a (13, 15). However, the therapeutic
potential of iron chelation is far from being fully understood
and, particularly, sparse data are available regarding its ability
to modulate endotoxemia-induced liver injury. Furthermore,
data in the literature were obtained almost exclusively with DFO,
which is still the gold standard for treatment of iron overload
diseases in clinical practice, but its hydrophilicity makes intra-
cellular access possible only by endocytosis and limits its in-
tracellular distribution mainly to endosomes and lysosomes
(16, 17), which may be a significant limitation in animals
without severe iron overload. In fact, the only iron chelator,
which has been found to provide convincing tissue-protective
effects in animals and patients not suffering from marked
iron overload, is a bisdioxipiperazine derivative, dexrazoxane
(DEX). Dexrazoxane is traditionally believed to be a prodrug
that easily penetrates into the intracellular compartment, where it
is metabolized to the metal-chelating compound ADR-925,
which is structurally very close to ethylenediaminetetraacetic
acid (EDTA) (18). The drug is approved for clinical use as a
cardioprotectant in anthracycline cardiotoxicity settings and
also in accidental anthracycline extravasation. Its tissue-
protective effects are attributed to the intracellular chelation of
free or loosely bound iron, which should prevent reactive oxy-
gen species formation, although alternative mechanisms have
also been proposed (18). Because DEX is known to be metab-
olized to ADR-925 also in the liver, it may appear as an ideal
candidate for the prevention of endotoxemia-induced liver in-
jury. Unfortunately, no data on potential protective effects of
this drug in these settings are available in the literature.

The aim of the present study was to compare the effect
of DFO and DEX as two different iron-chelating agents on
iron homeostasis, inflammation, and liver injury imposed in rats
by endotoxin administration. The distribution of both agents
into the liver was verified by high-performance liquid chroma-
tography-mass spectrometry (HPLC-MS) method in healthy as
well as endotoxemic animals.

MATERIALS AND METHODS

Animais

Male Wistar rats (SPF, Anlab, Prague, Czech Republic) with initial weight of
280 to 310 g were used throughout the study. The animals were housed under
controlled environmental conditions (12-hour light-dark cycle; temperature, 22°C
+1°C), with commercial food and water freely available. All experiments were
performed in accordance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH publication,
1996) and under the supervision of the Ethical Committee of the Faculty of
Medicine in Hradec Kralove.
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Experimental design

The animals were divided into three experimental groups and one control
group (eight animals per group). Rats in the experimental groups were injected
i.v. with endotoxin (LPS from Salmonella typhimurium, 4 mg/kg body weight,
dissolved in saline). Although animals in the first group were injected with
LPS alone, the other two LPS groups were pretreated with i.v. DEX (50 mg/kg,
Cardioxane injection; Novartis) or DFO (50 mg/kg, Desferal injection;
Novartis) 1 h before LPS administration; the control group was injected
with saline. The animals were euthanized by exsanguination from the abdo-
minal aorta 8 h after LPS/saline administration under pentobarbital anesthe-
sia (50 mg/kg, i.p.), and plasma and organs were harvested for the evaluation. The
8-h insult was chosen on the basis of preliminary testing and also according to the
previously reported hepatic damage imposed by LPS (8), as an optimal combi-
nation between continuous inflammatory response, onset of liver injury, and
changes in iron and bile acid homeostasis.

Histological examination

Liver tissue was fixed in 10% neutral-buffered formalin and embedded in
paraffin. Sections of 5-pum thickness were affixed to slides, deparaffinized, and
stained with hematoxylin and eosin to determine morphologic changes induced
by LPS and chelators. Olympus BX-51 microscope equipped with a digital
DP-71 camera was used for image documentation.

Analytical procedures

The biochemical analyses of plasma were performed by routine measure-
ments on Cobas Integra 800 (Roche Diagnostics, Mannheim, Germany),
according to the manufacturer’s instructions. The content of iron in the liver
was determined using graphite furnace atomic absorption spectrometry
(Unicam, Solaar 959, UK). Before analysis, samples were dried and, after the
cooling period, they were weighted and digested by microwave digestion with
nitric acid and hydrogen peroxide. Hematology was detected from EDTA-
stabilized blood samples on a Sysmex XE-2100 analyzer (Sysmex, Kobe,
Japan). Differential cell counts were estimated in whole-blood smears stained
pan-optically by the Pappenheim technique (May-Griinwald and Giemsa-
Romanovsky), Concentrations of reduced and oxidized glutathione in bio-
logical samples were determined by liquid chromatography with fluorimetric
detection (19).

HPLC-MS analysis of DEX, ADR-925, and DFO

The analyses were performed on an LC 20A Prominence (Shimadzu,
Germany) chromatographic system coupled on line with LCQ Advantage Max
mass spectrometer (Thermo Finnigan USA). The data were processed using
Thermo Finnigan Xcalibur software version 2.0.

Concentrations of DEX and ADR-925 in biological materials were assessed
using a previously developed HPLC-MS method with minor modifications
(20). Briefly, a Synergi Polar-RP column (150 x 3 mm, 4 pm; Phenomenex
USA) and a gradient profile of a mobile phase composed of 5% methanol in
2 mM ammonium formate and methanol were used. Electrospray ionization in
positive mode and selected reaction monitoring were used for detection and
quantification. Samples were treated by precipitation with methanol. The lin-
earity of the method for determination of DEX and ADR-925 in plasma was
proved within the range of 2 to 340 uM and 1 to 100 uM for DEX and ADR-
925, respectively. Linearity of the method for determination of the compounds in
the liver homogenate was tested within the range of 1.8 to 180 nmol/g and 1.6 to
165 nmol/g for DEX and ADR-925, respectively. Samples with a higher ADR-
925 content were appropriately diluted with methanol before analysis. The lowest
concentrations tested herein represent the lower limit of quantification.

Analysis of DFO was performed using a Zorbax SB-Aq column (150 x
3 mm, 3.5 pm; Agilent Technologies USA) and a mobile phase composed of
2 mM ammonium formate (component A) and acetonitrile (component B) in a
gradient mode (0 — 8 min 20% B; 8 — 8.01 min 20% — 60% B; 8.01 — 11 min
60% B; 11 — 11.01 min 60% — 20% B; 11.01 — 15 min 20% B). A flow rate of
0.3 pL/min, a column temperature of 25°C, and an autosampler temperature of
5°C were used. Electrospray ionization in positive mode and selected reaction
monitoring were used in these analyses. Because of the robustness and detector
response, DFO was quantified in the form of its complex with iron using the
two most abundant fragments of the ion [Fe (DFO-2H)]™: m/z 614 — miz 414
and m/z 496. Both plasma samples (50 pL) and liver homogenates (100 mg)
were treated by precipitation with methanol, where 100 and 500 pL of meth-
anol were added to plasma and liver homogenates, respectively. Complete
conversion of DFO to its complex was assured by addition of 1 pL of 10 mM
FeCl; solution before the treatment. Linearity of the method was tested within
the range of 0.5 to 50 uM and 1.0 to 15 nmol/g of DFO in plasma and liver
homogenate, respectively. The concentration of 0.5 uM was set to be a limit of
detection for analysis of DFO in plasma, and 1.0 nmol/g was a lower limit of
quantification for determination of DFO in liver homogenates.
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TaeLe 1. The effect of administration of dexrazoxane and deferoxamine on d serum biochemical par s in healthy and
endotoxemic rats

Parameter Cirl Ctrl-X Ctrl-F LPS LPS-X LPS-F
Bile acids, uM 92+18 72+07 14+23 23+ 2.4 21+ 3.6 25+ 3.1**
Urea, mM 71+03 6.8+05 55+03 18 + 1.6*** 164 1.4** 17 £2.3**
Uric acid, uM 25+ 3.1 21+53 25+ 6.7 50 + 6.8** 40 + 5.6* 47 +4.4*
Creatinine, pM 25+1.4 21+16 22+14 37 +4.4* 33+1.8 36 +1.6**
ALT, pkat/L 0.9+0.1 09+0.1 09:0.1 1.5+0:4%* 14+ 04" 0.9 0.1t
AST, pkat/L 0.45+0.03 0.55+ 0.04 041 +0.04 13014 1Td:E 01 0.6+ 0.1t
Total protein, g/L 60+20 53+07 53+ 05 54 +1.4** 54 +1,1** 54 + 0.6
Albumin, g/L 40+1.3 36+ 08" 37:08 36+ 0.7 35+ 08" 36 + 0.5
Glucose, mM 10+ 0.3 11+09 95+04 6.9+ 05" 7.3+03"™ 6.2+ 0.3

Data are means + SEM (n = 8 in each group); significantly different from the control value (*P<0.05, **P<0.01, ***P < 0.001). Significantly different from

the LPS value ("' < 0.001).

Ctrl indicates control group; LPS, endotoxin administration; X, group pretreated with 50 mg/kg of dexrazoxane; F, group pretreated with 50 mg/kg of

deferoxamine.

Real-time quantitative RT-PCR

Examination of the designated gene expression was performed by qRT-
PCR, as described previously (21). RNA was isolated from the liver tissue
samples using TRIzol reagent (Invitrogen USA) and converted into ¢cDNA
with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, Calif). Then, 30 ng of cDNA was loaded into reactions performed
in triplicates. The amplifications were run using TagMan Fast Universal PCR
Master Mix and predesigned Tag-Man Gene Expression Assay kits provided
by Applied Biosystems (see Table 1S, Supplemental Digital Contents 1, at
hup://links.lww.com/SHK/A226). The time-temperature profile used in the
“fast” mode was 95°C for 3 min; 40 times: 95°C for 7 s, 60°C for 25 s. Two
reference genes were selected for normalization, Gapdh (4352338E; Applied
Biosystems) and Ywhaz (rYwhaz_Q1; GENERI BIOTECH s.r.0., Hradec
Kralove, Czech Republic). The expression data were normalized by the geo-
metric mean of both housekeeping genes. Finally, the relative expression be-
tween the control and affected groups was determined by comparison of
normalized data.

Western blot

The animal livers (200 mg) were minced in an ice-cold buffer (1 mL)
25 mM TRIS.HCI (pH = 7.6), 0.1% [wt/wt] Triton-X), containing 0.5 pg/mL
leupeptin and 50 pg/mL benzamidine and homogenized with MagNA Lyser
(Roche Diagnostics GmbH, Germany) 2 x 30 s at 6,000 rpm. Supernatants
were obtained after a 10,000g centrifugation at 4°C for 10 min. Plasma was
used for the assessment of transferrin and hepcidin expression. The protein
concentration was determined with the BCA assay (Pierce, Rockford, Il1), and
samples were stored at —80°C. One hundred micrograms of proteins were
separated on 10% polyacrylamide gels. After the proteins were transferred to a
PVDF membrane (GE Healthcare, Prague, Czech Republic), it was blocked for
1 h with 5% nonfat dry milk in Tris-buffered saline containing 0.05% Tween
20. The membrane was then incubated with primary and secondary antibodies
for 1 h at the concentrations specified in Table 2S, Supplemental Digital

Contents 1, at http:/links.lww.com/SHK/A226. After washing the membrane
four times with Tris-buffered saline containing 0.05% Tween 20 buffer, the
chemiluminescence process and quantification of immunoreactive bands on
the exposed films were carried out. Equal loading of proteins onto the gel was
confirmed by immunodetection of B-actin.

Statistical analysis

Experiments were carried out in eight animals per group. All experimental
data are expressed as mean + SEM. Differences between experimental and con-
trol values were assessed by one-way analysis of variance, followed by Newman-
Keuls post hoc test, or unpaired ¢ test, using GraphPad Prism 5.0 software (San
Diego, Calif). A value of P < (.05 was considered statistically significant.

RESULTS

Biochemical, hematological, and histological examination
Eight hours after the administration of LPS, we detected sig-
nificant increases in serum levels of bile acids and in activities of
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) as indicators of developing cholestasis and hepatocellu-
lar damage, respectively (Table 1). Simultaneously raised serum
urea, creatinine, and uric acid reflected impairment of kidney
function, whereas decreased serum levels of glucose and pro-
teins are hallmarks of catabolic status. Lipopolysaccharide also
markedly depressed the white blood cell count as a result of a
drop in lymphocytes. In contrast, endotoxemia produced an in-
crease in neutrophil content (Table 2). Whereas administration
of DEX did not modulate any of these changes in LPS animals,

TaeLe 2. The effect of administration of dexrazoxane and deferoxamine on selected hematological parameters in healthy and
endotoxemic rats

Parameter Ctrl Ctrl-X Ctrl-F LPS LPS-X LPS-F
Erythrocytes, 10'2/L 7.7+01 74+02 75+0.1 7.1+ 007 7.2+015 6.9+ 0.11
Hemoglobin, g/L 148 + 4 143+ 1.1 144123 143 + 3.04 141+29 140+ 1.7
Hematocrit 0.42 + 0.01 0.4 +0.01 0.4 +0.01 0.41+ 0.01 0.41+0.01 0.41 + 0.01
WBC count, 10%/L 52403 47+03 54104 2.9+ 026" 264027 " 3.1+ 0.24%
Neutrophils (diff. count) 0.27 + 0.03 0.26 + 0.04 0.24 + 0.03 0.45 + 0.02*** 0.41+0.03"** 0.29 + Q.02+t
Lymphocytes 0.7 +0.03 0.7+0.03 0.7+ 004 0.42 + 0.05** 0.34 + 0.03*** 0.36 + 0.03***

Data are means + SEM (n = 8 in each group); significantly different from the control value (*P < 0.05, **P< 0.01, ***P< 0.001). Significantly different from
the LPS value (TP < 0.001).

Ctrl indicates control group; LPS, endotoxin administration; X, group pretreated with 50 mg/kg of dexrazoxane; F, group pretreated with 50 mg/kg of
deferoxamine.
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ylin-eosin-stained liver sections (scale bar, 500 um). A, Control (Ctrl) group with normal liver morphology

Because the normal liver archulecture was seen in other two control groups treated with either chelator, only a representative Ctrl picture is presented. B, LPS-
treated rats exhibited hepatic injury with necrosis of hepatocytes (HN) and moderate cellular infiltration (Cl). Whereas deferoxamine (LPS-F) attenuated LPS-

mediated hepatic injury (C), dexrazoxane was without effect (D).

DFO premedication produced significant alleviation in ALT,
AST activities, and neutrophil content. Administration of either
chelator to the control animals did not considerably influence
any of the measured parameters.

Histology of the rat liver sections in all control groups, in-
cluding those receiving chelators, exhibited a normal integrated
structure of hepatic lobule and intact hepatocytes without ne-
crosis (Fig. 1). Challenge with LPS induced hepatic injury
characterized by necrosis of hepatocytes with mild neutrophil
infiltration. Chelators differentially modulated these alterations.
Although use of DEX did not change the situation, DFO ad-
ministration mitigated LPS-induced liver injury and reduced the
incidence of hepatocyte necrosis and cell infiltration.

Iron biochemistry

Plasma iron concentrations were markedly decreased in all
LPS-treated animals, and pretreatment with either chelator had
no significant impact on this event (Fig. 2A). Saturation of
transferrin reflected the changes in plasma iron concentrations
(Fig. 2B), and the administration of LPS led to its decrease in all
treated groups, without modification after either drug. The total
liver content of iron was unchanged by LPS but decreased sig-
nificantly because of treatment by either chelator (Fig. 2C).
Importantly, the administration of chelators to healthy rats
resulted in a significant reduction of plasma iron concentrations
after DFO and a marked reduction of liver iron content after
either compound.

Levels of plasma transferrin were also reduced after LPS,
despite its increased liver synthesis (Fig. 3A, B). Both chelators
decreased transferrin protein levels in the liver but retained its
plasma concentrations as compared with LPS alone. Hepcidin
plasma levels, which were predictably increased in the untreated
LPS group, were effectively reduced by both agents, with a more
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pronounced effect of DFO (Fig. 3C). Both chelators also
prevented the LPS-induced expression of hepcidin and restored
the ferroportin levels in the liver (Fig. 3D, E). Interestingly, the
drop in liver hepcidin levels was deeper after DFO, which made
hepcidin levels significantly lower in this group than in saline-
treated controls. On the other hand, neither chelator modified
these parameters in the control animals.

Plasma and liver concentrations of DEX and DFO

To elucidate the liver distribution of chelators in our study,
we used validated HPLC-MS methods for quantification of
both parent drugs as well as ADR-925, an iron-chelating active
metabolite of DEX (Table 3). As expected, DFO was detected
in the liver tissue in a very low concentration, suggesting a
relatively poor intracellular accumulation of the drug in vivo.
Its concentrations in plasma were already below the detection
limit, which is in line with the known short elimination half-
life of the drug. Dexrazoxane also fell below the detection
limit in plasma as well as in the liver, but its active metabolite
was significantly concentrated in the tissue. Importantly, there
was a significant difference in the liver distribution of both
detected compounds between control and LPS groups. Lipo-
polysaccharide administration reduced liver concentrations of
DFO but increased the accumulation of ADR-925.

Expression of genes involved in iron-liver homeostasis

In line with the protein data previously presented, endotox-
emia induced liver hepcidin (Hamp) mRNA (Table 4). This was
accompanied by a reduction of ferroportin (Slc40al) and
transferrin receptor-1 (7fr/) mRNAs, whereas gene expres-
sion of transferrin receptor-2 (7fi2) and divalent metal trans-
porterl (Sic/1a2) showed opposite regulation by endotoxemia.
Noteworthy, although treatment with both chelators similarly

o

Total liver iron (ugfg)

il s

0
LPS LPS-X LPS.F Gl CtrlX CUiF LPS LPS-XLPSF

iron levels, (B) transferrin (Tf) saturation, and (C) total liver iron content calculated

as grams of organ weight. Ctr indicates control group; LPS, LPS administration; X, animals pretreated with 50 mg/kg of dexrazoxane; F, animals pretreated with 50 mg/kg
of deferoxamine. Values are expressed as mean + SEM (n = 8in each group); significantly different from the control group (*P< 0.05, ™P< 0.01, **P < 0.001); significantly

different from the LPS group ("P < 0.05, **P < 0.01).

Copyright © 2014 by the Shock Society. Unautherized reproduction of this article is prohibited.

64



376 SHOCK Vo 42, No. 4

CERMANOVA ET AL.

A B

o

200

]
2
2
8

g
N
&

Tt liver protein
8
E

g
Hepcidin liver protein
H

Tt plasma protein

Hepcidin plasma protein ()
2 ]

o
Ctrl Cti-X CbF LPS LPS-X LPSF

o a [
chl CirlX CtiF LPS LPS-XLPSF cil Ctl-X ClF LPS LPSX LPSF Cirl Ctrl-X CirlF LPS LPSX LPSF

o-
Ctd CtlX CirlF LPS LPSX LPSF

Fic. 3. The effect of endotoxin and chelators on (A) hepcidin plasma protein, (B) hepcidin liver protein, (C) transferrin (Tf) plasma protein, (D) Tf liver
protein, (E) ferroportin (Fpn1) liver protein. Values are expressed as a percentage of the untreated control group. Ctrl indicates control group; LPS, LPS
administration; X, animals pretreated with 50 mg/kg of dexrazoxane; F, animals pretreated with 50 mg/kg of deferoxamine. Values are expressed as mean + SEM
(n = 8ineach group); significantly different from the control group (*P< 0.05, **P < 0.01, ***P< 0.001); significantly different from the LPS group (*P< 0.05, ""P<0.01,
P <0.001). Sample Westem blots are presented in Figure, Supplemental Digital Contents 2, at http:/links.lww.com/SHK/A227; Representative immunoblots for
analyses presented by Figures 3 and 4. Ctrl indicates control group; LPS, LPS administration; X, animals pretreated with 50 mg/kg of dexrazoxane; F, animals

pretreated with 50 mg/kg of deferoxamine.

reduced the gene expression of hepcidin, only DEX reduced the
expression of Tfr2, Tfrl, and ferritin (F#/) (Table 4). Moreover,
administration of either chelator to control rats produced a
downregulation of ferroportin, ferritin, Tfrl, and Tfr2 mRNA
without influence on hepcidin mRNA.

Markers of inflammation and oxidative stress

The modulation of liver inflammation was evaluated by de-
tection of crucial regulatory molecules (Fig. 4). Untreated endo-
toxemic animals demonstrated a marked induction of expression
of liver TNF-a and IL-6 genes, accompanied by increased protein
content of both NOS isoforms. Administration of either che-
lator was effective in the attenuation of the previously described
changes, with the exception of eNOS, which was significantly
affected only by DFO. The oxidative stress response was evalu-
ated by the changes in concentrations of GSH and GSSG (Fig. 5).
Administration of LPS markedly reduced the liver concentra-
tion of reduced GSH and GSH/GSSG ratio, confirming induction
of oxidative stress. Interestingly, the divergent reaction was de-
tected after the administration of the chelators. Deferoxamine
significantly decreased the endotoxemia-induced drop in both
GSH levels and GSH/GSSG ratio, whereas DEX markedly raised
GSSG concentration over LPS levels and further decreased the
GSH/GSSG ratio. In untreated control animals, both drugs
reduced liver concentrations of GSH and GSSG, which were
more prominent for DEX, but the overall GSH/GSSG ratio was
not modified.

Expression of genes involved in bile formation

Untreated endotoxemic animals developed typical downreg-
ulation of the main transporters important for bile secretion, Ntcp,
Bsep, Mrp2, Oatplad, as well as the genes encoding the rate-
limiting enzyme for bile acid synthesis (Cyp7al) and its regulator

(Shp) (Table 4). Administration of DEX did not modify these
changes, but DFO further downregulated Ntcp, Mrp2, and Oatp4.
Interestingly, when compared with the untreated control group, a
significant decrease in the expression of these genes was detected
in healthy animals treated by either chelator.

DISCUSSION

In the present study, we have compared the effect of two
clinically available iron chelators, DFO and DEX, on the liver
iron homeostatic mechanisms, inflammation, oxidative stress,
and overall injury during endotoxemia. It should be noted that
the chelators used in this study are considerably different in
many aspects. Deferoxamine is a classic example of a highly
selective iron chelator, which can directly interact with free or
loosely bound iron to form redox-inactive chelates. However, its
hydrophilic nature restricts intracellular distribution via passive
diffusion. Indeed, the drug can enter the cells via endocytosis to
get mainly to endosomes and lysosomes (16, 17), with variable
access to the intracellular labile iron pool. On the other hand,
DEX is a prodrug, which can get easily into the cells where it
can be metabolized into an EDTA-like active metabolite ADR-
925, but so far only limited data are available on its liver turn-
over (18). Therefore, we analyzed the concentrations of both
agents in plasma and livers by sensitive HPLC-MS methods.
Our data confirmed poor liver distribution of DFO. On the other
hand, we detected high tissue concentrations of the hydrophilic
metabolite ADR-925. This supports good penetration of the
lipophilic parent compound into the hepatocytes and its rapid
and effective metabolic conversion to the chelating metabolite.
Furthermore, decreased liver distribution of DFO and increased
deposition of ADR-925 in endotoxemic animals in compari-
son with the healthy animals signify different mechanisms used

TasLe 3. Plasma and liver concentrations of deferoxamine and ADR-925 in rats

Ctr LPS
Plasma, uM Liver, nmol/g Plasma, uM Liver, nmol/g
Deferoxamine BDL 44+05 BDL 1:7-20:17*
ADR-925 1.3+0.2 154 + 6.6 3.4+ 02" 316 + 47**

HPLC-MS measurement was performed 9 h after either chelator administration in healthy (Ctrl) or endotoxin-treated (LPS) animals. Dexrazoxane, the
parent compound for ADR-925, was not detectable in the plasma or liver tissue of either group. Data are means + SEM (n = 8 in each group);
significantly different from respective control group (**P < 0.01, ***P < 0.001).

BDL indicates below detection limit.
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TNF- mRNA
IL-6 mRNA

Ctl Cwl-X CtF LPS LPSX LPSF chl CtlX CHlF LPS LPSX LPSF

cl  Ctrl-X CtriF  LPS LPSX LPS-F ctl  CtlX CwlF LPS LPSX LPS-F

Fia. 4. The effect of endotoxin and chelators on the liver expression of (A) TNF-a mRNA, (B) IL-6 mRNA, (C) inducible NO synthase (iNOS) protein, (D)
endothelial nitric oxide synthase (eNOS) protein. Ctri indicates control group; LPS, LPS administration; X, animals pretreated with 50 mg/kg of dexrazoxane; F,
animals pretreated with 50 mg/kg of deferoxamine. Values are expressed as mean + SEM (n = 8 in each group); significantly different from the control group (*P< 0.05,
*P<0.01,**P< 0.001); significantly different from the LPS group (*P < 0.05, 1P < 0.01, 11TP< 0.001). Sample Westem blots are presented in Figure, Supplemental
Digital Contents 2, at http:/links.lww.com/SHK/A227. Representative immunoblots for analyses presented by Figures 3 and Fig. 4. Ctr indicates control group; LPS,

LPS adminisiration; X, animals pretreated with 50 mg/kg of dexrazoxane; F, animals prefreated with 50 mg/kg of deferoxamine.

in tissue kinetics of both agents. Involvement of bile excre-
tory transporters that are typically impaired by LPS (4) may be
expected in the case of accumulating ADR-925, whereas re-
duced uptake seems to dominate for DFO. These interesting
data are novel and deserve further research.

The relationship between bacterial infection and iron turn-
over has been extensively studied (5). There is an agreement
that the presence of bacteria, or their LPS, in circulation leads
to the rapid iron sequestration to monocytes/macrophages.
The rationale is to reduce the availability of iron for extracel-
lular bacteria, with consequent inhibition of their growth
(22). The effect is mediated by increased hepcidin production
through an activated IL-6-GP130-STAT3 pathway in hepato-
cytes, LPS-TLR2/4-(BMP4/6)-MyD88-NFkB in macro-
phages (23-26), and perhaps also directly by activation of
lipocalin 2/iron sequestrant systems in these immune cells (14).
Importantly, iron, itself cumulating in macrophages, is able to
stimulate production of proinflammatory cytokines, such as
MCP-1 and IL-6, even without any other challenge, and such
a response is further amplified in the presence of endotoxin
(27-29). Hepcidin, in such a situation, may be the crucial
feedback mechanism preventing excessive cytokine release

after LPS because it directly limits IL-6 and TNF-a production
in the liver and spleen macrophages by activation of Stat3-
SOCS3 signal transduction. Its administration, or overex-
ression, is associated with better survival of LPS-treated mice
(30-32), whereas decreased hepcidin production may lead to
increased frequency and severity of respiratory infections (33)
or to proinflammatory status described in response to LPS
during chronic iron deficiency with anemia (30). Hence, avid
exchange of iron between plasma and monocyte-macrophage
systems with rapid induction of hepcidin production may be the
essential mechanism for the modulation of ongoing inflamma-
tion. The idea is also supported by the paradoxical finding that
total liver iron content, that is, mainly in hepatocytes of our
untreated LPS animals, was unchanged in comparison with that
in healthy animals, a phenomenon which has also been reported
by others (34, 35).

Series of works demonstrated that, during infection, acute
short-term iron deprivation by either diet or chelation attenuated
cytokine production and improved survival (13, 29, 35).
A similar effect was seen in HFE-deficient mice, where the
decreased intracellular free iron in macrophages blunts pro-
duction of proinflammatory TNF-« and IL-6 in response to

TreLe 4. Effect of LPS and chelators on the liver expression of genes involved in iron and bile acid homeostasis

Target gene Cirl Ctrl-X Ctrl-F LPS LPS-X LPS-F
Slc40at (Fpn1) 100+ 7.6 50 + 3.4 60 + 8.6 18+ 2.7 15 22" 16 + 2.3
Fil (ferritin) 100 + 5.5 46 + 9.4 46 + 8.1 11282 79+ 38" 1 1114121
Tir1 (Tfr1) 100 + 6.1 67 + 6.4 54 +6,1"* 54 + 6.3 24+ 33 1T 44 + 58"
Th2 (Tfr2) 100 + 8.4 63+ 6.8 77 + 8.4 127 + 45" 88 + 5.6t 109 + 16.2
Hamp (hepcidin) 100 + 19 81+92 117 +13 345+ 149" 229 + 23+ Tt 265 + 23+ 1
Slc11a2 (Dmt1) 0902 0.8+ 0.01 0.9+0.1 99 + 34** 24 + 141t 25+ 1211
Slc10at (Ntcp) 100+ 36 62+ 203 41+6.4 29+ 2.6 22 +33"* 174171
Abc11 (Bsep) 100 + 6.1 69 + 4.2 76 +11* 41+ 6.1 30 + 4.8"* 28 + 40"
Abcc2 (Mrp2) 100 + 11.2 51+ 6.8™ 70 +7.4% 33105 2.6 + 0.4 21:01 1
Sicota2 (Oatplad) 100+ 85 43+ 10" 63+12 35+ 4.9 23 + 55" 14 + 2.3 1
Cyp7at (Cyp7at) 100 + 17 75+ 7.5™ 64 + 5.9 3.7+ 04" 4.9+ 0.9 7.4+21""
NrOb2 (Shp) 100 + 14 31+10" 58+ 11 9.91+38" 22+03™" 53+12™"

Results expressed as percentages of the control group; exception was Dmt1 where LPS group was taken as 100% because of a low basal expression.
Values are expressed as mean + SEM (n = 8 in each group); significantly different from the control group (*P < 0.05, **P < 0.01, ***P < 0.001) or
significantly different from the LPS group (P < 0.05, TP < 0.01).

Ctrl indicates control group; LPS, endotoxin administration; X, group pretreated with 50 mg/kg of dexrazoxane; F, group pretreated with 50 mg/kg of
deferoxamine.
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Fic. 5. The effect of endotoxin and chelators on (A) liver concentrations of GSH, (B) liver concentrations of GSSG, and (C) liver GSH/GSSG ratio. Ctrl
indicates control group; LPS, LPS administration; X, animals pretreated with 50 mg/kg of dexrazoxane; F, animals pretreated with 50 mg/kg of deferoxamine.
Values are expressed as mean = SEM (n = 8 in each group); significantly different from the control group (*P < 0.05, **P < 0.01, ***P < 0.001); significantly

different from the LPS group (TP < 0.05, TP < 0.01, 11TP < 0.001).

LPS. An investigation of the underlying mechanism revealed
that low intracellular iron selectively impairs signaling via the
TLR4/TRAM/TRIF pathway, decreasing the NF-«kB late acti-
vation (36). Consistently, iron chelation by DFO has been
shown to decrease NF-kB activation by LPS and prevents target
cytokine production (35). The involvement of this mechanism is
also apparent from our results. Both chelators induced similar
decreases in the liver concentration of iron, in association with
reduced expression of key NF-kB targets, TNF-a, IL-6, and
iNOS. Similar efficacy of DEX and DFO suggests that both
chelators had similar access to the key intracellular labile iron
pool, which may be rather surprising considering the difference
in the measured concentrations in the liver tissue (Table 3).
However, although DFO cannot get into the target cells readily
by passive diffusion, it can reach the intracellular compartment
via endocytosis, which may be particularly important in Kupffer
cells and macrophages playing a central role in inflammation.

An important finding was the discrepancy between both com-
pounds in glutathione liver contents. Availability of the com-
pound in the reduced form is essential for inactivation of reactive
toxic species, including products of oxidative stress. The de-
creased ratio between reduced and oxidized forms in our untreated
LPS group indicated increased oxidative stress, which corres-
ponded with the ALT, AST, and histological status. Administra-
tion of DFO showed a positive influence on both parameters, in
agreement with the effect on inflammatory markers. The de-
scribed direct free radical scavenging capability of DFO (37) may
contribute to this effect. In contrast, DEX worsened the oxidative
stress and, finally, did not lead to biochemical or histological
improvement. We suppose that such an untoward effect origi-
nates from the unique properties of the active metabolite of DEX,
ADR-925. Similarly as EDTA, this compound interacts with
free iron to form a complex [Fe(ADR-925) H,O]", which con-
tains a labile water molecule (18). As a result, the complex is not
redox stable and, in the case of EDTA, it can be more or less
liable to redox cycling depending on environmental conditions.
This particular quality of ADR-925 may explain a lack of
hepatoprotective potential of the drug despite the direct free
radical scavenging ability of DEX (38). In agreement, analysis
of tissue concentrations showed absence of DEX in the liver and
accumulation of its active metabolite, which excludes the pos-
sibility of impaired drug distribution or metabolic conversion to
the iron-chelating metabolite by the LPS treatment.

Reduction of liver iron content after administration of both
drugs in control as well as endotoxemic animals complied with
their chelating activity, but the effect was also followed by an
increase in the protein content of the main iron-exporting mol-

ecule ferroportin in LPS-treated animals. Such upregulation may
be related to the reduced internalization and degradation of the
ferroportin molecule caused by reduced hepcidin production in
the liver in response to reduced IL-6 (7). Persistent transcrip-
tional downregulation of the Fpn gene could be ascribed to
increased production of cytokines such as TNF-u (23). Inter-
estingly, both chelators reduced the gene expression of ferritin,
ferroportin, and transferrin receptors in control animals and DEX
even in LPS animals. Because Tfrl is inversely regulated by iron,
the content of which was reduced by both chelators in the control
as well as LPS animals (39), and neither chelator influenced
hepcidin synthesis in the control animals, we anticipated that
such uniform downregulation may occur through the direct
effect of chelators. Nevertheless, this observation requires fur-
ther attention.

Some studies have suggested nephroprotective mechanisms
of iron chelation on kidney injury during endotoxemia/sepsis
(9, 40). However, our biochemical data did not show any al-
leviation of the increased plasma concentration of creatinine,
uric acid, or urea. Moreover, we have also demonstrated for
the first time that the expression of several bile acids and drug
transporters important within the process of bile formation
were reduced by both chelators in the control animals and by
DFO also in the LPS-treated animals. It indicates that iron may
be involved in the regulation of these transporters as we have
also recently seen in iron overloaded animals (unpublished
data). Because endotoxemia is a well-known cholestatic condi-
tion developed because of downregulation of such transporters
(4), as verified also in our study, this effect of chelators may, in
this context, mean a potential for further worsening of the sit-
uation and is a risk factor also in healthy organisms. Conse-
quently, reduced bile secretion may also be the reason why
alleviation of other parameters of endotoxemic liver impair-
ments after DFO was not associated with an improvement in
plasma-bile acid concentrations. However, we are not aware of
the existence of data examining the relationship of iron and
regulation of the expression of these transporters, and further
studies are required to elucidate these potentially harmful as-
pects of chelators.

In conclusion, the present study demonstrates the distinction in
the ability of two iron chelators, DFO and DEX, to reduce liver
injury during endotoxemia. Although both agents have compara-
ble positive effects on the LPS-induced liver inflammation and
hepcidin expression, their different abilities to protect the liver
from oxidative stress and injury are noteworthy. Dexrazoxane
not only left the endotoxin-mediated liver impairment un-
changed but even worsened the oxidative stress in the liver. In
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contrast, DFO rendered significant protective effects, and this
was likely codetermined by its ability to reduce oxidative stress
in the liver. However, the absence of any positive effect on
kidney biochemistry and downregulation of some genes required
for bile production in endotoxemic as well as in healthy animals
may indicate novel untoward mechanisms of iron chelation
during endotoxemia.
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7.3. Boldine enhances bile production in rats via osmotic and farnesoid X receptor
dependent mechanisms.

Cermanova J, Kadova Z, Zagorova M, Hroch M, Tomsik P, Nachtigal P, Kudlackova Z, Pavek
P, Dubecka M, Ceckova M, Staud F, Laho T, Micuda S.

Toxicol Appl Pharmacol. 2015 May 15;285(1):12-22.
IF2015) 3,633

Boldin je jednim z hlavnich alkaloidl izolovanych z listi a kliry boldovniku ¢ilského
(Peumus boldus Molina). Jeho ucinky byly studovany na odpovidajicich in vivo a in vitro
modelech a vysledky potvrdily jeho silnou antioxidacni aktivitu, kterd umoznuje prevenci pied
fadou onemocnéni souvisejicich s oxidacnim stresem, jako jsou hepatotoxicita, zanétliva
onemocnéni GITu, proliferace nddorovych bun¢k a aterosklerdza. Jednou z hlavnich vlastnosti
ptipisovanych boldinu je jeho stimulacni aktivita na tvorbu zluce, nicméné mechanismus tohoto

ucinku nebyl nikdy objasnén.

Cilem této studie bylo objasnit podstatu choleretického u¢inku boldinu u zdravych
potkand, ale také u potkanii s cholestazou, ktera byla navozena aplikaci ethinylestradiolu.
Tvorba Zlu¢i byla hodnocena bezprostfedné po nitrozilni aplikaci latky 1 po 28-denni peroralni

premedikaci.

Nase studie ukazala, Ze boldin vykazuje vyrazny akutni cholereticky ucinek, ktery se
objevi bezprostiedné¢ béhem jeho podani v zavislosti na koncentraci dosazené ve zluci —
prahové koncentrace pro dosazeni efektu byla 10 uM. Mirny cholereticky efekt boldinu byl
vSak patrny 1 po 28-denni premedikaci a tento U€inek byl nezéavisly na jeho pfitomnosti
v organismu. Mechanismus, ktery je za timto dlouhodobym uc¢inkem boldinu, je indukce Bsep
zprostiedkovana pies transkripéni faktor FXR (Farnesoid X receptor). Tato studie poprvé
demonstrovala mechanismy a okolnosti choleretického uc¢inku boldinu, latky, kterd je volné

dostupna v obchodni siti jako potravinovy doplnék.
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Boldine, the major alkaloid from the Chilean Boldo tree, is used in traditional medicine to support bile production,
but evidence to support this function is controversial. We analyzed the choleretic potential of boldine, including
its molecular background. The acute- and long-term effects of boldine were evaluated in rats either during
intravenous infusion or after 28-day oral treatment. Infusion of boldine instantly increased the bile flow
1.4-fold in healthy rats as well as in animals with Mrp2 deficiency or ethinylestradiol induced cholestasis. This
effect was not associated with a corresponding increase in bile acid or glutathione biliary excretion, indicating

Keywords:
Boldine that the effect is not related to stimulation of either bile acid dependent or independent mechanisms of bile
Bile production formation and points to the osmotic activity of boldine itself. We subsequently analyzed bile production under

conditions of changing biliary excretion of boldine after bolus intravenous administration and found strong
correlations between both parameters. HPLC analysis showed that bile concentrations of boldine above 10 uM
were required for induction of choleresis. Importantly, long-term pretreatment, when the bile collection study
was performed 24-h after the last administration of boldine, also accelerated bile formation despite undetectable
levels of the compound in bile. The effect paralleled upregulation of the Bsep transporter and increased biliary
clearance of its substrates, bile acids. We consequently confirmed the ability of boldine to stimulate the Bsep
transcriptional regulator, FXR receptor. In conclusion, our study clarified the mechanisms and circumstances
surrounding the choleretic activity of boldine,

Bile salt export pump
Farnesoid X receptor

© 2015 Elsevier Inc. All rights reserved.

Introduction

Bile formation (BF) is an essential function of the liver providing an
important route for the excretion of many endo- and xenobiotics and
depends on the transporter-mediated secretion of osmotically active
compounds by hepatocytes and cholangiocytes. These compounds
attract water to form bile in relation to their actual secretion. Two princi-
pal pathways are involved: bile acid-dependent bile flow (BADF), and
bile acid-independent bile blow (BAIF) (Esteller, 2008). Regarding
BADF, bile production is achieved by bile acids, the major endogenous os-
motic bile constituents, Moreover, bile acids (BA) demonstrate strong in-
direct mechanisms, such as activation of the FXR (Farnesoid X receptor)

* Corresponding author at: Department of Pharmacology, Charles University in Prague,
Faculty of Medicine in Hradec Kralove, Simkova 870, 500 38 Hradec Kralove, Czech
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nuclear receptor or post-transcriptional modulation with consequent
change in expression, localization and finally function of bile acid trans-
porters and enzymes responsible for bile acid synthesis and metabolism
(Dombrowski et al,, 2006; Boyer, 2013). Key to BAIF is the function of
Mrp2 transporter (multidrug resistance-associated protein 2) which me-
diates biliary secretion of osmotically active glutathione (GSH). This
tripeptide is the main mechanism of antioxidant defense protecting the
hepatocytes against injury imposed by reactive oxygen species and elec-
trophiles (Ribas et al., 2014). However, biliary secretion of GSH together
with its oxidized form (GSSG) is also the major determinant of BAIF
(Ballatori and Truong, 1992). As a consequence, modulation of mecha-
nisms responsible for BADF or BAIF may in turn change the rate of elim-
ination of their endogenous as well as exogenous substrates. Therefore
characterization of influence of the agents administered to organism as
drugs or food ingredients on these mechanisms may prevent serious
interactions.

Choleretics are agents that stimulate bile production, and work
through activation of BADF and/or BAIF, or may also possess direct
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osmotic activity when concentrated in bile (Ito et al,, 2004; Shoda et al.,
2004; Ruiz et al., 2005). In this respect, spironolactone represents a pro-
totype substance inducing bile production indirectly by transcriptional
up-regulation of Mrp2, with a consequent increase in biliary glutathione
secretion (Ruiz et al., 2005, 2007). Although stimulation of pregnane X
receptor (PXR) is the suspected cause for this effect (Ruiz et al., 2009),
a direct link is missing. Benzylpenicillin, on the other hand, induces
choleresis immediately after its administration through its own concen-
trative biliary excretion coupled with increased insertion of Mrp2 to the
canalicular membrane. This is followed by enhanced biliary output of
osmotically active glutathione (Ito et al., 2004; Fukami et al., 2011).
Similar mechanisms have been identified in drugs such as valproate
(Wright and Dickinson, 2004), nifedipine, or sodium nitroprusside
(Yang and Hill, 2001) and for herbal choleretic remedies, especially
cynarin (Speroni et al,, 2003), curcumin (Deters et al., 1999), liquiritigenin
(Kim et al,, 2009) or genipin (Shoda et al., 2004).

Boldine is the major alkaloid from the leaf and bark of the Chilean
Boldo tree (Peumus boldus Molina, Monimiaceae). It is responsible for
the majority of the described health promoting activities of boldo
extract, which was traditionally used to treat a wide variety of diseases
and symptoms including headache, rheumatism, dyspepsia, urinary
tract infections and sleep disturbances (O'Brien et al.,, 2006). The effects
were studied using in vitre and in vivo models and the results indeed
revealed the strong antioxidant activity of boldine, which enables
prevention of various oxidative stress-related outcomes such as hepato-
toxicity (Lanhers et al,, 1991; Fernandez et al., 2009), inflammation
(Backhouse et al., 1994), tumor cell proliferation, and atherosclerosis
(Santanam et al., 2004). Interestingly, one of the major applications of
the agent is its putative choleretic activity, which was recognized in
earlier studies exploring boldo extracts. Initially, Delso-Jimeno (1956)
described how the content of solids in bile increased without modifying
the biliary volume following oral administration of boldine in dogs.
Thereafter, a further series of works demonstrated that oral administra-
tion of boldo extract to mice or rats can also increase bile flow (Pirtkien
et al., 1960; Borkowski et al., 1966; Levy-Appert-Collin and Levy, 1977).
More recent studies have, on the contrary, failed to demonstrate
choleretic activity after oral administration of 200-800 mg/kg of aque-
ous ethanolic boldo extract, or after intravenous administration of
either ethanolic extract (4:1) or pure boldine itself (Lanhers et al.,
1991). Together, discrepancies between these results indicate that
better characterization of the possible mechanisms and conditions of
putative choleresis after boldine are now required.

The aim of the present study was therefore to identify conditions re-
quired for the choleretic effect of boldine to occur in healthy rats as well
as in animals with impaired BADF and/or BAIF mechanisms either in-
duced by ethinylestradiol (EE) administration (Geier et al., 2007) or
by congenital deficit of Mrp2 transporter (Johnson et al., 2006). To
investigate the mechanisms responsible for effect, we analyzed bile
acid dependent and independent pathways of bile formation either

Table 1

13

immediately after the compound bolus or continuous i.v. administration
(to explain acute effects) or after its 28-day oral pretreatment (to de-
scribe the long-term effect).

Methods

Chemicals, Boldine, ethinylestradiol (EE), chenodeoxycholic acid
(CDCA), MK-571, and a reduced form of glutathione (GSH) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Boldine was dissolved
in distilled water (pH adjusted by HCl to 1.0) with consequent titration
to pH 7.0 by NaOH. Ethinylestradiol was dissolved in propylene glycol.
All other chemicals were of the highest purity available and supplied
by Sigma-Aldrich (St. Louis, CA, USA) or BioRad (Bio-Rad Laboratories,
Hercules, USA).

Animals. Female Wistar rats (220-250 g, Velaz, Konarovice, CR), Mrp2
deficient Lewis TR™ (transport-deficient) rats or complementary
Lewis rats (both strains were a kind gift from Prof. Ingrid Kloting,
Institut fiir Pathophysiologie, Karlsburg, Germany) were used through-
out the study. All experimental protocols were conducted in accordance
with the National Ministry of Agriculture guidelines and were approved
by the Animal Care and Use Committee of the Faculty of Medicine in
Hradec Kralove.

The design of pretreatments, substance administration during bile
flow assessment, approach to blood sampling, and its duration were
different according to the type of evaluation — Table 1. Bile collection
study was performed in all experimental groups 24-h after the last
pretreatment. Rats were anesthetized with sodium pentobarbital
(50 mg/kg, intraperitoneally), fixed in a supine position on a heated
platform to maintain body temperature at 37 °C, and v. jugularis
(substance administration), carotid artery (blood sampling), and bile
duct (bile collection) were cannulated. After an initial 30-min control
period, the study was started with the i.v. administration of saline or
boldine. All animals received i.v. 2.5 ml/h of fluids to replace loses by
sampling. Bile was always collected in pre-weighted tubes at 30-min
intervals. At the end of the experiment, rats were sacrificed by exsangui-
nation from carotid artery, and samples of plasma, bile and livers were
snap frozen in liquid nitrogen and stored at — 80 “C until analysis.

Cell culture. Canine MDCKII cell line transduced with human ABCC2
gene (MDCKII-MRP2), which stably expresses human MRP2 transporter
and the corresponding parent MCDKII cell line, were provided by
Dr. Schinkel and Prof. Borst (NKI-AVL, Amsterdam, Netherlands).
The cells were grown in complete Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). HepG2 cell
line was purchased from the European Collection of Cell Cultures
(Salisbury, UK) and was used within 25 passages after delivery. For
transient transfection gene reporter experiments, HepG2 cells were
maintained in antibiotic-free DMEM supplemented with 10% fetal calf

Organization of animal experiments. Six-to-seven animals per group were used, only Mrp2 negative Tr~ Mrp2 deficient rats were of 5 individuals. Bile was collected in all animals at

30-min intervals.

Study Pretreatment

Organization of bile clearance evaluation

i.v. administration

Blood sample Duration of infusion/bile

(min) collection (min)
WLv, infusion Saline or EE (5 mg s.c. for 5 days)*  Continuous infusion of saline (2.5 ml/h) or boldine 15,45,75,120 120
(50 mg/kg/h — in saline 2.5 mi/h)*
VIR=jy. infusion - Continuous infusion of saline (2.5 mi/h) or boldine 15, 45,75, 120 120
(50 mg/kg/h — in saline 2.5 ml/h)*
WBoldine i.v. - Bolus dose of boldine (50 mg/kg) by slow injection over 5min® 4, 10, 30,60, 120, 180 180
bolus dose followed by continuous infusion of saline (2.5 mi/h)
W28-day Boldine 50 mg/kg/day p.o.* Saline i.v. infusion (2.5 mi/h) 15,45,75,120 120
pretreatment
W — Wistar rats, " — Lewis rats, "™~ — Mrp2 negative TR~ rats; EE — ethinylestradiol (applied once daily 5 mg/kg body weight subc ly for 5 days) administered rats.

@ Corresponding control groups received appropriate amount of vehiculum — saline (for boldine) or propylene glycol (for EE).
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Fig. 1. Changes in bile production when boldine (B, 50 mg/kg) was administered by con-
tinuous intravenous infusion to A) healthy (Ctrl) or ethinylestradiol treated (EE — 5 mg/kg
s.c. injection daily for 5 days) Wistar rats; B) Mrp2-negative TR~ rats, Corresponding
control rats received saline. Panel A data is from Wistar rats and panel B data is from
Lewis rats (control and TR ™). Results are presented as means 4 SD (A — n = 6-7 animals
per group; B — TR™ rats — n = 5 animals per group); significant difference from the
control group (*P < 0.05, **P < 001, ***P < 0.001); significant difference from the TR~ or
EE group (TP < 0.05, 1P < 0.01).

serum, 1% sodium pyruvate, and 1% non-essential amino acids (all from
Sigma-Aldrich).

MRP2 efflux assay. The efflux experiments were conducted 24 h after
cell seeding (2 x 10° cells per well on a 12-well plate). The medium
was removed and MDCKII cells were washed twice with pre-warmed
1x phosphate buffered saline (PBS) at pH 7.4. Cells were then incubated
for 10 min at 37 °Cin 5% CO, in the presence of MK-571 (50 pM, a selec-
tive MRP inhibitor and Leukotriene D4 antagonist) or with six-point
concentration scale of boldine diluted in Opti-MEM (0.1, 0.3, 1, 3, 10,
30 uM). Calcein AM, which is intracellularly converted to calcein, an
MRP2 fluorescent substrate was added to reach the final concentration

Table 2
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of 0.25 uM and allowed for 15 min accumulation phase. Then the efflux
phase followed and cells were incubated for 1 h in the presence or ab-
sence of boldine (0.1,0.3, 1, 3, 10, 30 uM). Efflux was stopped by cooling
the plate, removal of medium and 2-times wash with ice-cold 1 x PBS.
The cells were detached with 10x trypsin-EDTA, resuspended in
1x PBS with 2% FBS and transferred to vials, which were placed on ice
until analysis. The calcein fluorescence intensities of individual cells
were analyzed using the C6 flow cytometer (Accuri, Ann Arbor, USA)
on FL2 channel (ex 488 nm, em 585 nm).

Gene reporter assay. The HepG2 cells were co-transfected in 48-well
plates with the pGL5-luc luciferase reporter construct (170 ng per
well), pPCMX-GAL4-FXR LBD expression plasmid containing Farnesoid
X receptor (FXR) ligand binding domain (70 ng per well), and pRL-TK
(30 ng per well) using Lipofectamine 2000 (Life Technologies). In
other experiments, cells were co-transfected with the pFXRE-Iuc2P re-
porter construct (100 ng per well), pSG5-hFXR expression plasmid
(100 ng per well), pSG5-hRXRa (70 ng/per well) and pRL-TK (30 ng
per well) constructs using Lipofectamine 2000 (Life Technologies).
Following 24 h of stabilization, HepG2 cells were exposed to various
concentrations of boldine for 24 h (1, 5, 10, or 20 M), or with
chenodeoxycholic acid (CDCA; 20 pM, one of the main bile acids pro-
duced by the liver). DMSO (0.1% v/v) was used as a vehicle in all exper-
iments. Cells were then lysed and analyzed for firefly luciferase activity
normalized to enzyme activity of the Renilla luciferase (Dual-Luciferase
Reporter Assay, Promega, Madison, WI). Data are presented as means
with S.D. from three independent experiments performed in triplicates
and are expressed as a fold activation to vehicle-treated sample, which
was set to be 1.

Western blotting. Canalicular membrane vesicles were prepared as
described previously using ultracentrifugation on sucrose gradient
(Ito et al., 2001). Whole cell homogenate was obtained as the superna-
tant of tissue lysate centrifugated at 3000 xg. Protein expression of
respective molecules in the liver was then examined as previously
described (Hirsova et al., 2013). Briefly, proteins (100 pg) were
separated by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis, transferred to a polyvinylidenedifluoride membrane (Millipore)
and incubated with antibodies against Bsep (Thermo Scientific-Pierce,
Cat. No. PA5-13105) or Mrp2 (Alexis, clone M2III5, Cat. No. ALX
801-037). Horseradish peroxidase-conjugated secondary antibodies
were from GE Healthcare and enhanced chemiluminescence reagents
were from Thermo Pierce. Densitometry was performed using
ScanMaker i900 (UMAX) and QuantityOne imaging software (BioRad).
Protein levels were normalized to Gapdh levels.

qRT-PCR analysis of mRNA. Total RNA was isolated from rat livers of
Wistar rats administered 50 mg/kg/day boldine for 28 days using TRI
reagent (Sigma-Aldrich, MO, USA) according to the manufacturer's
protocol and converted into cDNA by a High Capacity cDNA Reverse

Biliary elimination of bile acids and glutathione during saline (2.5 mi/h in Ctrl/EE groups) or boldine (50 mg/kg/h in Boldine/EE-B groups) continuous intravenous infusion to saline (Ctrl)
or ethinylestradiol (EE) pretreated female Wistar rats. Biliary elimination parameters of bile acids were calculated from data measured in 0-30 min bile collection interval while those for
glutathione from data measured in 90-120 min bile collection interval as stated in methods.

Crl Boldine EE EE + Boldine
BE of BA (nmol/min/100 g BW) 115+ 14 98 + 22 36 + 6.9 49 + 6.6°
CLg BA (ml/min/100 g BW) 21+6 10+ 15 1.6+ 05" 33 £ 05"
BA in plasma (pM) 8625 11+26 35+ 10* 15+ 17
BE glutathione (nmol/min/100 g BW) 14 +27 23 +27% 03+ 01" 0.4 4017
CLg glutathione (ul/min/100 g BW) 39+ 111 55+ 6.5 0.8 + 0.5 1.3 + 04"
Glutathione in liver (nmol/mg) 84+ 7.1 73+£22 154 + 6.5 127 £ 7"

Data are means <+ SD. Abbreviations: BA — bile acids, BE — biliary excretion, CLs — biliary clearance, BW — body weight; EE — p

5 days). Significantly different from control values (*P < 0.05, **P < 0,01, ***P < 0,001).
Significantly different from EE values (TP < 0.05, 1iP < 0.01).

with ethin:

| (5 mg/kg s.c. daily for
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Table 3

Biliary elimination of bile acids and glutathione in female TR~ (Mrp2-deficient) rats
administered either with saline or boldine by intravenous infusion. Ctrl-L is the group of
complementary female Lewis rats infused with saline. Biliary elimination parameters of
bile acids were calculated from data measured in 0-30 min bile collection interval while
those for glutathione from data measured in 90-120 min bile collection interval as stated
in methods.

Cerl-L TR™ TR™-B
BE of BA (nmol/min/100 g BW) 11114 68 +43" 8519
CLg BA (ml/min/100 g BW) 14+£26 69+33 42+ 1.1
BA in plasma (uM) 91+17 16+49 23+4.1
BE glutathione (nmol/min/100 gBW) 7.7 +1.1 ND ND
CLg glutathione (ul/min/100 g BW) 12+ 1.8 ND ND
Glutathione in liver (nmol/mg) 514+23 125+46"™ 115158

Abbreviations: BA — bile acids, BE — biliary excretion, CLg — biliary clearance, BW —
body weight, Ctrl-L — healthy Lewis rats infused i.v. with saline, TR~ — Mrp2-defi-
cient Lewis rats infused i.v. with saline, TR -B — Mrp2-deficient Lewis infused i.v. with
boldine (50 mg/kg/h), ND — not defined because glutathione concentrations in bile
were below detection limit. Data are means =+ SD. Significantly different from control
values (*P < 0.05.**"P < 0.001).

Transcription kit (Life Technologies, CA, USA). Gene expression was
examined by quantitative real-time PCR as previously described
(Hirsova et al., 2013). TagMan Fast Universal PCR Master Mix and pre-
designed TagMan Gene Expression Assay kits were purchased from
Life Technologies. The glyceraldehyde 3-phosphate dehydrogenase
gene was used as a reference for normalizing data.

Immunchistochemistry of Mrp2, Bsep and ZO-1. Serial cross-sections
(7 pm) of liver median lobe taken from Wistar rats (underwent either
Wlv. infusion or *¥28-day pretreatment — Table 1) were cut on a cryo-
stat and placed on gelatin-coated slides. Five slides from each animal
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Fig. 3. Plasma and bile concentrations of boldine during its continuous intravenous infu-
sion in saline (Ctrl) or ethinylestradiol (EE — 5 mg/kg/day subcutaneously for 5 days)
pretreated animals (A). Pretreatment with ethinylestradiol led to a significant reduction
in biliary excretion (BE) of the compound (B). Results are presented as means + SD; sig-
nificant difference from corresponding centrol group values (***P < 0.001).
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Fig. 2. Choleresis induced by intravenous bolus dose of boldine (50 mg/kg — A). A steep decline in plasma and biliary concentrations of boldine (B) led to a short-term choleretic effect
(A) persisting for 60 min until the biliary concentrations decreased below 10 M. A strong relationship was shown between the amount of boldine excreted into bile and the change in
bile flow when compared to predose values (C). Biliary excretion of the compound over the evaluated period was less than 0.2% of the applied dose (D). Results are presented as

means -+ SD; significant difference from predose values of bile flow (***P < 0.001).

73



16 J. Cermanova et al. / Toxicology and Applied Pharmacology 285 (2015) 12-22

and from each group were taken for immunohistochemical analysis.
Before antigen detection, slides were incubated with anti-avidin and
anti-biotin solutions (Vector Laboratories, USA). Thereafter, slides were
incubated with primary antibodies and after that with goat anti-rabbit
secondary antibody marked with green fluorochrome DyLight488
(Jackson ImmunoResearch, USA) diluted 1:100 in BSA to detect ZO-1.
Goat anti-mouse secondary antibody (Jackson ImmunoResearch, USA)
(diluted 1:100 in BSA), goat anti-rabbit secondary antibody (Jackson
ImmunoResearch, USA) (diluted 1:100 in BSA) and ExtraAvidin red fluo-
rochrome CY3 (Sigma Chemical, USA) were used (diluted 1:300 in BSA)
for the detection of either Mrp2 or Bsep. For nuclear counterstaining the
blue-fluorescent DAPI nucleic acid stain (Invitrogen, Czech Republic)
was used. Staining with nonimmune isotype-matched immunoglobulins

Bsep 0pm

Bsep 10um

Fig. 4. Immunohistochemical staining of Mrp2 (red — A4, B4, C4, D4) and Bsep (red

assessed the specificity of the immunostaining. Primary antibodies
included the following: mouse monoclonal antibody anti-Mrp2 (dilution
1:20, 1 h at RT) was purchased from Enzo Life Sciences (USA), rabbit
polyclonal antibody anti-Zo-1 (dilution 1:100, 1 h at RT) was purchased
from Invitrogen (USA) and rabbit polyclonal antibody anti-ABCB11
(Bsep, dilution 1:50, 1 h at RT) purchased from Termo Scientific (USA).
Photo documentation and image digitizing from the microscope were
performed with the Olympus AX 70, with a digital VDS Vosskiihler
(GmbH, Germany) with image analysis software NIS (Laboratory
Imaging, Czech Republic).

Analytical methods. Bile acids in plasma and bile were measured using a
commercial kit (Diazyme). Biochemical parameters reflecting liver

Bsep e | Bsep 1aum

E-H) proteins in the livers of animals pretreated either by saline (A, B, E, F) or ethinylestradiol

(5 mg/kg s.c. daily for 5 days — C, D, G, H). After the pretreatment, animals received intravenous infusion of either saline (A, C, E, G) or boldine (50 mg/kg/h — B, D, F, H). Mrp2 showed
strong colocalization (orange — A1, B1,C1, D1) with Zo-1 (green — A2, B2, C2, D2) protein at the canalicular membranes of hepatocytes. The nuclei were stained with DAPI (blue). Neither
expression of Mrp2 (B4, D4) nor the expression of Bsep (F, H) was changed by boldine administration. Significant down-regulation of both transporters was detected in ethinylestradiol

pretreated groups (C4, D4, G, H). Scale bars represent 10 pm,
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Fig. 5. Continuous infusion of boldine for 120 min did not change the content of Mrp2 {A) or Bsep (B) transporters at apical membranes, as measured by Western blot of the canalicular
membrane vesicles. Ethinylestradiol pretreatment down-regulated both transporters at the membranes. Results are presented as means + SD; significant difference from corresponding
control values (***P < 0.001). The bars represents: white — saline infusion to healthy rats; dark gray — boldine i.v. infusion (50 mg/kg/h) to healthy rats; light gray — saline infusion to rats
pretreated with 5 mg/kg/day of EE s.c. for 5 days; black — boldine i.v. infusion (50 mg/kg/h) to rats pretreated with 5 mg/kg/day of EE s.c. for 5 days.

functions were examined in plasma by routine laboratory methods on a
Cobas Integra 800 (Roche Diagnostics). Boldine in plasma and bile
and glutathione in bile and liver tissue were quantified by previously
described HPLC methods (Kand'ar et al., 2007; Hroch et al., 2013).

Data analyses. Biliary clearance of glutathione was calculated as a ratio
of its biliary excretion to liver tissue concentrations from the last bile
collection interval (90-120 min). Biliary clearance of bile acids was cal-
culated similarly (at the interval 0-30 min), but plasma concentrations
measured at 15th minute were used instead of tissue due to inability of
the used method to reliably measure liver concentrations, and the fact
that the majority of bile acid for biliary secretion comes from the blood-
stream upon recirculation between liver and ileum. Results are present-
ed as mean + SD. Comparison on multiple groups was done by one-way
ANOVA followed by the Newman-Keuls post hoc test. Time-course
experiments were analyzed using a two-way analysis of variance
(ANOVA) followed by the Bonferroni's test for post hoc analysis.
Student's t-test was employed for two-group comparison. Pearson
correlation coefficients were used to evaluate relationships between
the values. Differences were considered significant at P-value less than
0.05. All analyses were performed using GraphPad Prism 6.0 software
(San Diego, USA).

MDCK-parent

Calcein fluorescence
(fold of control)

cC M

30 10 3 1 03 01
Boldine (uM)

Results

Acute effect of boldine on bile flow and biliary secretion of bile acids and
glutathione

The choleretic potential of boldine was initially characterized during
its continuous intravenous infusion in healthy as well as EE challenged
rats (Fig. 1A). Despite the basal bile production being markedly lowered
in EE pretreated rats, boldine in both situations rapidly increased bile
flow with a steady-state reached during 60 min from the start of the
infusion. Constant bile production was maintained until the end of the
experiment. Interestingly, infused boldine lacked any consistent effect
on biliary excretion or clearance of two main osmaotic constituents of
bile, bile acids and glutathione (Table 2). Although an increase in biliary
secretion of glutathione was detected in healthy rats, correction to its
liver concentrations did not show any change in biliary clearance.
Important for the sensitivity of the model was the finding that EE
pretreatment, the model of intrahepatic cholestasis, markedly reduced
bile excretory parameters for glutathione as well as bile acids, and
increased concentrations of both in plasma and liver tissue, respectively.
Interestingly, boldine in EE animals reduced plasma concentrations of
BA together with tissue concentrations of glutathione despite the
absence of any change in biliary excretion of these substances (Table 2).

MDCK-MRP2
61

-
1

Calcein fluorescence
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Fig. 6. Influence of boldine on calcein transport in parent and MRP2 expressing MDCKII cells. MK-571 (M — at concentration of 50 M) was used as an inhibitor of MRP2 and its presence
increased calcein accumulation in MRP2 expressing cells. Boldine at concentrations of 0.1-30 pM in the medium did not change calcein transport in comparison with control experiments
(C — vehicle-Opti-MEM). Results are presented as means + SD; significant differences from corresponding control values (***P < 0.001).
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In order to confirm that acute choleretic activity is not associated
with BAIF, we administered boldine also to Lewis TR~ rats lacking
Mrp2. These rats have basal bile flow reduced by 58%, and boldine
was able to significantly restore this parameter to control levels within
120 min of its administration (Fig. 1B). Moreover, the choleretic effectin
Lewis rats was apparent 30 min from the start of boldine’s infusion sim-
ilarly to situation seen in healthy and EE cholestatic Wistar rats (see
Fig. 1A). Neither biliary secretion of bile acids, nor that of glutathione
was modified in TR™ rats by the agent (Table 3). Importantly, in the
case of glutathione this absence was due to a decrease of its biliary con-
centrations below measurable levels in all Mrp2-negative rats, which
corresponds with the nature of this animal model. Taken together, our
data suggested that the acute bile flow-inducing effect of boldine is
not provided by BADF or BAIF mechanisms.

Relationship between bile formation and the kinetics of boldine
excretion to bile

The possibility that acute choleresis induced by boldine is mediated
by its direct osmotic activity upon excretion into bile was tested in a
situation of changing bile boldine concentrations after bolus intrave-
nous administration. In comparison with predose values, a significant
choleresis was especially apparent in the first collection interval after
the injection and the effect subsided after 60 min (Fig. 2A). Consequent
analysis of boldine in plasma and bile revealed a quick decline in its con-
centrations (Fig. 2B), which paralleled changes in the bile flow (Fig. 2A).
Interestingly, during the evaluated period, less than 0.2% of the applied
dose was excreted to bile (Fig. 2D). The choleretic effect of boldine was
associated with its biliary concentrations of at least 10 + 1.8 uM. As a
consequence, we found a strong positive correlation (r* = 0.83,
p <0.001) between changes in the bile formation from the baseline
values and the absolute amount of boldine excreted into the bile
(Fig. 2C). To further confirm this association, we also measured plasma
and bile concentrations of boldine in the specimens from control and
EE-treated animals receiving continuous intravenous infusion of
boldine (50 mg/kg/h — Fig. 3). In accordance with changes of bile flow
(Fig. 1), plasma and bile concentrations of boldine also achieved the
steady-state within 60 min of infusion (Fig. 3A). Both biliary concentra-
tions of boldine, and the extent of its biliary excretion (Fig. 3B) were
well above the threshold values for choleresis detected in intravenous
bolus study.
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Fig. 7. Changes in bile production after 28-day oral pretreatment with saline (C28) or
boldine (C28-B, 50 mg/kg daily) in healthy Wistar rats. Results are presented as
means + SD (n = 6-7 animals per group); significant difference from the control group
(*P<0.05, **P<0.01, **P<0.001).

Table 4
Effect of 28-day oral pretreatment with boldine (50 mg/kg) on parameters of biliary elim-
ination of bile acids and glutathione in female Wistar rats.

Cerl Boldine
BE of BA (nmol/min/100 g BW) 102+ 19 1154+ 21
CLy BA (ml/min/100 g BW) 62+ 27 27 +59°
BA in plasma (1M) 26+ 62 6.6+ 23"
BE glutathione (nmol/min/100 g BW) 12+ 19 12+13
(CLg glutathione (ul/min/100 g BW) 37455 42+ 48
Glutathione in liver (nmol/mg) 96+ 6.7 98 + 58

Abbreviations: B — boldine pretreatment, BA — bile acids, BE — biliary excretion, BW —
body weight. CLg — biliary clearance. Data are means + SD. Significantly different from
Ctrl values (*P < 0.05.**P < 0.01).

Immunodetection of Mrp2 and Bsep in the liver after continuous
infusion of boldine

Immunohistochemistry and Western blot were used to examine
changes in the liver protein content of Mrp2 and Bsep, which are rate-
limiting transporters for BADF and BAIF, respectively. Double fluores-
cence immunohistochemical staining in the liver showed strong
colocalization of Mrp2 with Zo-1, an essential protein contained in
tight-junctions, at canalicular membranes of hepatocytes and verified
localization of the transporter and the method reliability (Fig. 4A-D).
Subsequent analysis verified also the canalicular position of Bsep
(Fig. 4E-H). No apparent difference in Mrp2 or Bsep expression was
detected between saline (Fig. 4A4, E) or boldine (Fig. 4B4, F) treated
rats. Similarly, administration of boldine to EE-pretreated animals had
no effect on the expression of Mrp2 and Bsep (Fig. 4D4, H). In support
of these results, we performed Western blot analyses of canalicular
membrane vesicles isolated by the ultracentrifugation on sucrose
gradient (Fig. 5). No change in Mrp2 or Bsep canalicular membrane
content was detected after 120 min infusion of the agent. Results of
both immunodetection methods suggested that insertion of either
transporter to the canalicular membrane of hepatocytes is not responsi-
ble for boldine's choleretic action.

Effect of boldine on Mrp2-mediated transport in MDCK cells

Boldine did not alter the transport of the selective Mrp2 substrate,
calcein, in a MRP2 transfected polarized MDCK cell line (Fig. 6). It
suggests that this alkaloid is not able to directly stimulate or block the
MRP2 function or its localization on apical membranes of these cells.
In contrast, addition of selective MRP2 inhibitor, MK-571, raised intra-
cellular accumulation of calcein, and confirmed the sensitivity of the
model. As expected, no significant change in the fluorescence was
observed in the presence of boldine or MK-571 in the control MDCKII
parent cells.

Table 5
Oral pretreatment with 50 mg/kg of boldine applied for 28 days did not change any of the
evaluated biochemical parameters in the serum.

Ctrl Boldine
Glucose (mM) 9.0+03 97 + 04
Bilirubin (uM) 29401 3.0+£00
ALT (pkat/1) 1.3+02 08 +0.1
AST (pkat/1) 25+07 1.7+02
Cholesterol (mM) 14401 14+ 01
Triglycerides (mM) 1.1+03 1.0+ 03

Data are means + SD.
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Effect of long-term oral administration of boldine on bile production after the last dose administration, when the agent was not measurable
in these fluids. Detailed analysis of biliary excretion parameters for glu-

Administration of 50 mg/kg/day boldine by gastric gavage for tathione and bile acids was performed to identify contribution of BAIF

28 days induced a slight but significant sustained choleresis (Fig. 7). and BADF on the observed choleresis. While no influence of boldine
This effect was not dependent on plasma or bile concentrations of was detected on glutathione turnover, the compound increased biliary
boldine, because the bile flow measurements were performed 24-h clearance of bile acids (Table 4). Thus, BADF seem to be primarily
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Fig. 8. Immunohistochemical localizations of Mrp2 ( red — A4, B4) and Bsep (red — C,D) in the livers of animals that received 28-day oral pretreatment with saline (A, C) or 50 mg/kg/day of
boldine (B, D). Mrp2 showed strong colocalization (orange — A1, B1) with Zo-1 (green — A2, B2) protein at the canalicular membranes of hepatocytes. The nuclei were stained with DAPI
(blue). Bsep showed more intensive staining in boldine pretreated animals (D) as compared to the controls (C). In contrast, boldine pretreatment did not change the expression of Mrp2
(B4) as compared to the controls (A4). Scale bars represent 10 um. Western blot of canalicular membrane vesicles confirmed up-regulation of Bsep protein (E). Results are presented as
means =+ SD; significant differences from corresponding control values (‘P < 0.05).
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(28-B) led to an up-regulation of crucial transporters for bile formation. Results are pre-
sented as means + SD; significant difference from corresponding control values
(*P<0.05,**P<001).

responsible for the choleretic effect of boldine. Notably, the administra-
tion of the agent was not associated with alteration of biochemical
parameters of liver injury (Table 5).
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Fig. 10. Interaction of boldine with human FXR. The effect of different concentrations of
boldine (1-20 pM) on the transient transfection gene reporter assay was performed in
HepG2 cells co-transfected with the pGL5-luc luciferase reporter construct. Boldine in
the medium at a concentration of 5 pM was able to activate GAL4-FXR LBD (A) and
PFRE-luc2P (B) constructs. Data are shown as relative activation (mean + SD, n = 3) of
normalized luciferase activity in vehicle-treated cells. The effect of CDCA (A, 20 pM) was
set to 100%. Controls (C) were incubated with vehicle only — DMSO (0.1% v/v). Significant
differences compared to the control treatment: *P < 0.05, **P < 0.01.
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Immunodetection of Mrp2 and Bsep in the liver after long term-oral
pretreatment with boldine

Again, the presence of rate-limiting transporters for BA, and GSH,
Mrp2 and Bsep were evaluated by immunohistochemistry and Western
blot. Both methods simultaneously showed significant up-regulation of
Bsep on the canalicular membrane of hepatocytes (Fig. 8) in rats admin-
istered boldine (50 mg/kg/day) for 28 days. In the same situation, no
influence of boldine's pretreatment was detected on Mrp2 protein.

Changes in liver gene expression after long-term oral administration
of boldine

The mRNA expression of the main transporters and enzymes re-
sponsible for the process of bile formation in livers taken from Wistar
rats administered 50 mg/kg/day of boldine for 28 days was evaluated
by real-time RT-PCR (Fig. 9). Boldine therapy increased liver mRNA of
Bsep and Mrp2, but also AE2, Aqp8, Ugtlal, and SHP transcription
factor, respectively. No repression of any mRNA was detected. Because
Bsep and SHP are both direct target genes for the FXR receptor, such
observation suggested a transcriptional effect of boldine through this
nuclear receptor.

Effects of boldine on the Farnesoid X receptor (FXR) in HepG2 cells

Fusion expression construct with the ligand binding domains of
human EXR receptor, fused to the DNA binding domain of the yeast
transcription factor GAL4 (Fig. 10A) or pFXRE-luc2P (Fig. 10B) reporter
construct with FXR responsive elements of SHP gene, was used to
examine the effect of boldine on FXR interaction. After 24 h treatment
with increasing concentrations of boldine (1-20 uM), we observed
significant activation of GAL4-FXR LBD construct by boldine at all
concentrations (Fig. 10A). In case of FXRE-luc2P construct, we observed
significant activation only at the concentration of 5 pM. Interestingly,
higher concentrations of boldine did not activate this reporter construct
significantly (Fig. 10B). Chenodeoxycholic acid (CDCA; 20 uM), a known
ligand for FXR, was used as a positive control in both constructs,
In summary, we suggest that boldine may exert weak activation of
human FXR at physiologically relevant concentrations.

Discussion

Choleretic activity of boldine was last evaluated by Lanhers et al.
(1991) in rats who found no effect even after a bolus dose of
20 mg/kg. On the other hand, a series of older descriptive studies dem-
onstrated significant choleretic activity of boldo extract in dogs and rats
(Kreitmair, 1952; Delso-Jimeno, 1956; Bohm, 1959; Pirtkien et al., 1960;
Borkowski et al., 1966; Levy-Appert-Collin and Levy, 1977). Due to
growing availability of boldine-containing formulations on the market
and to significant advances in the understanding of bile forming mech-
anisms, we decided to evaluate the acute and long-term circumstances
for induction choleresis by boldine.

During continuous i.v. administration, boldine instantly raised bile
production without any consistent influence on biliary excretion or
clearance of glutathione or BA, indicating that BADF or BAIF was not
modulated following acute administration of boldine, This finding was
further supported by the absence of any difference in evaluated param-
eters between boldine-administered and corresponding control groups
as presented using a Western blot of canalicular membrane vesicles,
immunochistochemistry of liver sections, and MDCKII-MRP2 cells.
Crucial in this respect was the finding that the infusion of boldine
was choleretic to a similar extent in healthy animals, Mrp2-negative
TR~ rats and in EE-rats with a reduced expression of both Mrp2 and
Bsep. Therefore, the absence of any change in BAIF or BADF suggests
that the increased choleretic activity may be due to the direct osmotic
activity of boldine. This hypothesis was consequently confirmed in our
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single-bolus dose study where the choleretic effect of boldine tightly
correlated with its changing amounts secreted into bile. The lowest bil-
iary concentration of boldine required for induction of bile production
was 10 pM. This also explains why we detected stable choleresis during
continuous i.v. administration of 50 mg/kg/h when all concentrations of
boldine in bile were above 13 pM. The concentration dependence was
further supported by absence of choleresis during continuous infusion
of less than 10 mg/kg/h of boldine (unpublished observations).

An explanation for the quick decline in boldine-induced choleresis
after bolus dose lies in the rapid elimination of the agent. Jimenez and
Speisky (2000) reported its very short half-life of 31 min. Although
the authors did not present information about an elimination pathway,
they described a markedly increased concentration of boldine within
the liver when compared to brain or heart and suggested that the liver
plays a pivotal role in metabolism for boldine elimination. Our recent
results confirmed such a prediction demonstrating rapid in vivo forma-
tion of several glucuronidated and sulfated metabolites (Hroch et al.,
2013). However, in the present study, we also quantified for the first
time the biliary excretion of boldine, which was surprisingly low and
represented less than 0.2% of the applied dose over 3 h when the rate
of biliary excretion of boldine after its administration was maximal.
Other elimination pathways should therefore be considered. Indeed,
recently detected concentrations in urine and anticipated renal excre-
tion of the compound were several times greater than biliary excretions
(Hroch et al., 2013). However the exact contribution of this route and
other extrahepatic routes to excretion of boldine from organism is
currently unknown. Consequently, the capacity of liver conjugation
enzymes and renal excretory pathways and their variability across
different rat strains may limit the availability of boldine for biliary excre-
tion and may explain why Lanhers et al. (1991) failed to demonstrate
any choleretic effect even with a bolus i.v. dose of 20 mg/kg. Further-
more, higher biliary concentrations of boldine in comparison with plas-
ma, and a reduction of biliary excretion in ethinylestradiol treated
animals, the situation with well-described down-regulation of drug
transporting proteins in the liver (Hirsova et al., 2013), suggests
involvement of active transporting processes in the hepatic elimination
of boldine. The molecules responsible for this process have yet to be
identified however. Similarly, we are currently unable to explain the
reduction of plasma bile acid concentrations in EE rats injected with
boldine. A possible direct inhibitory activity of boldine on bile acid
synthesis or modulation of its transport in the kidney or ileumn will be
a matter for further research.

In contrast to when it was administered acutely, repeated adminis-
tration of 50 mg/kg/day boldine for 28 days increased bile production
even though the concentration of boldine in the plasma and bile was
below the limit of detection. This effect corresponded with the elevation
of BA biliary clearance in parallel with transcriptional up-regulation of
Bsep. We therefore analyzed relationships with the main nuclear recep-
tor for BA, FXR, for which the Bsep is known to be one of the principal
target genes (Boyer, 2013). The resultant gene reporter assay clearly
showed that boldine was able to stimulate FXR nuclear receptor to
an extent that corresponded with the increase in Bsep expression,
BA biliary clearance and bile production. Although the stimulation of
FXR was apparent mainly at 5 uM of boldine, based on its kinetics, this
concentration may reliably be attained after oral administration
(Jimenez and Speisky, 2000). Results of this study also suggest that
boldine has the ability to stimulate FXR given evidence of increased
liver mRNA of its other targets, SHP and Mrp2.

Moreover, the mRNA data showed that boldine pretreatment
increased gene expression of the canalicular chloride/bicarbonate
exchanger (AE2), the molecule responsible for biliary secretion of
HCO5 simultaneously with water channel aquaporin (AQP8). Induction
of AE2-mediated bicarbonate rich choleresis has indeed been observed
immediately after administration of secretin or glucagon as a result of
increased insertion of AE2 into apical membrane of hepatocytes or
cholangiocytes (Benedetti et al., 1994; Banales et al., 2006). However,
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the transcriptional regulation of these molecules is not known. Only
van Erpecum et al. (2006) have demonstrated that AQP8 mRNA did
not differ in the gallbladders of FXR™'~ mice, which suggests that
boldine modulated the transcription of both genes by a different as yet
unknown mechanism. However, the resultant Western blot did not
show change in the protein level of AQP8 (unpublished observation)
suggesting that it is not involved in boldine's choleretic effects,

The relatively high dosage of boldine required for induction of bile
production raises questions about the toxicity of the compound. Data
available on its toxicity, which have been conducted mostly in isolated
cells and in various animal models suggests that boldine's potential for
toxicity is low (O'Brien et al., 2006). Absence of any adverse reaction
was reported at doses of 50 mg/kg/day administered over 90-day period
to rats (Almeida et al., 2000), which agrees with the lack of an increase
in serum liver enzyme activities (AST, ALT) following boldine adminis-
tration in our study. Much higher doses are required for serious toxic
reactions and the reported LDsg value for boldine was 250 mg/kg for
intraperitoneal administration (Levy-Appert-Collin and Levy, 1977).
Because the oral bioavailability of boldine remains to be elucidated, it
is not known if the lack of toxicity observed in animals and humans
was due to a lack of availability (e.g., poorly absorbed) or if boldine
has a low potential for toxicity. Currently, there have only been case
reports of allergic reactions or increased risk of bleeding when herbal
products containing boldo leaf are co-administered with anticoagulants
(O'Brien et al., 2006). Lack of research in this area has led to the recent
suggestion that Boldo leaf should be contraindicated especially during
obstruction of the bile duct and with severe liver disease (EMEA,
2009). Our data support this recommendation because choleretic
agents worsen liver damage during extrahepatic cholestasis (Fickert
etal, 2002).

In conclusion, we have characterized a possible mechanism of action
for boldine's choleretic activity. The agent has been found to immediate-
ly increase bile production by direct osmotic activity of the molecule
itself, but should be administered in sufficient doses to attain bile con-
centrations of 10 uM or higher. The action of boldine is short-term
given the short half-life of the agent and is independent of BADF or
BAIF mechanisms. In contrast, long term pretreatment with doses of
50 mg/kg/day may induce sustained mild choleresis on the basis of
FXR-mediated up-regulation of Bsep transporter with consequent
stimulation of BA biliary secretion. The good safety profile of bolding
is advantageous for such high-dose requirements.
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7.4. Boldine attenuates cholestasis associated with nonalcoholic fatty liver disease in
hereditary hypertriglyceridemic rats fed by high-sucrose diet.

Zagorova M, Prasnicka A, Kadova Z, Dolezelova E, Kazdova L, Cermanova J, Rozkydalova

L, Hroch M, Mokry J, Micuda S
Physiol Res. 2015;64 Suppl 4:S467-76

[F2015) 1,643

Cilem této studie bylo objasnit vliv vysokosacharidové diety (HSD) na tvorbu zluci u
potkant s dédicnou hypertriglyceridémii (HHTg). Paralelné byl u téchto potkant analyzovan

vliv boldinu, jako pfirodni choleretické latky.

Vysokosacharidova dieta u HHTg potkand vedla ke zvySenému ukladéni triglycerida
v jatrech. V dusledku snizené biliarni sekrece zlucovych kyselin a glutathionu doslo u HHTg
potkanli ke snizenému toku zlu¢i. Odpovédnym mechanismem byla down-regulace jaternich
transportéri pro zlucové kyseliny a glutathion, Bsep a Mrp2. Déle byla redukovana exprese
genll 1 pro jiné transportéry podilejici se na ptenosu dalSich slozek Zluci, jmenovité Abcg5/8
pro cholesterol, Abcb4 pro fosfolipidy a Oatplad pro xenobiotika. Podminky pro rozvoj
jaterniho poskozeni kumulujicimi se zluCovymi kyselinami zhorSovala u aplikace HSD 1
indukce kli¢ového enzymu pro syntézu, Cyp7al. Po aplikaci boldinu doSlo ¢astecné k oslabeni
cholestatického u¢inku HSD, ptedevsim diky zvySené expresi genli pro Bsep a Ntcp a také

v dasledku zvysené biliarni sekrece glutathionu.

Zavérem muzeme fici, Ze tato studie popisuje mechanismy poskozeni toku Zluci u
nealkoholické steatozy jater, jako nasledku vysokosacharidové diety u predisponovanych
jedincli. Zména v expresi transportérti mize vést ke zmeéné v kinetice 1é¢iv a ke komplikaci pti
farmakoterapii u pacientl s timto onemocnénim jater. Ve studii se rovnéz podafilo popsat
mechanismy, kterymi mize piirodni choleretikum boldin zmirnit negativni dopady zvySené¢ho

pfijmu sachar6zy na sekreci latek do Zluci.
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Summary

The aim of the current study was to clarify the effect of high
sucrose diet (HSD) on bile formation (BF) in rats with hereditary
hypertriglyceridemia (HHTg). Potentially positive effects were
studied for boldine, a natural choleretic agent. Administration of
HSD to HHTg rats led to increased triglyceride deposition in the
liver. HSD reduced BF as a consequence of decreased biliary
secretion of bile acids (BA) and glutathione. Responsible
mechanism was down-regulation of hepatic transporters for BA
and glutathione, Bsep and Mrp2, respectively. Moreover, gene
expressions of transporters for other constituents of bile, namely
Abcg5/8 for cholesterol, Abch4 for phospholipids, and Oatplad
for xenobiotics, were also reduced by HSD. Boldine partially
attenuated cholestatic effect of HSD by promotion of biliary
secretion of BA through up-regulation of Bsep and Ntcp, and by
increase in biliary secretion of glutathione as a consequence of its
increased  hepatic  disposition. This study demonstrates
mechanisms of impaired BF during nonalcoholic fatty liver
disease induced by HSD. Altered function of responsible
transporters suggests also potential for changes in kinetics of
drugs, which may complicate pharmacotherapy in subjects with
high intake of sucrose, and with fatty liver disease. Sucrose
induced alterations in BF may be alleviated by administration of
boldine.
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Introduction

Nonalcoholic fatty liver disecase (NAFLD) has
become serious clinical problem affecting 30-40 % of
population in some developed countries (Ali and Cusi
2009). NAFLD s closely associated with features of the
metabolic syndrome such as obesity, dyslipidemia and
insulin resistance (Dowman et al. 2010). The course of
disease consist of initial stage, simple steatosis, which may
last unrecognized for prolonged period. and increases
vulnerability of the liver tissue to various toxic insults
(Kucera ef al. 2014). The situation may progress o more
serious form of NAFLD, nonalcoholic steatohepatitis
(NASH) with ongoing liver inflammation and fibrosis.

One of the mechanisms, which may contribute to
increased sensitivity of liver tissue during NAFLD is the
accumulation of endo-, and xenobiotics resulting from
their impaired secretion into bile (Schrieber ef al. 2008,
Canet et al. 2015, Ferslew et al. 2015). The effect is
ascribed to alterations in transporting proteins in the liver,
Commonly described are especially upregulations of
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MRP cfflux transporters at basolateral membranc of
hepatocytes (Hardwick et al. 2011, Ferslew ef al. 2015),
downregulations of basolateral uptake transporters and
variable changes of apical efflux transporters, especially
Multidrug resistance-associated protein 2 (MRP2), the
rate limiting for bile acid independent bile flow based on
secretion of glutathione (Geier ef al. 2005, Fisher et al.
2009, Canet ef al. 2014). Clear statement about character
of changes in individual transporters and definition of
their clinical impact is however precluded by limited
availability of human samples. by the variability between
individuals, and by discrepancies between animal models
used to study NAFLD (Canet et @l. 2014). This status
suggests that changes in transporting proteins may be
determined by individual predisposition and by cause of
NAFLD including composition of diet.

Recently, it has been stated that NAFLD with
associated obesity is tightly related with increased dietary
sugars income (Saab et al. 2015). The impact of high-sugar
diet-induced NAFLD on the liver transporting proteins has
not been tested yet. Several works documented that non-
obese strain of hereditary hypertriglyceridemic rats
(HHTg). which were selected from Wistar rats (Vrana and
Kazdova 1990), may serve as suitable model of human
hypertriglyceridemia (Klimes et al. 1995), and are very
sensitive to administration of sucrose. High-sucrose dict
(HSD) in this strain induces typical hallmarks of metabolic
syndrome including mild weight gain, hypertension,
insulin resistance with hyperinsulinemia, signs of oxidative
stress (Vrana ef al. 1993), and also increases liver weight
and steatosis (Skottova et al. 2004). Data about liver
histological ~status, bile formation and involved
transporting processes and their modulation by HSD in this
strain of rats are not available so far.

Many promising approaches exist to NAFLD
therapy. One of them is stimulation of Bile salts export
pump (Bsep). the rate limiting transporter for bile acid
dependent bile flow (Halilbasic ef al. 2013). The principle
comes from knowledge that mice with low levels of Bsep
due to absence of its main (ranscriptional regulator,
Farnesoid X receptor (FXR). develop spontancously
hepatic steatosis, and hypertriglyceridemia with insulin
resistance (Thomas e al. 2008, Wu ef al. 2015). On the
contrary, mice overexpressing Bsep have increased biliary
lipid excretion and are protected from steatosis when fed
an atherogenic diet or methionine-choline-deficient diet
(Figge et al. 2004, Sundaram et al. 2003). Similar positive
cffect on hepatic steatosis was consequently achieved by
administration of FXR receptor agonists in mice and
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humans (Zhang et al 2009, Sanyal 2015). We have
recently reported that boldine, the major alkaloid from the
Chilean Boldo tree, is also agonist of FXR and produces
sustained mild bile acid (BA)-dependent choleresis by
upregulation of Bsep (Cermanova ef al. 2015). Moreover,
it is also effective as an antioxidant and possess significant
hepatoprotective potential in various models of toxic liver
injury (Lanhers ef al. 1991, Fernandez ef al. 2009), but its
effect on NAFLD has not been tested yet. Therefore, the
aim of the present work was to characterize changes in
mechanisms of bile production and biliary drug excretion
during NAFLD induced by high-sucrose diet in hereditary
hypertriglyceridemic rats. In addition, potential for positive
modulation of these changes was studied for boldine.

Methods

Animals and experimental design

Two types of rats were used throughout
the study: female Wistar rats (220-270 g, n=7. Velaz,
Konarovice, CR) and female hereditary
hypertriglyceridemic (HHTg) rats (195-300 g, n=6-7,
IKEM, CR). The animals were housed under controlled
environmental conditions (12-hour light-dark cycle:
temperature, 22+1°C) with a food and water freely
available, and reccived human care according to the
criteria outlined in the "Guide for the Care and Use of
Laboratory Animals" published by U.S. National
Institutes of health (NIH publication, 1996). The study
protocol was approved by the animal welfare committee
of the Charles University in Prague, Faculty of Medicine
in Hradec Kralove.

HHTg rats were fed for 6 weeks with either STD
(standard diet; H-S rats) or HSD (high-sucrose diet
containing 50 % of sucrose; H-H rats). One group of
HHTg rats received also HSD containing 0.2 % of
boldine (H-H-B rats). Wistar rats fed with STD served as
controls (W-S rats). The diet was isocaloric and contained
equal amounts of proteins (19.6 cal%), fat (10.4 cal%).
carbohydrate (70 cal%) as starch (STD) or sucrose
(HSD). Bile collection study was performed in all
experimental groups after overnight fasting. Rats were
anesthetized with sodium pentobarbital (50 mg/kg, i.p.).
fixed in a supine position on a heated platform to
maintain body temperature at 37 °C, and carotid artery
(for blood sampling), jugular vein (saline administration),
and bile duct (for bile collection) were cannulated. All
animals received continuous intravenous infusion of
saline at 6 ml/lvkg to replace fluid losses by sampling.



2015

Boldine Reduces Cholestasis in Hypertriglyceridemic Rats S469

Bile was collected in preweighted tubes at 30-min
intervals over 90 min. At the end of the experiment, rats
were sacrificed by exsanguination from carotid artery,
and samples of serum, bile and livers were snap frozen in
liquid nitrogen and stored at —80 °C until analysis.

Serum biochemistry and bile acids and glutathione
measurement

The concentrations of glucose. Dbilirubin,
cholesterol, HDL, TAG in serum and activities of ALT
and AST in serum were measured by routine laboratory
methods on Cobas Integra®800 (Roche Diagnostics.
Mannheim, Germany) according to manufacturer’s
instructions. Bile acids (BA) in scrum and bile were
assayed using a commercial kit (Diazyme). Liver
triglyceride  concentrations  were  determined by
commercial kits Triglycerides 250 S (Erba-Lachema
sr.0.) as described previously (Hirsova et al. 2012).
Concentrations of reduced (GSH) and oxidized (GSSG)
glutathione were analyzed separately using validated
HPLC method with fluorescence detection (Hirsova et al.
2013).

Quantitative real-time RT-PCR

Gene expression was examined as previously
described (Cermanova e al. 2014). All chemicals
including TagMan Fast Universal PCR Master Mix and
pre-designed TagMan Gene Expression Assay kits were
identical with those wused in our former work

(Kolouchova er al. 2011), and all were purchased from
Life  Technologies.  Glyceraldechyde  3-phosphate
dehydrogenase (Gapdh) was used as reference for
normalizing the data (Life Technologies).

Western blot

Crude membranes were prepared from rat liver
homogenates, and were scparated by SDS-PAGE
clectrophoresis (15 pg of protein), transferred to a PVDF
membrane (Millipore) and incubated with appropriate
antibodies as previously described (Hirsova et al. 2013).
Horseradish peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence reagents were from GE
The 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). Expressions of
proteins were normalized to B-actin levels.

Healthcare. immunoreactive

Histology

Livers were collected immediately after death,
fixed in 10 % necutral buffered formalin, embedded in
paraffin, and 10 % cut to 4-5 um thick sections. These
were stained with hematoxylin-eosin and evaluated with
BX-51 light microscope (Olympus) at x100 of original
magnification. The liver architecture and the presence of
lipid accumulation, and cellular inflammatory infiltration
were assessed by the same specialist.

Table 1. Effect of HSD and boldine-enriched HSD on selected morphometric and serum liver biochemical parameters of HHTg rats.

Wistar rats fed with STD served as controls.

W-§ H-S H-H H-H-B
Glucose (mmol/l) 8112 035413 15 + 5.0%*§+ 14 £ 2.6%*+fF
Bilirubin (umol/l) 0.8+05 1.5£0.9 2.0 £0.8%* 1.4+£05
ALT (ukat/l) 0.7+£0.3 0.9+02 09+0.2 0.9+0.1
AST (ukat'l) 1.6+0.7 1.8+0.5 1.6+03 1.9+£05
Cholesterol (mmol/l) 1.1£02 09+02 1.0£0.1 1.1+0.1
HDL cholesterol (mmol/l) 0.9+0.2 0.6+0.2% 08+0.1 0.9+0.17F
TAG (mmoll) 0.3+0.1 2.0+ 1.6* oy e 1.5+1.0%
BA (umol/l) 3614 6.0+1.7* Si5uEDi5% 2.7+£0.7111
Liver weight (g) 77+11 74+1.0 10 = L1***if 9.8 £ 0.7%*¥* ¢
Body weight (g) 250+ 16.3 225+ 14.0%* 284 £ 17.2%*4%44F 281 £ 15.74* %41
Triglycerides (umol'g liver) 1.6£0.3 26+0.8 4.9 + 2,0%k4%5 4.3 £ 1.6%*

Data are presented as means = SD from groups of 6-7 animals. W-S, control Wistar rats fed with STD; H-S, HHTg rats fed with STD;
H-H, HHTg rats fed with HSD; H-H-B, HHTg rats fed with HSD enriched by 0.2 % boldine. Significant difference from W-S animals
(* P<0.05, ** P<0.01, *** P<0.001); significant difference from H-S animals (t P<0.05, tt P<0.01, ttt P<0.001); significant

difference from H-H animals (¥ P<0.05).
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Statistical analysis

Data are expressed as Mean + SD. Comparison
on multiple groups was done by onc-way ANOVA
followed by the Newman-Keuls post-hoc test.
Differences were considered significant at P<0.05 value.
All analyses were performed using GraphPad Prism 6.0
software (San Diego. USA).

Results

Biochemical analysis of serum showed increased
concentrations of triglycerides in all HHTg rats,
compared to W-S group of rats (Table 1). Administration
of HSD to HHTg rats increased serum concentrations of
glucose without influence on any other evaluated
biochemical parameter. HHTg animals on STD as well as
on HSD presented with increased level of bile acids (BA)
in serum. Addition of boldine to diet reduced bile acid

serum concentrations toward levels seen in control Wistar
animals on STD dict. Boldine did not change serum
glucose or triglyceride concentrations.

All rats fed with HSD with or without boldine
had significantly greater body and liver weights
(Table 1). Histological evaluation showed normal
architecture in Wistar and HHTg rats on STD
(Fig. 1A/B). Addition of sucrose to diet induced
significant accumulation of lipids in hepatocyles
localized in pericentral region of liver lobule which
presented as typical enlargement of hepatocytes and
macrovesicular  clarifications in  the cytoplasm

(Fig. 1C/D). This was in agreement with increased
concentration of triglycerides in liver tissue of rats on
HSD diet (Table 1). There were no signs of increased
inflammatory cells infiltration induced by HSD. Boldine
in diet had no influence on HSD-induced changes.

Fig. 1. High-sucrose diet-induced steatosis in HHTg rats. Hematoxylin and eosin-stained formalin-fixed paraffin-embedded liver sections
from HHTg rats fed with HSD diet (C) for 6 weeks developed characteristic steatotic features with enlargement of pericentral
hepatocytes, macrovesicular lipid deposits, but the absence of inflammation. Boldine did not modulate these changes (D). Wistar rats
(A) and HHTg rats (B) fed with the control diet had healthy livers with no evidence of NAFLD. Original magnification, x100.
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Fig. 2. Effect of HSD and boldine added to HSD on parameters associated with bile production in HHTg rats. Wistar rats fed with STD
served as controls. Cumulative bile flow (A), biliary secretion of bile acids (B), and glutathione biliary excretion (C) was evaluated over
90 min. Related plasma concentrations of reduced (GSH — D), and oxidized (GSSG - E) glutathione (in nmol per mg of liver protein),
and their ratio (F) in the liver were measured at 90" minute. W-S, control Wistar rats fed with STD; H-S, HHTg rats fed with STD; H-H,
HHTg rats fed with HSD; H-H-B, HHTg rats fed with HSD enriched by 0.2 % boldine. Data are presented as means + SD from groups of
6-7 animals; significant difference from W-S animals (* P<0.05, ** P<0.01, *** P<(0.001); significant difference from H-S animals
(t P<0.05, tt P<0.01, ttt P<0.001); significant difference from H-H animals (¥ P<0.05, #f P<0.01).
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Fig. 3. Effect of HSD and boldine enriched HSD on the protein
expression of Bsep, Mrp2, Ntcp, and Cyp7al in the liver of HHTg
rats. Wistar rats fed with STD served as controls. W-S, control
Wistar rats fed with STD; H-S, HHTg rats fed with STD; H-H,
HHTg rats fed with HSD; H-H-B, HHTg rats fed with HSD
enriched by 0.2 % boldine. Data are presented as means + SD
from groups of 6-7 animals; significant difference from
W-S animals (* P<0.05, ** P<0.01, *** P<(.001); significant
difference from H-S animals (tP<0.05, tt P<0.01,
ttt P<0.001); significant difference from H-H animals (¥ P<0.05,
++$ P<0.001).
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HHTg rats on STD have cumulative bile flow
identical with standard Wistar rats (Fig.2). Only
difference was increased biliary excretion of glutathione
related to its increased concentrations in liver tissue of all
HHTg rats. Administration of HSD led to significant
reduction of cumulative bile flow by 43 % as a result of
decreased biliary secretion of bile salts, and glutathione
(Fig. 2A/B/C). Boldine significantly raised biliary
secretion of both bile constituents, which resulted into
increased net cumulative bile flow. Boldine also
increased liver concentrations of glutathione in reduced
form (Fig. 2D).

Analysis of liver gene expression of major
transporters responsible for bile production showed
constitutive upregulation of Oatp2 and Mrp3 mRNA and
downregulation of Mrp2 in HHTg rats on STD in
comparison with Wistar rats (Table 2). HSD produced
downregulation of Oatp2, Nicp. Abcg5/8. Mdr2, and
Mip3 transporters, and upregulation of Cyp7al mRNA.
Addition of boldine to HSD increased mRNA of
transporters for bile acids, Bsep. and Nicp. In order to
detect inflammatory reaction, we measured also mRNA
expression of key mediators (Table 2). Interestingly,
NAFLD induced by HSD diet led to paradoxical
reduction of Mcp-1 and TNF-g, and boldine had no effect
on these molecules.

Hepatic expression of crucial molecules for bile
formation was evaluated also at protein level (Fig. 3).
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Interestingly, HHTg on STD presented with increased
expression of both rate limiting transporters for biliary
excretion of bile acids and glutathione, Bsep and Mrp2,
respectively. HSD diet downregulated both, Bsep and
Mrp2, and induced protein content of Cyp7al, the rate

limiting enzyme for synthesis of bile acids from
cholesterol. Addition of boldine to HSD caused
upregulation of Bsep and Ntcp protein, but did not
change Cyp7al or Mrp2 expression.

Table 2. Effect of HSD and boldine enriched HSD on liver mRNA expression of the main molecules involved in bile formation and
regulation of inflammatory reaction in HHTg rats. Wistar rats fed with STD served as controls. W-S, control Wistar rats fed with STD;
H-S, HHTg rats fed with STD; H-H, HHTQg rats fed with HSD; H-H-B, HHTg rats fed with HSD enriched by 0.2 % boldine.

Target gene W-S H-S H-H H-H-B
Abeb11 (Bsep) 100 + 39 72422 48 + 7% 93+ 19 i
Abcc2 (Mrp2) 100 + 19 64 = 18*** o i 47 + gFx*
Abcgs 100 + 37 160 + 105 23 + 13%f+ 56 + 39+
Abcg8 100 £ 59 96 = 67 20 + 14%5f 33 £ 36*tF
Abchbla (Mdria) 100 £ 36 156 £76 104 + 36 106 £ 48
Abcb1b (Mdrib) 100 + 44 354 + 367 171 + 190 63 +35
Abcb4 (Mdr2) 100 + 25 114 + 51 57 £29%% 70 £ 167
Abeg? (Berp) 100 + 70 355+ 105%#* 149 + 7471} 169 + 61711
Sle47a2 (Mate2) 100 + 49 159 £ 137 132 +£ 121 137+ 115
Slel0al (Nicp) 100 + 20 98+ 18 72 £ 20%%F 94+21 %
Sle22al (Octl) 100 + 34 118 £ 46 91+22 91 +£31
Sleola4 (Oatp2) 100 =36 205 + 104%* 101 £ 41F 99 + 387
Slc22a7 (Oat2) 100 £31 99 £ 29 7313 67+18
Abce3 (Mrp3) 100 + 63 286 + 185%* 89 + 297+ 109 + 38+
Abced (Mrp4) 100 £ 40 83+35 51+21% 53 £15*%
Cyp7al 100 + 35 43+30 202 + 73EE 174 + 60%4F
TGF-p1 100 = 27 142 £ 68 88 £ 32% T8+ 30"
Acta2 100 + 25 153 +£77 204+ 101%* 144 £ 41
IL-6 100 + 101 71 £ 60 32 +38 17+ 10
Cel2 (Mep-1) 100 + 55 98 + 86 30 + 40%% 21+ 12%F
INF-a 100 + 64 98 + 64 19 + 27%% 18 + 10%F7

Data are presented as means + SD from groups of 6-7 animals; significant difference from W-S animals (* P<0.05, ** P<0.01,
*#% P<0.001); significant difference from H-S animals (t P<0.05, t1 P<0.01, T+t P<0.001); significant difference from H-H animals

(¥ P<0.05, #* P<0.01).

Discussion

Bile formation is a unique function of the liver
which is vital to survival of the organism. Among other
functions, bile is major excretory route for potentially
toxic exogenous lipophilic substances including drugs, as
well as for endogenous compounds such as bile salts and
bilirubin (Boyer 2013). Any impairment of bile formation
may therefore led to retention of such substances in the

they can inflict damage, activate
fibrosis, and eventually carcinogenesis

liver, where
inflammation,
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which all aggravate the underlying pathology (Cuperus ef
al. 2014). Especially bile acids are known for direct toxic
effect on hepatocytes and initiation of inflammatory
response in the liver, if they are retained, what can be
typically seen in different type of cholestasis. Increased
serum concentrations of bile acids have been recently
indeed demonstrated in patients with NASH (Ferslew et
al. 2015), which suggest that mechanism of bile
formation may contribute to pathophysiology of NAFLD
and that cholestasis might promote disease progression
(Sorrentino ef al. 2005). For obvious ethical reason the
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bile production cannot be measured in humans. Thus
available data on influence of NAFLD on bile production
are scarce and are taken from different animal models.

Initial results come from obese Zucker rats and
demonstrate that even simple liver steatosis without
inflammation may reduce bile production as a result of
decreased biliary secretion of bile acids (BA) and
glutathione, the main osmotic constituents serving as
driving force for bile formation. However, systemic
serum concentrations of BA or bilirubin might be not
affected (Pizarro et al. 2004, Geier ef al. 2005). These
changes were ascribed to reduced protein expression of
Oatp2 (Oatpla4). an uptake transporter for numerous
endo and xenobiotic including BA, and Mrp2, the
transporter for organic anions such as glutathione,
bilirubin, and conjugated BA. because other transporters
for BA, like Bsep or Ntcp were not affected by this model
of NAFLD. Similar conclusion was presented by Kong et
al. (2012) who showed reduced bile flow in female
C57BL/6 mice fed with high-fat diet as a consequence of
transcriptional downregulation of Mrp2. In contrast, other
experiments with simple liver steatosis induced by high-
fat diet administered in rats yielded either unchanged
(Fisher ef al. 2009) or even increased bile production
(Lickteig et al. 2007) but results were presented without
information about biliary secretion of BA or glutathione.
Paralle] status in protein expression of responsible
transporters was absence of change in efflux Mrp2/3/4,
Pgp. and Bcerp transporters, and downregulation of
basolateral uptake transporters Oatplal/4, or Oatplb2
(Lickteig et al. 2007, Fisher ef al. 2009, Canect ef al.
2014).

The consequence of NASH, an advanced form
of NAFLD, for bile production has been characterized
only in one work which showed no alteration (Lickteig et
al. 2007). All other data focus mainly the changes in the
expression of individual transporters in the liver.
Commonly reported is upregulation of Mrp2/3/4 and
downregulation of uptake Oatplal, Oatpla4, Oatplb2 or
Ntcp at protein level (Lickteig et al. 2007, Cheng et al.
2008, Fisher et al. 2009, More and Slitt 2011, Canet ef al.
2014). These results are in agreement with available
human data, where the protein content of efflux
MRP2/3/4/5 is induced only in NASH but not in simple
steatosis. However, MRP2 function is probably hampered
because of its internalization from apical membranes of
hepatocytes (Hardwick et al. 2011). The conditions for
altered bile formation are therefore met also in humans.
The knowledge about BA dependent bile flow. and about

88

protein expression of its rate limiting BSEP transporter is
still missing despite described increase in BA
concentrations in serum of patients with NASH (Ferslew
etal 2013).

Our data are highly compatible with concept of
reduced bile formation in NAFLD. The experimental
model based on steatosis induced by high-sucrose dict in
sensitive HHTg rats was used for the first time to study
relationship between NAFLD and bile formation, despite
association between sugar intake, obesity and NAFLD is
well known. HSD diet in HHTg rats reproduced the
situation of (ransition between simple steatosis and
NASH. We observed centrilobular and macrovesicular
steatosis typical for NASH (Takahashi and Fukusato
2014) but without marks of NASH such as cellular
infiltration or activation of inflammatory mediators.
Compared to available data about bile production during
NAFLD, we have detected more complex changes based
on significant reduction of bile production as
a consequence of posttranscriptional downregulation of
crucial efflux proteins for biliary secretion of BA and
glutathione, Bsep and Mrp2, respectively. In line with
previous findings (Geier ef al. 2005), Oatp2 uptake
transporter for BA and other compounds including drugs,
was also transcriptionally reduced. In addition, HSD also
markedly transcriptionally increased protein expression
of Cyp7al. the rate limiting enzyme for BA synthesis.
Because the main regulator of these proteins is FXR,
which upon stimulation suppress expression of Cyp7al,
and induces Bsep, the changes in our study suggest that
FXR activity is reduced by HSD. In agreement, recently
has been described that expression of CYP7AI is
increased in obese NAFLD patients as a consequence of
inhibitory effect of free fatty acids on FXR signaling
(Bechmann ef al. 2013). However, despite such complex
influence on liver BA homeostasis, HSD did not further
increase serum concentrations of BA, because HHTg rats
on STD already presented elevated serum levels of these
solutes. This effect may be related to increased
expression of Mrp3, the sinusoidal efflux transporter.
Absence of change in biliary excretion of BA despite
upregulation of Bsep in HHTg rats on standard diet
support assumption that BAs are excreted back to blood.
On the other hand, reduced biliary secretion of BA in
HSD animals together with their increased synthesis
suggest that BA may accumulate within the steatotic liver
and increase vulnerability of the tissue despite no further
increase of their concentration in serum. Simultancously,
neither serum liver biochemical tests nor the expression
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of proinflammatory cytokines has been changed in HHTg  induction by boldine has not been described vet, and
or HSD-HHTg rats. This effect could be ascribed to  requires further clucidation.
markedly higher concentration of glutathione in the liver In conclusion, this study presents another model
of HHTg rats. The situation deserves further research. of NAFLD based on administration of high-sucrose diet
Addition of boldine to HSD fed HHTg rats  to hypertriglyceridemic rats. The diet led to significant
partly restored impaired bile production by increasing  cholestasis resulting from decreased biliary secretion of
biliary secretion of both BA and glutathione. The effect  bile acids and glutathione. Molecular background of these
on BA may be explained by moderate agonistic activity ~ changes was downregulation of Bsep and Mrp2. and
of the boldine at FXR receptor with consequent induction  induction of Cyp7al. The data may significantly
of Bsep (Cermanova et al. 2015), which in our study led  contribute to explanation of increased serum bile acids in
to important reduction of BA levels in serum. Recently  humans with NAFLD, and to increased sensitivity of
described triglyceride-lowering effect of liver FXR  liver tissue to endo-, and xenobiotics during NAFLD.
receptor showed in knockout mice (Schmitt ef al. 2015)  Altered excretory function of evaluated pathways may
was however not achieved in our study perhaps due to  complicate pharmacotherapy in sensitive subjects with
low bioavailability of the compound (unpublished  high intake of sucrose, and with fatty liver disease.
observation). These data comply with absence of changes  Impairment in bile production was alleviated by
in triglyceride serum concentrations after administration  administration of boldine, which confirms usefulness of
of similar dose of boldine in streptozotocin-treated  FXR agonists as novel therapeutic strategy for NAFLD.
diabetic rats (Lau et al. 2013). On the other hand, boldine
increased liver concentrations of glutathione in reduced  Conflict of Interest
form. Such effect may originate from its strong  There is no conflict of interest.
antioxidant capability with proven hepatoprotective
potential in various models of toxic liver injury (Lanhers ~ Acknowledgements
et al. 1991, Fernandez er al. 2009). Because Mrp2  This study was supported by grants from the Grant
transporter was not changed by boldine, the stimulation = Agency of Charles University PRVOUK P37/05, SVV-
of biliary excretion of glutathione may be related to its ~ 2015-260179, and SVV-2015-260187.
increased hepatic disposition. The mechanism of Nicp
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8. Zavér

Eliminace 1éCiv z organizmu je zdkladni podminkou pro bezpecné pouzivani 1é¢iv
v klinické praxi. Ucastni se ji celd fada aktivnich i pasivnich procest, které mohou mit za
ruznych podminek vyznamné¢ jinou kapacitu. Diisledkem je intra- a zejména interindividudlni
variabilita v dosahovanych plazmatickych koncentracich 1éCiv pfi pouziti standardnich
davkovacich rezimt, coZz miize podminit selhani terapie pfi vyznamném poklesu plazmatickych
koncentraci, nebo zejména kumulaci 1é¢iv v organizmu s rozvojem toxicity. Z tohoto divodu
je nutné detailné studovat zmény jednotlivych elimina¢nich drah béhem patologickych stavii a
nasledné pouzité terapie. V této souvislosti se hromadi zejména informace ukazujici zdvazné
zmény ledvinnych a jaternich eliminacnich procesit béhem systémové zanétlivé reakce
rozvijejici se u sepse nebo u nealkoholové steatdzy jater. Nase prace proto navazovala na tyto
poznatky a snazila se je rozSifit o demonstraci vlivu stavajicich nebo potencidlnich

terapeutickych ptistupti.

U sepse jsme se v hodnoceni zmén eliminace 1é¢iv zaméfili na terapeutické modality
orientované na orgdnové poskozeni zplsobené produkovanymi prozanétlivymi cytokiny a
naslednym oxidativnim stresem. V detailni farmakokinetické studii se podatilo prokazat, ze
cilena biologicka 1écba antagonistou receptoru pro IL-1, anakinrou, je schopna potlacit
biochemické 1 histopatologické znamky ledvinného poSkozeni vzniklého v disledku septického
stavu, zejména pak poruSenou glomeruldrni filtraci. V ndmi sledovanych parametrech byl efekt
anakinry plné€ srovnatelny s i€¢inkem potentniho glukokortikoidu, dexametazonu. To je plné
v souladu s popsanou dominatni roli IL-1 v patofyziologii sepse (108), pfi¢emZ selektivni
nezédoucich u¢inkl provazejicich standardné pouzivané glukokortikoidy. Prace vSak odhalila
i uskali pouziti anakinry za dané situace. Velmi dulezité je zejména vhodné nacasovani
davkovani s ohledem na nutnost udrZovat stalé koncentrace 1éciva v kritické inicialni fazi
septického stavu, kdy je produkce prozanétlivého IL-1 beta nejvyssi (109). U tohoto 1é¢iva
vykazuje potkan proti ¢lovéku nékolikandsobné rychlejsi eliminaci. Zjistili jsme, Ze G¢inku
anakinry lze za takovych podminek dosdhnout pouze podavanim v intervalu po 5 hodinach
namisto 1x za den, coz patrné vysvétluje diskrepance ve vysledcich piedeslych studii (81).
Druhym limitujicim faktorem je mensi vliv selektivni blokady IL-1 receptoru na tubularni
sekre¢ni funkce v porovnani s dexametazonem. Tento efekt ukazuje na spolupodil dal§ich
mediatort na regulaci zmén renalnich tubularnich funkci béhem sepse a potvrzuje komplexné;jsi

ucinek kortikosteroidl na jednotlivé mechanismy zanétu. Naproti tomu paralelni intrahepatalni
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cholestaza provazejici podani LPS byla obéma Ié¢ivy ovlivnéna podobné. Jak dexametazon,
tak i anakinra zlepsily vSechny sledované bioindikatory jaterniho poskozeni. IL-1 beta ma tedy
be&hem sepse majoritni roli v rozvoji jaterni patologie. Nase data tak oteviraji moznost cileného

feSeni této situace v klinickych aplikacich prostiednictvim blokady receptort pro IL-1.

Chelatace Zeleza se jevila jako dalsi moznost omezeni rozvijejiciho se tkanového
poskozeni. V sérii praci se ukdzalo, ze kratkodoba chelatace Zeleza béhem sepse snizuje
produkei cytokinti a dokonce zlepSuje prezivani (110). Soucasné nebylo znamo, jak se 1isi efekt
mezi chelataci exctracelularni a intracelularni. Proto byl v nasi nésledujici studii hodnocen
potenciadlné protektivnim vlivem dvou chelatort zeleza, deferoxaminu (DFO, aktivni pfevazné
extracelularn€) a dexrazoxanu (DEX, aktivni pfevazné intracelularng), kde unikatnost ptistupu
spocivala jak v hodnoceni elimina¢nich funkci jater, tak v pouziti intracelularné piisobiciho
DEX. Jaterni patologie byla i zde vyvoldna modelovym septickym stavem navozenym u
jaterniho poskozeni diametralné odlisné vysledky, a to navzdory podobnému u¢inku na snizeni
obsahu Zeleza v jatrech, a na potlaceni produkce hlavnich prozanétlivych cytokint. Dle vSech
sledovanych indikéatort piisobil hepatoprotektivné pouze DFO, zatimco DEX poskozeni jater
v nékterych parametrech signifikantn€ zhorSoval — zejména se jednalo o parametry oxida¢niho
stresu charakterizovaného pomérem redukované a oxidované formy glulathionu. Tuto
diskrepanci I1ze vysvétlit rozdily v mechanismech ucinku obou chelatort. DFO vykazuje kromé
pifimého chelatacniho Uc¢inku, ktery rychle méni dostupnost Zeleza pro buiiky imunitniho
systému 1 pifimou zhaSeci aktivitu na reaktivni formy kysliku (111). Naopak DEX vyzaduje
intracelularni bioaktivaci na aktivni ADR-925 metabolit, ktery muize vytvofit komplex
s volnym Zelezem [Fe(ADR-925) H>O]", ktery obsahuje labilni molekulu vody (112). Tento
komplex je redoxné nestabilni a mize podpofit rozvoj oxidacniho stresu ve tkanich. Z téchto
dat lze tedy uzaviit, ze prosta chelatace zeleza mize byt velmi podpirnym faktorem pro
prevenci poSkozeni jater béhem sepse, nicméné¢ individudlni charakteristiky jednotlivych
chelatori mohu tento efekt dale modifikovat. Pro dalsi studie je jednoznacné ptiznivéjsi pouziti

deferoxaminu.

DalSim originalnim vysledkem studie s podanim cheldtorti u potkanil byla detekce
poklesu genové exprese vybranych zdkladnich transportnich proteinti G€astnicich se eliminace
latek do zluce po obou podanych cheldtorech u zdravych zvitat. DFO vykazoval tento efekt i u

zvitat s aplikovanym LPS. To znamena, Ze nedostatek Zeleza mé podil na regulaci exprese
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téchto transportéri a teoreticky miize ménit kinetiku jejich substrata. Jelikoz v dané oblasti
neexistuji odpovidajici studie, stala se tato data podkladem pro dalsi praci tymu, protoze deficit
zeleza je jednim z velmi cCastych klinickych problému, ktery postihuje az 25 % svétové

populace.

Jinym pfistupem, jak pfiznivé ovlivnit stavy spojené s intrahepatalni cholestdzou je
splnujici ob¢ kritéria, alkaloidu boldinu. Jelikoz u této latky nejsou k dispozici data
demonstrujici princip jejiho choleretického u€inku, musel se tak studovat v plné §ifi. Podstatou
tvorby zlu¢i je transportéry zprostiedkovand biliarni sekrece osmoticky aktivnich latek
vykonavana hepatocyty a cholangiocyty. RozliSuji se dvé hlavni cesty tvorby zluci: na
zlucovych kyselinach (BA) zavisla (BADF) a na Zlucovych kyselinadch nezavisla (BAIF) tvorba
zluci. Zatimco BADF zahrnuje mechanismy syntézy a transportu vyluéné zlu¢ovych kyselin,
v BAIF je vyznamna biliarni exkrece nékolika chemicky rtznych latek (napt. HCOs3),
predevsim vsak glutathionu (GSH), ktery se dostava do zluce ¢innosti Mrp2 transportéru. Tato
role glutathionu navazuje na jeho vyznamnou ulohu v antioxida¢ni obrané, kterd chrani

hepatocyty pied poskozenim kyslikovymi radikaly a elektrofily (113).

Choleretika jsou latky, které stimuluji tvorbu Zlu¢i aktivaci BAIF/BADF nebo pfi jejich
vysoké koncentraci ve zlu¢i mohou pfimo pisobit vlastni osmotickou aktivitu v zavislosti na
dosazené koncentraci. Hlavnim cilem provedené studie bylo proto zjistit podminky, které jsou
potiebné pro cholereticky efekt boldinu, jak u zdravych potkand, tak u potkani s poskozenym
BADEF/BAIF mechanismem po aplikaci EE (ethinylestradiol) nebo u potkant s vrozenym
nedostatkem Mrp2 transportéri. Pro zjiSténi mechanismu, ktery zodpovida za cholereticky
efekt boldinu, jsme analyzovali jak na BA zavislou, tak nezavislou tvorbu Zluci, a to bud’ po
bolusu nebo kontinualni i.v. aplikaci (akutni efekt) nebo po 28-ti denni premedikaci p.o.
(dlouhodoby tucinek). Béhem kontinualni i.v. aplikace boldin zvysil produkci Zluce bez
ovlivnéni bilidrni exkrece nebo clearance glutathionu a Zluovych kyselin. To znamend, Ze
BADF a BAIF nebyly béhem akutniho podani boldinu modulovany. V této souvislosti bylo
dilezité zjisténi, Ze cholereticky efekt boldinu byl srovnatelny u kontrolni skupiny, Mrp2
negativni a u skupiny s EE, kdy doslo k downregulaci exprese transportéra Mrp2 a Bsep. To
ukazuje, Ze zvySend cholereticka aktivita byla zptisobena pifimou osmotickou aktivitou boldinu.
Tato hypotéza byla nasledné potvrzena po bolusové samostatné davce boldinu, kdy jeho

cholereticky efekt tizce koreloval se zménami mnozstvi secernovaného do zluci. Rychly ubytek
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boldinem (bolus) navozené cholerézy mizeme piicist rychlé eliminaci této latky, coz bylo

nasledné potvrzeno v nasi recentni studii (114).

Zvysenou tvorbu zluci zpiisobilo 1 opakované podéani boldinu po dobu 28 dnti, piestoze
koncentrace boldinu v plazmé a zluci byla pod detekovatenym limitem. Tento efekt souvisi se
zvySenou bilidrni clearance zluovych kyselin a s up-regulaci exprese Bsep. Za pouziti gene-
reporter assaye v kombinaci s vysledky in vivo aplikace bylo zjisténo, Ze boldin je schopny
stimulovat nuklearni receptor FXR, ktery je hlavnim receptorem pro zlu¢ové kyseliny a Bsep
je jeden z jeho hlavnich cilovych gent. Kromé Bsep se zvysila exprese mRNA 1 dalSich FXR
cilovych genti, SHP a Mrp2. Déle premedikace boldinem zvysila expresi kanalikuldrniho AE2
(chloride/bicarbonate exchanger), tj. molekuly, kterd je zodpovédnd za biliarni sekreci
HCOs™ zaroven s Aqp8 (water channel aquaporin). V této studii se tedy podafilo pomérné
komplexn¢ charakterizovat mechanismus choleretického efektu boldinu. Tato latka ihned po
aplikaci zvySuje biliarni produkci pfimou osmotickou aktivitou, ale musi byt podavana
v dostatecné davce, aby dosahla koncentrace ve Zluéi vice nez 10 uM. Naopak dlouhodobé
podavani boldinu v davce 50 mg/kg/den mize vyvolat dlouhodob& zvySenou cholerézu
zalozenou na up-regulaci Bsep transportéru prostfednictvim stimulace FXR nuklearniho
receptoru. Diisledkem pro praktické pouzivani boldinu jako potravinového dopliiku mohou byt
potencialni interakce s 1é¢ivy vyuZivajicimi transportni proteiny fizené FXR receptorem, kdy

1ze predpokladat urychlenou eliminaci.

Cilem dalsi studie bylo objasnit uc¢inek vysokosacharidové diety (HSD) na tvorbu Zluci
u potkanli s dédinou hypertriglyceridémii (HHTg) a potencidlné pozitivni vliv pfirodniho
choleretika boldinu. NAFLD (nonalcoholic fatty liver disease) je zdvaznym onemocnénim,
které postihuje 30-40 % populace ve vyspélych zemich. NAFLD je izce spojena se znaky
metabolického syndromu, jako je obezita, dislipidemie a inzulinovad rezistence. Prubéh
onemocnéni doprovazi steatdza a zvysuje se citlivost jaterni tkdn€ na rizné toxické podnéty.
Jednim z mechanismii, které ke vzniku steatdzy pfispivaji, je porucha sekrece endogennich a
exogennich latek do Zluc€e a s tim souvisejici nasledna akumulace téchto latek. Tento efekt je
piipisovan zménam v jaternich transportnich proteinech. Popisovany jsou zmeény exprese
piredevSim up-regulace Mrp efluxnich transportéri na bazolaterdlni strané¢ hepatocyta,
downregulace transportérii pro vychytavani na bazolateralni stran€ a rizné zmény v expresi
apikalnich efluxnich transportéri, kam patfi Mrp2. V souladu s témito zménami jsou u

nemocnych s NAFLD popisovany zvySené koncentrace zlucovych kyselin, které jsou pak
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jednim z hlavnich nox podporujicich poSkozeni jater a progresi do vaznéjSich stadii

onemocnéni.

Nami zjisténa data odpovidaji konceptu snizené tvorby zlu¢e u NAFLD. Byl pouzit
experimentdlni model zvifat zalozeny na steatoze, ktera byla vyvolana HSD u HHTg
potkanli. V dané souvislosti bylo vyuziti tohoto modelu prikopnické, jelikoz vétSina modelt
pouziva Cisté vysokolipidové diety. Nicméné z populacnich studii je znamo, Ze za metabolicky
piijem cukrii (115). V souladu s tim vykazovala zvifata s HSD vyznamné snizeni produkce
zluce v dasledku posttranskripéni downregulace hlavnich efluxnich transportéri pro biliarni
sekreci zluCovych kyselin a glutathionu, Bsep a Mrp2. Kromé toho, vysokosacharidova dieta
vyrazng€ zvysila expresi proteinu Cyp7al, ktery je rychlost-urujicim enzymem pro syntézu
zlu¢ovych kyselin. Redukovand biliarni exkrece zlucovych kyselin u HSD spole¢né se
zvySenou syntézou zlu€ovych kyselin naznacuje, ze se zlu€ové kyseliny mohou akumulovat ve
steatickych jatrech a dale zvySovat zranitelnost tohoto organu. Peroralni podavani boldinu
HHTg potkaniim s vysokosacharidovou dietou caste¢né obnovilo snizenou tvorbu zluci
zvysenim biliarni sekrece, jak Zlu¢ovych kyselin, tak glutathionu. Uéinek boldinu na Zlu¢ové
kyseliny Ize vysvétlit mirnou aktivaci FXR receptoru a naslednou indukci Bsep a cholerézou
spojenou s vyznamnym snizenim hladiny Zlucovych kyselin v séru. Zavérem lze fici, Ze
vysokosacharidové dieta mize u jedinct se sklonem ke zvySenym hladindm triglyceridil v séru
vést k cholestdze v dusledku snizené bilidrni sekrece Zluovych kyselin a glutathionu.
Molekularnim mechanismem téchto zmén byla downregulace Bsep a Mrp2, a indukce Cyp7al.
Jelikoz jsou tyto transportéry rovnéz dulezité v kinetice 1€Civ, pozorované zmény mohou mit
vliv na farmakoterapii u jedinct s vysokym pfijmem sacharidii a se steatézou jater. Po podani
boldinu byla ¢aste¢né obnovena porucha produkce Zlu€i, coz potvrzuje diileZitost FXR agonistli

jako nové terapeutické modality v 1é€bé NAFLD.
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