UNIVERZITA KARLOVA
Lékarska fakulta v Hradci Kralové

Ustav farmakologie

Dispozice Zeleza reguluje jaterni homeostazu cholesterolu
a ZluCovych kyselin

The iron disposition regulates liver homeostasis of cholesterol and bile acids

Dizertacni prace

Mgr. Alena Prasnicka

Skolitel: prof. MUDr. Stanislav Mi¢uda, Ph.D.

Doktorsky studijni program: Lékatska farmakologie

Hradec Kralové 2019



Prohlaseni:

Prohlasuji timto, ze jsem doktorskou dizertacni praci zpracovala samostatné a Ze jsem uvedla
vSechny pouzité informacni zdroje. Zarovenn davam souhlas k tomu, aby tato prace byla
ulozena v Lékatské knihovné Lékatské fakulty v Hradci Kralové a zde uzivana ke studijnim
ucelim za piredpokladu, Ze kazdy, kdo tuto praci pouzije pro svou publikaéni nebo

pfednaSkovou ¢innost, se zavazuje, Ze bude tento zdroj informaci fadné citovat.

Souhlasim se zptistupnénim elektronické verze mé prace v informacnim systému Univerzity

Karlovy, Praha.

Hradec Kralové, 2019 Mgr. Alena Prasnicka



Podékovani

Réda bych na tomto misté podckovala vSem, ktefi mi pomohli béhem mého
doktorského studia a piispéli tak i k této moji praci. Mlj nejvétsi dik patii Prof. MUDr.
Stanislavu Micudovi, PhD za jeho vstticny a ptatelsky ptistup béhem mého studia. Dékuji mu
za cenné rady, konzultace a poznamky, kterymi m¢ navedl spravnym smérem. A v neposledni

fad¢ mu patii velky dik za jeho podporu v mém kariérnim rastu.

Jmenovité bych rada podékovala ¢lenkam naseho vyzkumného tymu - PharmDr. Evé
Dolezalové, PhD, Bc. Jitce Hajkové, Ing. Hance Lastivkové a MUDr. Jolan¢ Cermanove,
PhD., které mi po celou dobu ptfedavaly své zkuSenosti a znalosti jak z oblasti védy taky
metodiky. D¢kuji jim za jejich podporu na akademické piidé i mimo ni. Dalsi komu bych
chtéla podckovat jsou Dagmar Jezkova a Katefina Sildbergova, které se s péci staraly o ma

laboratorni zvirata.

Zavérem mi dovolte podékovat mym rodi¢im. Diky nim jsem vzdy véfila, Ze nic neni

nemozné.



Obsah

Seznam PouZityCh ZKIatekK ....c.ueiievvveiiiiisniicisiissnniicnssnnicssssnnicssssssiessessssssssssssssssssssssssssssses 7
SOURNITL uuueiiiintiiiiiitieinitteeteeicneeeecitneescssstesssssseesssssssesssssssesssssssesssessssssessssssassesssssasssss 10
SUIMIMATY ceeiiiiiiiiisssnneenecssssssssssesssssssscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 12
L UVOMucuuirnincinnincnnsincnniscasssnsesssissssssssssssssssesss sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 14
1.1 ZIUE @ JeJi VYZNAIM ...t 14
1.1.1 Tvorba @ SeKIece ZIUCE .......cocuuieriiiiiiiiiiies e e 14

1.1.2 ZIUEOVE KYSEINY ...t 17

1.1.3 Vlastnosti ZK a v¥znam v tvorb& ZIUGE ...........ocoeveveveveeeeeeeeereeeeeeeresneenn. 18

1.2 Syntéza ZIuCoVyCh KySElin........coooiiiiiiiiiiiiiieiiee e 22

1.3 Transport ZIUCOVYCh KYSEIin .......cooouiiiiiiiiiiiiiiie e 27
1.3.1 Apikalni transportéry hepatoCytl.........ccccuvieeriiiireeiiiiiiie et e 27

1.3.2 Bazolateralni tranSpOTteIY........ccccviiieriuiiieeeiiieiieeeeieeeeesieeeeereee e e eibeeeeeneaeeeenes 31
1.3.3 Enterohepatalni cirkulace zlucovych kyselin ...........cccceeeiiiiiiniiiiiiiniinee, 34

1.4 Regulace syntézy a transporttl ZK ..............coeeveeevieeeeeereeeeeeeseseeeeeenes e 37
1.4.1 Regulace syntézy zlucovych kyselin............occoeeeiiiiiiiiniiniiiieee e, 37

1.4.1.1 FXR regulace v JAtreCh ........ooeeiiiiiiiiiiiieeeiiete et 38

1.4.1.2 FXR 1egUIACE V& SIIEVE.....uviiieiiiiiieeeiiiieeeiiiieeeeitee et e e siree e e eeeeireee e 39

1.4.1.3 VDR regulace v JAreCh .........coociiiiiiiiiiiiiiiiee et 41

1.4.1.4 VDR 1egUIace V& StTEVE ......eeeeiiiiiieeiiiiieeeiieiiee ettt eeiee e erte e e e e e eireee e 43

1.4 1.5 PXR @ CAR 1€ZUIACE ....cccuuiiieieiiiiieeiiie ettt 43

1.4.1.6 Nuclear factor erythroid-derived 2-like 2 regulace- Nrf2 (NFE2L2)........... 43

1.4.1.7 Liver X receptor regulace — LXR (NRTH3) ......cocooiiiiiiiiiiiiiiie e 44

1.4.2 PosttranskripCni regUIACE ..........cooiiiiiiiiiiieiiiiiie e 45

1.4.2.1 Posttranskripcni regulace CYP7AL/Cyp7al ..ccccveeviiiiniiiiniiiiiiiiieiiieeee. 45

1.4.2.2 Regulace ptes miRNA/MICTORNA .........cooiiiiiiiiiiiieeeciteeeeee e 45

1.5 ZRIEZO (FE) e e e, 46
1.5.1 AbSOTPCe ZelezZa Z€ SIIEVA.......eieiiiiiieeeiiiie ettt e e e e eereae e 48

1.5.2 Cirkulace Zeleza v KIVi......cooiuiiiiiiiiiiiiiiics e 50

1.5.3 Hepcidin (HAMP) ....o..viiiieiiiiee ettt et et e e 52

1.5.4 Hepcidin a jeho role v regulaci Zeleza ...........cccoeeviiiiieeiiiiiiieeiiieeecieee e, 53

1.5.5 Regulace koncentrace Zeleza v BUNCE ..........cccuveeeiiiiiieiniiiiiieeeciiee e 55

1.5.6 Zmény dispozice Zeleza v OrganiZmul ...........ccueeeeruvieeeniureriieeenireeeeeieeeeeeennens 57

1.5.6.1 Nedostatek Zeleza (SIAErOPENIe)......cccuvereeeiuiiieeriiiieeeeeeiieeeeieeeeeieee e 57



1.5.6.2 Nadbytek ZeIEZa .........ccoviiiiiiiiiiiieeeiee et et e 59

1.5.7 Zelezo a homeostaza ZIuGovYch KyYSeln ..........ooeveveveviieeeeeeeeeeeeeeeen, 62

D 05 1 1) T 63

e MELOAY ceuuvnnnnrrricciisssssnnnrniccessecssssssnsssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 64

3.1 CREMIKALIE ...ttt ettt ettt e s 64

3.2 POKUSINA ZVIFATA ....eveeiiiiieiiieeeie et ettt ettt e 64
33017 VIVO SEUAIC ...t 65

3.4 In vivo studie s aplikaci *H- taurocholové Kyseliny ...............ccccoeveveevereereerenenennne, 66

3.5 Biochemicke analyzy ...........ccccooeiiiiiiiiiiiiiiieee e 66

3.6 LC-MS NALYZA ....ooiiiiiiiiieiiiee et ettt et aee s 66

BT RTPCR ettt ettt ettt ettt eaee e 67

3.8 WS DOt .....eeiiiiiiiiieiiee ettt 70

3.9 Reportérovy test - bunécné kultury a konstrukty DNA.........cccooiiiiieiniiiieei e 72

3.10 HiStOIO@IC JALET ....eeeeeiiiiieeeiiiie ettt et ettt e et et ee e et e e e eebaeeeenneaeeeaeeas 73

3.10 Imunohistochemické vySetteni Mrp2, Bsep a Mdr2 transportérii..............cccuvennnne. 73

3.11 Statistick€ VYhOANOCEN........uiiiiiiiiiiiiiiie et e e 74

4. Vysledky ¢ast 1. Homeostaza ZK béhem deplece Zeleza (ID) .......cuevereerereererereesesesesnns 75

4.1 ID dieta vedla ke zménam hematologickych a biochemickych parametrt............... 75

4.2. Cholereticky UCINEK ID......ccooiiiiiiiiiiiieeiie e e e 76

4.2.1 Tok Zlute, ZK a gIutathionU ...........c.oveveveeieieeeeeeeeeeeeeeeeee e, 76

4.2.2 Biliarni sekrece fosfolipidi a cholesterolu............ooocveeeeiiiiieiiiiiiiiieiieecee, 77

4.2.3 Obsah glutathionu v JAtrech.........cccviiiiiiiiiiiiiiie e 77

4.3 ID nepodminilo vzestup bilidrni sekrece *H-taurocholové kyseliny......................... 78

4.4 ID zptsobuje zmény v genové expresi vybranych molekul.............cccoocoeeeninnn. 80

4.4.1 ID zvySuje genovou expresi molekul zodpovédnych za produkci zluce ........... 80

4.4.2 Zmény genové exprese relevantnich molekul vileu............c.ccooeiiiiniiinnn. 82

4.5 Western blot a imunohistochemické (IHC) analyzy v jatrech............cocoeeeeeninnnn. 83
4.5.1 ID indukuje enzymy a transportéry zodpovédné za metabolizmus cholesterolu v

JALTECR Lt et e e e enneeas 83

4.5.2 THC analyza apikélnich transportérii Bsep a Mdr2...........cccceevviiiiiiniiiniieeenee. 84

4.6 LC-MS detekce ZK v plazme a ve ZIUGH ......o.oveveveeeeeeieeeeeeeeeeeeeeeee e, 85

4.7 ID indukuje mRNA CYP7A1 v lidskych HepaRG 1 HepG2 buiikéch...................... 87

4.8 Zmény v expresi pERK a pJNK KINAzZy ........ccoooiiiiiiiiiiiiiiiiceeeeeeeeee e 89

4. Vysledky &ast 2. - Homeostaza ZK béhem nadbytku Zeleza (I0) .......c.ceererererenerenenne 91

4.9 Ptetizeni zelezem (10) zplsobuje jeho masivni depozici v potkanich h jatrech ....... 91



4.9.1 Histolo@ické VYSEtIenT JAtET .......cceeuviieeiiiiiieeeiiiieieeeeiiee et e e e et eraee e 91

4.9.2 Jaterni homeostéza Zeleza behem IO .........cocceiviiiiiiiiiiiiii, 92
4.10 Ptetizeni zelezem vedlo k mirnému poskozeni jater a k oxidacnimu stresu ........... 94
4.10.1 Biochemické vySetfeni plazmy ..........ccccceiieiiiiiiiiiiiiiiiee e 94
4.10.2 OXidacni Stres V JATECH ...cc.eviiiiiiiiieeiiie et 95
4.10.3 Zvysend exprese zanétlivych indikatorl ..........oeeeveiveieiiiiiiiin i, 95
4.11 10 redukuje tok zluée v diisledku snizeni bilidrni sekrece ZK ...........cccocovrreunenns, 97
4.11.1 Tok Zluée a koncentrace ZK ve ZIUGi...........coovoveeeeveeeeeeeeeeeeeeeeeeeeeereeeeenen, 97
4.11.2 Biliarni sekrece hlavnich slozek ZIu€e ...........ccoooeiiiiiiiiiiniiiiicce, 97

4.12 Pusobeni IO na jaterni expresi molekul odpovédnych za obrat ZK a cholesterolu . 98

4.12.1 PCR analyza transportérii a enzymii odpovédnych za metabolizmus ZK........ 98

4.12.2 WB analyza transportért a enzymu zodpovédnych za jaterni obrat Zlucovych
KOMPONENL .....eiiiiiiiiieiiiiiee e e et eeebae e e e 99
4.12.3 Western blot a PCR analyza Mrp2 @ BSEp ....ccveveeviiiiieiiiiieeeiiieeeeiieee s 101
4.12.4 Imunohistochemie kanalikularnich transportéri Bsep a Mrp2...................... 102
4.13 10 m&ni StFEVAT 0bTat ZKi......ooeveueeniecieeireeerienie et e 103
5. DISKUSC..ceeiureeiireeiitrieisteenintteessneesssntesssnessssnessnsseesssnessssssssssssssssesssssessessasesssnssssanssssanes 105
ZAVET cuuuereruerisseesisneissnenescssansesssnsssssssssssssssssesssssssssssssessssssssssssssssssssssssssssssesssssssssssssssnsssnas 113
Podil studenta na VEAeCKE PraCi ....cccovvverieiisrnniinissnnieiiinsssnniessssnnissssssssssssssssssssssssssssssssnns 115
POUZItA HEETALULA ..ccoouueeiireiiireeiiiniiiinnnticseeessnetcssseecsssnesssssessssssesssssssssnssssssssssssssessansssnas 116
PHIIONA 1 uueonniiniiiniiiinnicntnncntennneniennessnensessssnessssessssssssesssessssessssssssssssssesssssssassssasans 123

) 1g 5 1 11 1 0 2 136



Seznam pouzitych zkratek

ASBT
BADF
BAIF
BARE-I/II
BMPs
BSEP/Bsep
CA

CAR
CCK
CDCA
CYBRDI1
CYP27A1
CYP7Al
CYP8BI1
DCA
DMT1
ERK1/2
Fe

FGF19/Fgfl5

FGFR4
FPN

Ftl

FXR

G

GCA
GCDCA
GSH
GSH
GSSH

Apical sodium-dependent bile salt transporter

Na zlucovych kyselinach zavisly tok zluce
Na zlucovych kyselinach nezavisly tok zluce
Bile acid response elemets I a 11

Bone morphogenetic proteins

Bile Salt Export Pump

Kys. cholova

Constitutive androstane receptor
Cholecystokinin

Kys. chenodeoxycholova

Duodenal cytochrom b-like ferrireductasa
Sterol 27-hydroxylasa

Cholesterol 7a-hydroxylasa

Sterol 12a-hydroxylasa

Kys. deoxycholova

Divalent metal transporter 1

c-Raf/mitogen-activated extracellular kinase 1/2

Zelezo

Fibroblast growth faktoru 19/15 (lidsky FGF19, u hlodavct Fgfl5)

Fibroblast growth factor receptor 4
Ferroportin

Ferritin

Farnesoid X receptor

Glycin

Kys. glykocholova

Kys. glykochenodeoxycholova
Glutathion

Redukovany glutathion

Oxidovany glutathion



Hamp

HCP1
HDCA

HIV
HNF-1la
HNF4a

ID

10

IREs
IRP1/IRP2
LCA

LRH-1
LXRE
LXRa
MDR1/Mdrl
MDR3/Mdr2
MRP2/Mrp2
MRP3/Mrp3
MRP4/Mrp4
NAFLD
Nrf2
NTCP/Ntcp
OATP/Oatp
OSTw/OSTP
PXR

RAR

RXR

S

T

T/G-DCA

Hepcidin

Heme carrier protein 1

Kys. hyodeoxycholova

Heamojuvelin

Hepatocyte nuclear factor 1a

Hepatocyte nuclear factor 4a

Iron depletion

Iron overload

Iron-responsive elements

Iron-regulatory proteins 1/2

Kys. litocholova

Liver homolog receptor 1

LXR response element

Liver X receptorem o

Multidrug resistance protein 1

Multidrug resistance protein 3/2
Multidrug resistance-associated protein 2
Multidrug resistance associated protein 3
Multidrug resistance associated protein 4
Non-alcoholic fatty liver disease

Nuclear factor erythroid-derived 2-like 2 regulace
Sodium-taurocholate cotransporting polypeptide
Organic anion transporting polypeptides
Organic solute transporter alpha a beta
Pregnanovy X receptor

Retinoic acid receptor

Retinoid X receptor

Sekretin

Taurin

Kys. tauro/glycin deoxycholova



T/G-LCA Kys. tauro/glycin litocholova

TCA Kys. taurocholova

TCDCA Kys. taurochenodeoxycholova
Tf Transferrin

Tegf-p Transforming growth factor 3
Trfl/2 Transferrinovy receptor 1/2
UDCA Kys. ursodeoxycholova

VDR Vitamin D3 receptor

7K Zluéové kyseliny

o/ B -MCA Kys. o/ —muricholova
Poznamka

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



Souhrn

Zmény obsahu zeleza patii mezi nejCastéjSi metabolickd onemocnéni s fadou
moznych patofyziologickych disledkt na rtizné funkce organizmu. Privodnim jevem téchto
situaci jsou zmény v homeostdze cholesterolu s moznym pifesahem na Zlucové kyseliny, tj
zasadnich exekutivnich a regula¢nich molekul v metabolizmu endobiotik, coz miize sehrat
dilezitou roli v pfidruzenych organovych dysfunkcich. Jelikoz existovalo pouze minimum
informaci o podstaté téchto jevl, cilem této prace se stalo zhodnoceni vlivu nadbytku a
nedostatku Zeleza na procesy zahrnuté v obratu Zlucovych kyselin s identifikaci zapojenych

molekularnich mechanizmu.

Prvni posuzovanou oblasti bylo hodnoceni vlivu nedostatku zeleza (ID) za pouziti
vhodného potkaniho modelu, kdy byl ID navozen specifickou dietou. Prokazan byl vyrazny
indukéni vliv deplece Zeleza jak na klasickou, tak i v alternativni cestu syntézy zlu¢ovych
kyselin z cholesterolu. Spole¢né s indukci biliarni sekrece cholesterolu proto u ID skupiny
dochazelo k statisticky vyznamnému poklesu plasmatickych koncentraci cholesterolu.
Nasledny cholereticky efekt v dasledku zvySené bilidrni sekrece zlucovych kyselin byl
zprostfedkovan jejich zvySenou jaterni dispozici, bez ovlivnéni exprese odpovidajicich
transportéri, coz bylo ovéfeno kinetickou studii s *H-taurocholatem. Klinick4 relevance
tohoto zjisténi byla poté potvrzena za pouziti HepaRG lidskych jaternich bunék, kde byla
detekovana upregulace CYP7A1 za podminek ID. Luciferdzové reportérové testy rovnéz
ukdzaly, ze ID-zprostiedkovana aktivace CYP7Al promotoru, je za podminek pouziti
chelatorti Zeleza indukovana nezavisle na aktivaci farnesoidniho X (FXR), pregnanového X

(PXR) nebo jaterniho X (LXRa) receptoru.

Druhou posuzovanou oblasti bylo hodnoceni homeostdzy Zzlucovych kyselin a
cholesterolu pfi pfetizeni Zzelezem. Opakovanou intraperitonedlni aplikaci Zeleza se podafilo
obejit absorp¢ni bariéru GITu pro zelezo. Tim se dosdhla kumulace zeleza (10) v jatrech. IO
vyznamné snizil tok zlu¢i v disledku sniZeni biliarni sekrece Zlu¢ovych kyselin. Tento pokles
byl spojen se snizenou expresi Cyp7al a sniZzenou expresi Bsep transportéru zodpovédného
za sekreci zlucovych kyselin do Zlu¢i. Navzdory vyznamné snizené bilidrni sekreci vSak u 10
zvitat nedosSlo ke zméné¢ celkového obsahu zlucovych kyselin ve stolici v dasledku jejich
zvySené stfevni pfemény na Spatné absorbovatelnou kyselinu hyodeoxycholovou. Navic 10
zvySoval koncentrace cholesterolu v plazmé, coz odpovida snizené expresi Cyp7al a zvySené

expresi HmgCR, enzymu urcujicimu rychlost syntézy cholesterolu de novo.



Z vysledku této dizertacni prace vyplyva, Ze snizeny i zvySeny obsah zZeleza v jatrech
ma komplexni G¢inek na tvorbu zluce a homeostazu zluCovych kyselin a cholesterolu.
Kli¢ovou roli v téchto ucincich hraje modulace Cyp7al, hlavniho enzymu v procesu syntézy
zluCovych kyselin. Dilezité jsou vSak i paralelni zmény v jaternim vychytavani, syntéze a
biliarni sekreci cholesterolu. Tato zjisténi pfispivaji k poznani patofyziologie klinicky ¢asto
se vyskytujicich situaci se zménénym obsahem zeleza v organizmu, jakymi jsou napf.
nedostatek Zeleza vznikajici zejména béhem jeho zvySenych ztrat nebo nadmérné potieby

béhem téhotenstvi a nadmérna jaterni kumulace provazejici ztukovaténi jater béhem obezity.



Summary

Changes in the iron content are among the most common metabolic diseases with a
number of possible pathophysiological consequences for various body functions. The
phenomenon accompanying these situations is the change in cholesterol homeostasis with
possible extension to bile acids (BA), ie major executive and regulatory molecules in the
metabolism of endobiotics, what can play an important role in associated organ dysfunctions.
Since there was only a minimal amount of information in this area, the aim of this work was
to evaluate the effect of iron overload and deficiency on the processes involved in BA

turnover with the identification of involved molecular mechanisms.

The first assessed field was the evaluation of iron deficiency (ID) using a suitable rat
model, where ID was induced by a specific diet. This has demonstrated a significant inducing
effect on both classical and alternative pathways for BA synthesis from cholesterol. Together
with the induction of cholesterol biliary secretion in ID group it led to statistically significant
decrease of plasma cholesterol concentrations. The subsequent BA-dependent choleretic
effect was induced by their increased liver disposition, without affecting the expression of
corresponding transporters, as verified by the kinetic study with *H-taurocholate. The clinical
relevance of this finding was then confirmed using human hepatic HepaRG cells, which
showed the upregulation of CYP7AI in the ID conditions. Results employing a luciferase
reporter gene assay suggested that the transcriptional activation of the CYP7Al promoter,
under conditions of using iron-chelators, is independent of farnesoid X (FXR), pregnane X

(PXR) or liver X (LXRa) receptors activation.

The second assessed area was the evaluation of BA and cholesterol homeostasis
during iron overload. Repeated intraperitoneal administration of iron successfully evaded
absorption barrier for iron in GIT. This led to the accumulation of iron (IO) in the liver. 10
significantly decreased bile flow as a consequence of decreased biliary BA secretion. This
decrease was associated with reduced expression of Cyp7al and decreased expression of Bsep
transporter responsible for BA efflux into bile. However, 10 did not change net BA content in
faeces in response to increased conversion of BA into poorly absorbable hyodeoxycholic acid.
In addition, IO increased plasma cholesterol concentrations, which corresponded with reduced
Cyp7al expression and increased expression of HmgCR, the rate limiting enzyme for

cholesterol de novo synthesis.



The results of this dissertation suggest that reduced or increased iron content in the liver has a
complex effect on bile formation and bile acid and cholesterol homeostasis. A key role in
these effects plays the modulation of Cyp7al, a major enzyme in the bile acid synthesis
process. However, parallel changes in hepatic uptake, synthesis and biliary cholesterol
secretion are also important. These findings contribute to the understanding of the
pathophysiology of clinically frequently occurring iron-altered situations, such as iron
deficiency, especially during its increased loss or excessive need during pregnancy, and

excessive liver accumulation associated with fatty liver during obesity.



1. Uved
1.1 Zlu¢ a jeji vyznam

Jatra jsou jednim z nejdillezitéjSich organt, ktery je odpovédny za latkovou vyménu,
endokrinni funkce a exkreci endogennich i exogennich latek z organizmu. Zékladni a Zivotné

diilezitou funkei jater je i tvorba a sekrece Zlu¢e. Zlu¢ zabezpeduje nékolik funkci:

e emulgaci a vstiebavani tukli a v nich rozpustnych vitamini

e exkreci potencialné Skodlivych endogennich i exogennich latek a lé¢iv

e climinaci cholesterolu

e stimulaci imunitniho systému ve stfeve, exkreci globulinu A (IgA) a zanétlivych
cytokinli

e je zékladni sloZkou enterohepatické cirkulace

e pfisun hormont potiebnych pro spravny vyvoj a funkci stieva (Boyer, 2013).
1.1.1 Tvorba a sekrece Zluce

Denné je do stfeva dodano asi 0,75 litru zluce. Ptiblizn€ 75 % tohoto objemu tvoii
hepatocyty prostfednictvim sekrece osmoticky aktivnich latek do zluCovych kanalka, které
nasledné¢ atrahuji vodu. Zbyly objem je doplnén sekretinem-indukovanou sekreci ve
zluCovych cestach, kterd je stimulovana pfijatou potravou. Sekrece Zluce z hepatocytl do
zluCovych kanalki ma dvé slozky s pfiblizné rovnocennym podilem na vznikajici zlu¢i: a) na
zluCovych kyselinach zavisly tok zlu¢e (BADF - bile acids dependent flow), kde hlavni
osmoticky aktivni slozkou jsou zlucové kyseliny a jejich konjugity a b) na ZluCovych
kyselinach nezavisly tok zlu¢e (BAIF — bile acids independent flow), kde hlavni sekretovanou
slozkou je glutathion, bikarbonat a konjugovany bilirubin (Esteller, 2008; Kuntz and Kuntz,
2008). Krom¢ téchto komponent se do zlu¢i dostava fada dalSich latek, jakymi jsou napf.
cholesterol, fosfolipidy (ptedevsim fosfatidylcholin), aminokyseliny, steroidni latky, vitaminy
aj. Vzajemny podil jednotlivych komponent zlu¢e uvadi Obr. 1 (Kuntz and Kuntz, 2008).
Detailni slozeni lidské zluc¢e uvadi Tabulka 1 (Boyer, 2013)
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Tabulka 1. Slozeni Zluce

Voda ( 95%)

Elektrolyty

Na

K

Cl
HCO3
Ca
Mg
SO4
POq4

Organické slozky/ionty

Soli zlucovych kyselin
Bilirubin

Cholesterol
Fosfatidylcholin

Peptidy a Aminokyseliny

GSH
GSSG

Tézké kovy
Fe
Nukleotidy

ATP
ADP
AMP

Vitaminy

141-165 mEq/L
2.7-6.7 mEq/L
77-117 mEq/L
12-55 mEq/L
2.5-6.4 mEq/L
1.5-3 mEq/L
4-5 mEq/L

1-2 mEq/L

3—45 mmol/
1-2 mmol/L
97-310 mg/dL
140-810 mg/dL

3—5 mmol/L
0—5 mmol/L

< Img/L

0.1-6 umol/L
0.1-5 umol/L
0.06—5 pmol/L

4-200 pg/L

Prevzato od Boyer (2013)
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Obr. 1: Slozeni zluce. Procentualni slozeni jednotlivych komponent zluce. Pfevzato a upraveno dle Kuntz and
Kuntz (2008)

Zakladnim morfologickym ptfedpokladem tvorby Zlufe je polarizovany charakter
hepatocytii, na kterych lze rozliSit dva ,poly™: basolaterdlni (sinusoidalni) a apikélni
(kanalikularni). Membrana basolateralniho polu ma pifimy kontakt se sinusoidalnimi
subendotelidlnimi prostory. Apikalni membrana hepatocytu je vzdy v tésném spojeni (tight
junction) s apikdlni membranou hepatocyti druhého a vytvari tak lumen zlu¢ového kanalku,
kam je sekretovana zlu¢ (Obr. 2). Tésné spoje piedstavuji hlavni bariéru mezi krvi
a kanalikularnimi prostory a urcuji paracelularni prostup vody do zluc¢e. Vyznamnou funkeci
tésnych spojii je také zabranéni difize zluCovych kyselin a latek o velké molekulové
hmotnosti ze Zluce, a zaroven smérem do Zlu¢i umoziluji prichod malych iontd (Boyer,
2013). Basolateralni a kanalikularni membrany hepatocytii jsou pokryté mnoZstvim
mikroklkd, které zvétSuji jejich absorpcni i sekre¢ni plochu. Tyto membrany se lisi predevsim
skladbou transportnich proteinti, které pak zabezpecuji zdsadni funkce ve vychytdvani a

uvolnovani latek z a do krve a v sekreci latek do vznikajici zluce (Boyer, 2013).
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Obr. 2: Struktura hepatocytii. Pripraveno podle Boyer (2013)

1.1.2 Zlu&ové kyseliny

Zakladni slozkou Zluge uréujici vétsinu jejich funkci jsou zludové kyseliny (ZK). Tyto
latky jsou pfitomny v organizmu v celkovém mnozstvi (bile acid pool) asi 3 g s distribuci
pfevazné v enterohepatalni cirkulaci, tj. v jatrech (~ 1-2 %), stfevé (~75-80 %) a zlu¢niku
(~15-20 %). Mensi mnozstvi ZK (~1 %) se nachézi i v plazmé a v mo&i (Chiang, 2017a).
Z mnozstvi vylou¢ené¢ho do zlu€e a nasledné dopraveného do tenkého stteva se v terminalnim
ileu reabsorbuje asi 90-95 % ZK, které jsou z portalni krve vychytiavany do hepatocytii
s podobnou u¢innosti a opétovné pouzity pro sekreci do Zluée; ZK tedy podstupuiji intenzivni
enterohepatalni cirkulaci. Asi 0,2-0,6 g zlucovych kyselin je vyloucenych stolici a ptiblizné
0,5 mg moci. Pro zachovani celkového obsahu zlu¢ovych kyselin je tato ztrata doplnéna de

novo syntézou z cholesterolu v hepatocytech (Chiang, 2013).
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1.1.3 Vlastnosti ZK a vyznam v tvorbé Zlu¢e

Zluéové kyseliny se skladaji z pevné steroidni struktury s jednou az tiemi
hydroxylovymi skupinami a z kratkych alkylovych vedlejSich fetézct, které se konjuguji
s aminokyselinami (taurin a glycin). Jedna se tedy o amfifilni latky, které maji specifické
zakiiveni tvz. ,konkdvné-konvexni‘‘ strukturu. Kde ,konkdvni“ (a) strana je hydrofilni,
zatimco ,,konvexni“ (B) strana je hydrofébni. Boc¢ni (o) strany hydrofilnich skupin jsou
konjugovany v hepatocytech s glycinem nebo taurinem vpoméru 2:1 a nasledné

shromazd’ovany ve zlu¢niku (Obr. 3) (Matsuoka and Yamamoto, 2017).

a) B b)
T Hydrofobni  konvexni” strana
= "
y yyj .
atl
l Hydrofilni . konkdvni” strana

o

Obr. 3: a) prostorové zndzornéni kyseliny cholové, b) grafické zndzornéni zakiiveni ZK. Pfevzato a upraveno

podle Natalini et al. (2014)

Konjugace s aminokyselinami méni acidobazické vlastnosti ZK. Nekonjugované ZK
maji pKa mezi 5 az 6,5; (Carey and Small, 1972) to znamena, Ze po vstupu do duodena, kde
pH kolisa v oblasti 3-5, jsou ZK spiSe ve formé protonované, tj. nenabité, coZ snizuje jejich
rozpustnost ve vod&. Konjugace s aminokyselinami snizuje pKa ZK na 1-4; pii pH stfevniho
obsahu deprotonizuji, ziskdvaji ndboj a zvySuje se jejich rozpustnost ve vod¢ a schopnost
interagovat s potravou (Hofmann and Hagey, 2008).

Amfifilni charakter ZK je dulezity i pii tvorbé Zluge. Po sekreci do zlu¢ového kandlku
vytvaii ZK primarni nebo sekundarni micely. Primarni micely se tvofi natodenim
steroidni/hydrofobni casti k sobé, zatimco hydrofilni ¢asti sméruji do vodni casti zluce.
Pti zvySujici se koncentraci dochazi k jejich agregaci a tvorbé sekundérnych micel.
Sekundarni micely se spojuji navzdjem hydrofilnimi Castmi fetézce primarnych micel.
Hydroxylové skupiny vytvaieji mezi sebou vodikové vazby, a tim se stabilizuji do

sekundarnych micel (Obr. 4) (Matsuoka and Yamamoto, 2017).
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Obr. 4: Grafické zndzornéni vzniku primarnych a sekundarnych micel. Pfevzato a upraveno podle Natalini et al.

(2014).

7K maji na biliarni epitel silné detergentni u¢inky. Tato vlastnost je vyuZita pro
extrakci fosfatidylcholinu ze zevni lamely kanalikularni membrany a jeho inkorporaci do
micel, které jsou tim stabilizovany a nasledné mohou akceptovat cholesterol a dalsi ve vodé

nerozpustné latky, vznikaji ,,smiSené micely (Obr.5) (Morita and Terada, 2014).

| 7

ABCB4

ABCB11
(Bsep)

Hepatocyte

Mdr2
holesterol
n fosfolipid § cholestero
i ZluCove kyseliny - ATP

Obr. 5: Tvorba smiSenych micel ze Zludovych kyselin-fosfolipidi-cholesterolu. Zludové kyseliny jsou
vylucované ABCBI11 (Bsep) transportérem, fosfolipidy jsou vyluCované ABCB4 (Mdr2) transportérem a
nasledn¢ inkorporované do primarnich micel, které jsou doplnény cholesterolem vylucovanym ABCGS5/8

transportérem do zlu¢ového kanalku. Prevzato a upraveno podle Morita and Terada (2014).
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Tvorba smiSenych micel je hlavni formou ZK-zprostiedkované ,solubilizace®
lipidovych slozek ve Zlu¢i. V zavislosti na inkorporaci lipidové slozky se d€li micely na
jednoduché (3 nm), které obsahuji ZK, fosfatidylcholin a nizsi podil cholesterol, smigené (3-6
nm), které obsahuji vyrovnany podil ZK, fosfatidylcholinu a cholesterolu a na vezikuly, které
maji v priméru 25-130 nm a vznikaji pfi zvySujicim se podilu fosfatidylcholinu a cholesterolu
ve vztahu k ZK (Reshetnyak, 2013). Pii dal§im zvySovani tohoto podilu mohou vzniknout
krystalick¢ struktury a nésledné¢ zlucové kameny. Zmény rozpustnosti v zdvislosti na

ptitomnosti hlavnich komponent Zlu¢e uvadi Obr. 6 (Di Ciaula et al., 2013).

0 1-¢ zone
AY N A) B}
100 80 60 40 20 0

Smisené zlucové kyseliny (%)

& Micely
Vezikuly
B0 Kuystaly

Obr. 6: Fazovy diagram zastoupeni ZK-cholesterolu-fosfolipidii, ve kterém jsou uvedeny zmény rozpustnosti v zavislosti na
podilu hlavnich komponent Zluge. Koncentrace tif biliarnich lipidé (ZK, cholesterolu a fosfolipidil) jsou uvedeny jako
procenta na tfech osach trojuhelniku. RGzné zony zaujimajici oblasti uvnitf trojuhelniku, ptfi¢emz kazda obsahuje rtzné
nosice cholesterolu. Jednofazova (@) zona pod saturacni kiivkou (oznacena Cervené) obsahuje pouze micely a piedstavuje
zlu¢ nenasycenou cholesterolem. Nad saturacni kiivkou existuji tfi dalsi zony s pfesycenosti cholesterolu: prava dvoufazova
(R2-f) zdna obsahujici nasycené micely a vezikuly; centralni tfifdzova (C 3-¢) zona obsahujici nasycené micely, vezikuly a
pevné krystaly cholesterolu; a levd dvoufazova (L 2-¢) zona obsahujici nasycené micely a krystaly tuhého cholesterolu.
Pokud se zvysi koncentrace zlu¢ovych kyselin dochdzi k vysrazeni cholesterolu a jeho inkorporace s fosfolipidy do vezikul.
Ptevzato z Di Ciaula et al. (2013).

20



Zlucové kyseliny tvoii micely az po dosaZeni tvz. kritické koncentrace pro tvorbu
micel (CCM). CCM zavisi na hydrofobnich vlastnostech zluCovych kyselin ve vztahu
k hydrofilnim skupindm (Reshetnyak, 2013). Kyselina cholova (CA) ma nejmensi kritickou
micelarni koncentraci ze vSech zluovych kyselin, coz ji umoznuje efektivni tvorbu micel
z cholesterolu a fosfolipidii (fosfatydilcholin) a jejich vylu€ovani do Zluce a tim zlepSeni
absorpce cholesterolu v enterocytech. Z tohoto divodu je hlodavcim CA pfidavana do

vysokocholesterolové diety k vystupfiovani hypercholesteromie (Chiang, 2017a).
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1.2 Syntéza zZlucovych Kyselin

Zlugové kyseliny jsou specializované degradaéni produkty cholesterolu, které vznikaji
¢innosti komplexu mikrozomalnich, peroxyzomalnich a mitochondridlnich enzymi (Obr. 7)
(Kuntz and Kuntz, 2008). Jsou to tedy latky steroidni povahy, které obsahuji 24-27 uhliku
v fetézci (Chiang, 2017a) a dle posloupnosti v zapojeni jednotlivych metabolickych procest
se rozdéluji na inicialng syntetizované priméarni ZK, které jsou stievni mikroflorou pieménény
na sekundarni a nasledné po reabsorpci ze stieva a vstupu do jater na terciarni ZK (Kuntz and
Kuntz, 2008). Pojitkem mezi nimi je fada intermedidrnich produkti, které v§ak v séru nebo ve

zlu¢i dosahuji pouze minimalnich koncentraci.

Existuji dvé hlavni cesty syntézy primarnich ZK, klasicka neboli neutralni a
alternativni neboli kysela (Obr. 7). Hlavni primarni ZK klasické cesty je kyselina cholova, u

alternativni je to kyselina chenodeoxycholova (CDCA) (Chiang, 2017).

Klasicka cesta syntézy zlu€ovych kyselin je fizena, rychlost urcujicim mikrozomalnim
enzymem, cholesterol 7a-hydroxylasou (CYP7Al), ktery méni cholesterol na 7a-
hydroxycholesterol, a ten je nasledné konvertovan na 7a-hydroxy-4cholesten-3-one (C4). C4
je prekurzorem pro CA a ¢astecné i CDCA (Chiang, 2017a). Proto je nékdy CYP7A1 vniman
jako enzym urlujici rychlost syntézy viech ZK. Nicméné CDCA je tvofena i cestou
alternativni viz nize (Obr. 7). Denni produkce CA i CDCA predstavuje 60-90 % celkové
syntetizovanych ZK (Kuntz and Kuntz, 2008) V posloupnosti klasické cesty jsou déle kli¢ové
2 enzymy: a) mikrozomalni sterol 120-hydroxylasa (CYP8B1), ktera je také odpovédnd za
dodrzeni stabilntho poméru syntézy 12a-hydroxylovych Zluovych kyselin (CA a
deoxycholova-DCA) a non-12a-hydroxylovych zlucovych kyselin (CDCA a litocholova-
LCA) a b) mitochondridlni sterol 27-hydroxylasa (CYP27A1), ktery katalyzuje oxidaci

bocniho fetézce, nasledovanou B-oxidaci za vzniku 24 uhlikatého fetézce (Chiang, 2017a).

Alternativni cesta syntézy zluCovych kyselin je iniciovana enzymem CYP27Al a
kone¢nym produktem je CDCA. Jako marker alternativni cesty syntézy se oznacuje enzym
oxysterol 7a-hydroxylasa (CYP7B1). V mysich jatrech je CDCA konvertovana enzymem 6f3-
hydroxylazou (Cyp2c70) na a-muricholovou kyselinu (a-MCA), kde 70-OH skupina a-MCA
miize byt epimerizaci pfevedena na 7B-OH, ¢imz vznikd dal§i primarni zluCova kyselina,

kyselina B-muricholova (B-MCA).
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Zluové kyseliny jsou nasledné konjugovany s glycinem a taurinem pomoci
cytosolickych enzymt bile acid:CoA synthasy (BACS) and bile acid:amino acid transferasy
(BAAT), coz vyznamné zvySuje jejich rozpustnost ve vod¢. Tyto konjugaty jsou oznacovany
jako soli ZK (Chiang, 2017a) a hlavnimi znich jsou: kys. glykocholova (GCA), kys.
glykochenodeoxycholova (GCDCA), kys. taurocholova (TCA) a kys.
taurochenodeoxycholova (TCDCA) (Kuntz and Kuntz, 2008). Primarni zlu¢ové kyseliny jsou
pak sekretovany kanalikularnimi transportéry do zlu€ového kanalku, kde spolu
s fosfatidylcholinem a cholesterolem tvoii smiSené micely a jsou pak deponované ve zlu¢niku

(Chiang, 2017a) az do jejich vylouceni do duodena.
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Obr. 7: Schéma znazorfiujici syntézu ZK. Zludové kyseliny jsou syntetizovany z cholesterolu v jatrech dvéma
cestami: klasickou (neutrdlni) cestou a alternativni (kyselou) cestou. Kli¢ové enzymy: cholesterol 7a-
hydroxylasa (CYP7A1), sterol 12a-hydroxylasa (CYP8BI), sterol 27-hydroxylasa (CYP27A1), oxysterol 7a-

hydroxylasa (CYP7B1). Pfevzato od Zhou and Hylemon (2014) a piizptisobeno podle Kuntz and Kuntz (2008)
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Prvnim krokem v syntéze sekundarnich ZK je jejich dekonjugace hydroxylasou
zluCovych kyselin (BSH), produkovanou anaerobnimi stfevnimi baktériemi v ileu a v tlustém
sttevé. Dekonjugace je nezbytnd pro naslednou 7a-dehydroxylaci CA a CDCA na DCA a
LCA. Z CDCA kyseliny 7o-dehydrogenaci a oxidaci vznikd dale minoritni kyselina
ketolitocholova. Sekundarni kyseliny jsou absorbovany ze stieva a transportovany zpét do
jater, kde jsou opétovné konjugovany s glycinem (G) a taurinem (T). Jejich konjugaci vznikaji
dalii étyii ZK — T/G-DCA a T/G-LCA. Deoxycholova kyselina je koneény produkt, a neni
dale modifikovana. Sekundarni kyseliny ptedstavuji 30-50 % celkového obsahu zZlu¢ovych

kyselin (Kuntz and Kuntz, 2008).

Dekonjugace a 7a-dehydroxylace ZK zvysuje jejich pKa a tim i hydrofobni vlastnosti,
coz jim umoziuje ¢asteCnou pasivni absorpci ptes epitel tlustého stieva (Chiang, 2017a).
LCA ve stfevé aktivuje vitamin D3 receptor (VDR) a Pregnanovy X receptor (PXR), coz vede
k indukci CYP3A4 v enterocytech a nasledné preméné¢ LCA na kyselinu hyodeoxycholovou
(HDCA) (Chiang, 2003).

Daldim enzymatickym pisobenim pak ze sekundarnich ZK vznikaji terciarni ZK.
Kyselina ketolitocholova je jak v jatrech, tak ve stfevé pfeménénd na kyselinu

ursodeoxycholovou (UDCA) (Kuntz and Kuntz, 2008).

Alternativni cesta syntézy ZK de novo je hlavni cestou syntézy u novorozencti. U lidi
je klasicka cesta oproti alternativni cest¢ dominantni, ale u hlodavcii obé cesty ptispivaji
k syntéze zluGovych kyselin stejnym dilem (Chiang, 2017a). Podil jednotlivych ZK na
celkovém obsahu u lidi a mys$i nabizi Obr. 8 (de Aguiar Vallim et al., 2013).
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Obr. 8: Grafické znazornéni podilu ZK u lidi a mysi. Prevzato od de Aguiar Vallim et al. (2013).
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1.3 Transport Zlu¢ovych kyselin

Pro zaji§téni rozpustnosti ve vodé s naslednou emulgujici funkci jsou ZK v jatrech,
zlu€ovém systému a v tenkém stfevé prevazné ve formé konjugatl s taurinem a glycinem.
V této formé vsak nejsou ZK schopny prostupovat membranami pasivni difuzi a musi byt
pfenaSeny pies tyto bariéry za Ucasti transportnich proteind. K zajisténi ptitomnosti ZK ve
zluci a jejich naslednou recyklaci ze stfeva proto existuje komplexni systém transportnich

proteinll na apikalnich a basolaterdlnich membranach hepatocytl a enterocytti (Boyer, 2013).

1.3.1 Apikalni transportéry hepatocytu

Spole¢nou vlastnosti téchto transportnich proteinli je schopnost pienaset jejich
substraty proti vyznamnému koncentracnimu gradientu. To je umoznéno vyuzitim energie
z ATP. Tyto transportni proteiny se proto fadi do rodiny tzv. ABC (ATP-binding cassette).
Pro samotnou tvorbu Zluce a sekreci jejich hlavnich komponent véetné eliminace xenobiotik
je dulezitych nékolik z nich. (Boyer, 2013). Obr. 9 zndzorfiuje umistnéni transportérti jejich

regulaci a hlavni sekretované slozky zluce.

BSEP/Bsep ! (ABCB11/Abcbl11) - Bile Salt Export Pump

Lidsky BSEP je glykoprotein s molekulovou hmotnosti 140-170kDa, jehoz gen
ABCBI1 je lokalizovan na 2924 chromozomu (Alrefai and Gill, 2007). Jednd se o hlavni
apikalni efluxni transportér ZK, ktery zprostiedkuje BADF (Boyer, 2013). Je regulovan na
transkripéni i posttranskripéni Grovni a citlivé reaguje na ménici se systémové koncentrace
7K (regulace vizdale) (Alrefai and Gill, 2007; Halilbasic et al, 2013). Béhem
cholestatickych onemocnéni s kumulaci ZK je proto tendence k jeho up-regulaci pro
urychleni eliminace ZK do Zlu¢e. K jeho inhibici naopak dochazi piisobenim estrogenti nebo
vlivem zan&tu, coZ piispiva k podkozeni jater kumulujicimi se ZK. Uplna absence tohoto
transportéru proto vede k retenci ZK a k vzniku primarni familiarni intrahepatalni cholestazy

2 spojené s nekrdzou a apoptdzou hepatocyti (Hofmann and Hagey, 2008).

L velké pismena oznaluji lidsky gen/protein, malymi pismeny s pfipadnym velkym pocateénim pismenem je
oznacovan zvifeci gen/protein
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Obr. 9: Grafické znazornéni kanalikularnich/apikalnich transportérd zlue a nuklearnich receptorti, které
ovlivituji jejich regulaci. Zkratky: MRP2, Multidrug resistance-associated protein 2; BSEP, Bile Salt Export
Pump; MDR3, Multidrug resistance protein 3; MDR1 Multidrug resistance protein 1; Nrf2, Nuclear factor
erythroid-derived 2-like 2; CAR, Constitutive androstane receptor; PXR, Pregnane X receptor; FXR, Farnesoid
X receptor; PPARa, Peroxisome proliferator-activated receptor a; LXRa, Liver X receptor a; RXR, Retinoid X
receptor; ZK, zlu¢ové kyseliny; Ph, fosfolipidy; GSH, glutathion.

MRP2/Mrp2 (ABCC2/Abcc2) - Multidrug resistance-associated protein 2

Je efluxni transportér, ktery na apikalni membrané hepatocytt urcuje BAIF a patii do
rodiny ATP-dependentnich transportéri (Boyer, 2013). Gen ABCC2 pro MRP2 je
lokalizovany na 10924 chromozomu (Alrefai and Gill, 2007). Pti tvorbé zluce je MRP2
odpovédny za biliarni sekreci glutathionu (GSH), bilirubinu a jeho konjugatti, konjugované
zlucové kyseliny a zaporn€ nabité organické konjugaty resp matei'ské latky typu metotrexatu
nebo pravastatinu (Trauner and Boyer, 2003). Podobné jako u BSEP transportéru, tak i zde je
vyznamna transkripéni 1 posttranskripéni regulace (Li and Chiang, 2014). MRP2 je
lokalizovan na membrané hepatocytu ve formé vezikuly, kterd je napojena na mikrotubuly a
v zavislosti na choleretickém nebo cholestatickém podnétu se inkorporuje do
kanalikularni/apikédlni membrany. Mutaci ABCC2 genu vznikd Dubin-Johnsoniv syndrom,
ktery je charakterizovan poskozenim kanalikularniho transportu jak endogennich, tak

exogennich amfipatickych sloucenin (Trauner and Boyer, 2003).
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MDR3/Mdr2 (ABCB4/Abcb4) - Multidrug resistance protein 3/2

Jednd se o flipdzu z rodiny ATP-dependentnich transportérd. Jeho molekulova
hmotnost je u mysi a potkantt 150 kDa (Mdr2), u lidi pak 170 kDa (MDR3) (Boyer, 2013).
Hlavnim ukolem transportéru je transport fosfolipidli, zejména fosfatidylcholinu, z vnitini do
vn&jsi vrstvy kanalikularni membrany s naslednou extrakci ZK do Zluée a vznikem smiSenych
micel. Dysfunkce tohoto genu vede k absenci sekrece fosfolipidd, které tak nemohou
stabilizovat ZK v micelach, coZ se projevi jejich toxicitou s moznym rozvojem biliarni
cirhdzy a jaterniho karcinomu. Stejny mechanizmus pfispiva také k tvorbé Zlucovych kameni
(Morita and Terada, 2014). Mutace genu vede k vzniku familiarni intrahepatalni cholestazy 3.
typu. Mysi kmeny s mutovanym Abcb4 genem se pouzivaji jako zvifeci model Primérni

sklerozujici cholangitidy (Li and Chiang, 2014).

ATPSB1/Atp8b1

ATP8Blse nachazi na kanalikularni membrané a je flipasou, ktera je zodpovédna za
udrzovani aminofosfolipidi na vnitini dvojvrstvé kanalikuldrni membrany. Tento transportér
je exprimovan, krom¢ jater, také v tenkém stteveé, déloze a slinivce bfisni. Jedna se spis o
ATPazu nezli o ABC transportér. Jeho hlavni funkci je vyvazovani asymetrie kanalikularni
lipidové membrany zplisobené¢ MDR3. Geneticky podminény defici vede k Familiarni

intrahepatélni cholestaze 1 (FIC1) (Boyer, 2013).

AE2/Ae2 (SLC4A2/SIca2) - Chloride/bicarbonate exchanger (CI/HCO3")

vvvvvv

udrzeni pH v buiice. Je lokalizovan na kanalikuldrni membrané hepatocyt a v epitelu
zlu€ového kandlku. Mlze se nachazet i vbunce ve formé vezikul. Ty jsou propojeny
s cytoskeletem buriky, a to konkrétné s mikrotubuly. Pfi zvySeni pH dochazi k translokaci a
inkorporaci AE2 do kanalikularni membrany, co vede k bikarbonatové choleréze. Ta pfispiva
k BAIF. Choleréza mize byt stimulovana i hormonem glukagonem, ktery na AE2 plsobi pies

cAMP (Alvaro et al., 1995; Boyer, 2013).
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ABCGS5/8 (4bcg5/8)

Predstavuji dal§i zastupce ATP-dependentnich transportérii lokalizovanych na
kanalikularni membrané hepatocytii a entrocytd. Oba jsou kdédovany na stejném 2p21
chromozému a jsou mezi sebou oddéleni jen 140 bazemi. Pokud je exprimovan pouze
ABCGS (sterolin-1) nebo ABCGS8 (sterolin-2) je transportér nefunk¢ni. Jedna se tedy o
heterodimerni transportér/y, jejichZz heterodimerizace probiha v endoplazmatickém retikulu.
Odtud jsou nasledné transportovany do Golgiho aparatu, a pak jsou pieseseny a
inkorporovany do apikdlni membrany hepatocyti. ABCGS5/8 exkretuji cholesterol a rostlinné
steroly do zluce. Pfi jejich poskozeni dochazi k zna¢nému sniZeni eliminace cholesterolu, ale
bez zmény exkrece fosfolipidii a ZK. Sekrece cholesterolu se vyrazné zvysuje se sekreci ZK.
Primarn¢ jsou regulované transkripéné nuklearnim jaternim/liver X receptorem a (LXRa) (Yu
et al., 2014), farnesoid X receptorem (FXR) (Li and Chiang, 2014) a receptory pro thyreoidni
hormony, jejichz aktivace expresi ABCGS5/G8 stimuluje. ABCGS5/8 transportéry jsou
regulovany 1 posttranskripéné. Jejich mnozstvi v kanalikularni membrané se zvétSuje pri

vysokotukové a sachar6zové dieté (Yu et al., 2014).

MDR1/Mdr1 (ABCB1/Abcbla+b) - Multidrug resistance protein 1

MDR1 plvodné oznacovany jako P-glykoprotein se nachazi vifadé¢ organt.
V hepatocytech je tento apikalni transportér zodpovédny za biliarni sekreci sloucenin a 1éciv
s hydrofobnimi vlastnostmi, znichZ mnohé jsou organické kationy, toxiny, hydrofobni
peptidy, hormony, 1é¢iva apod. Tento transportér také sekretuje ZK, ale s minimalné pét-krat
mensi aktivitou nez BSEP. V pfipad¢ jaterniho poskozeni je Mdrl indukovan, patrné
v dasledku rozvijejiciho se oxida¢niho stresu. U mysi tdto zména exprese usnadiuje sekreci

7K jako sou¢ast adaptivni odpovédi na cholestazu (Boyer, 2013).
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1.3.2 Bazolateralni transportéry

Jsou to transportéry lokalizované na membrané¢ komunikujici s jaternimi sinusoidy a
mezibunéénym prostorem. Pohyb latek zde probihd obéma sméry a dle jednotlivych
podminek ho bud’ zprostiedkovéavaji ABC transportéry (Mrp3 a Mrp4) nebo transportéry
z SLC (soluble carrier) rodiny, které pro transport nevyuzivaji energii ATP, ale hnaci silou je
bud’ koncentra¢ni gradient substrali, nebo symport/antiport latek s vyznamnym koncentracnim
gradientem mezi intracelularnim a extracelularnim prostorem (napt. Na*) (Boyer, 2013). Obr.

10 znazornuje umistnéni transportéril, jejich regulaci a hlavni sekretované slozky Zluce.

HNF1a .
HNF4a LRH1
LXRa PXR
FXR VDR
FXR
HNF4a CAR - .
Nrf2 3 ‘

Kepatocyt FXR Hepatoy/
t
Kanalikularni/Apikalni L ] Bazolateralni
membrana Tésny spoj membrana

Obr. 10: Grafické znazornéni bazolateralnich transportéri Zluce a nuklearnich receptorti, které ovliviuji jejich
regulaci. Zkratky: MRP3/4, Multidrug resistance-associated protein 3/4; OATP, Organic anion transporting
polypeptides; NTCP, Sodium-taurocholate cotransporting polypeptide; Nrf2, Nuclear factor erythroid-derived 2-
like 2; CAR, Constitutive androstane receptor; PXR, Pregnane X receptor; FXR, Farnesoid X receptor; PPARa,
Peroxisome proliferator-activated receptor a; LRH1a, Liver receptor homolog-1a; HNF4a, Hepatocyte nuclear

factor 40;; SHP, Small heterodimer partner; GR, glucocortikoid receptor; ZK, zlu¢ové kyseliny; Bil., bilirubin.

MRP3/Mrp3 (ABCC3/Abcc3) - Multidrug resistance associated protein 3

MRP3 je dalsi z rodiny ATP-dependentnich transportérd, ktery se vSak nachazi na
bazolaterdlni membrané hepatocytli a cholangiocytl a svoji strukturou a funkci je podobny
MRP?2. Identicka je i jeho velka molekulova hmotnost (170 kDa). Gen pro ABCC3 se nachazi
na 17q21.3 chromozomu. Primarni funkci MRP3 je export latek konjugovanych s glukuronidy
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(Borst et al., 2007; Boyer, 2013) jako napf. bilirubinu, estradiolu, leukotrienii a mnozstvi
lé¢iv. Minoritné€ se podili i na exportu konjugovanych zlucovych kyselin. Lidsky MRP3 ma
ke ZK mensi afinitu neZ potkani Mrp3. Na rozdil od MRP2, MRP3 netransportuje glutathion
nebo latky s nim konjugované. Funkce MRP3 spociva v efluxu hydrofilnich konjugovanych
metabolit z hepatocytl do krve, coz umoznuje jejich naslednou exkreci v ledvinach. Mimoto
je MRP3 typickym ,kompenza¢nim® transportérem tj. za fyziologické situace je jeho
zastoupeni nizké a zvysuje pii intracelularni kumulaci bilirubinu a ZK béhem cholestazy jako
soucast protektivni odpovédi hepatocytli za tUcelem snizeni intracelularni koncentrace
potencidlné toxickych metaboliti. MRP3/Mrp3 je regulovan transkripéné nuklearnim liver
homolog receptorem 1 (LRHI1) a cely tento proces je zavisly na TNF-a signalizaci. Tento
proces je také spojeny s aktivaci INK/SAPK signaliza¢ni kaskady, k jejiz aktivaci dochazi i
béhem stresu (Boyer, 2013). Na indukci MRP3 se podili i nuklearni receptor PXR (pregnane
X receptor); role CAR (constitutive androstane receptor) receptoru zUstava prozatim

diskutabilni (Borst et al., 2007).

MRP4/Mrp4 (ABCC4/Abcc4) - Multidrug resistance associated protein 4

Gen pro ABCC4 se nachazi na 13932 chromozomu (Klaassen and Aleksunes, 2010).
Tento ATP-dependetni transportér je zodpovédny za eflux konjugovanych ZK a sulfatovych
konjugétii prostaglandint z hepatocytii do krve. Podobné jako u MRP3/Mrp3 i MRP4/Mrp4 je
exprimovan v jatrech v malém mnozZstvi na bazolaterdlni membrané¢ a v proximalnich
tubulech ledvin na apikdlni membrané. Exprese MRP4/Mrp4 stoupd béhem cholestazy a
pravé jemu je pripisovan kompenzacéni eflux ZK (Borst et al., 2007; Boyer, 2013).

NTCP/Ntep  (SLCI10A1/Slc10al) -  Sodium-taurocholate cotransporting
polypeptide

Gen pro SLC10A1 je lokalizovany na 14q24.1 chromozomu (Klaassen and Aleksunes,
2010) a jedna se o prvni identifikovany polypeptidovy transportér z velké rodiny SLCI10.
V hepatocytech se nachazi na bazolateralni membrané, kde jeho hlavni funkei je pfesun
konjugovanych zlucovych kyselin ze sinusoidalni krve zpét do hepatocytii, coz predstavuje
az 90 % vychytavanych ZK. Transport je ,,pohanény* ATP-dependentni sodikovou pumpou
tvz. Na'/K'-ATPsou udrzujici gradient pro Na'. Zastoupeni NTCP se za fyziologickych
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podminek méni v zavislosti na pifjmu potravy a s tim spojenym vyplavovanim ZK do stieva a
jejich reabsorpci do portalni krve (Boyer, 2013). Indukce RXR/RAR (Retinoid X
receptor/Retinoic acid receptor) nuklearnich receptori vede k navdzani na promotor
transportéru a jeho nasledné transkripci. Represe Ntcp je nepiimo zprostfedkovana i aktivaci
Fxr, ktera indukuje Shp, ktery blokuje navdzani HFE/RAR a HNF4a (Hepatocyte nuclear
factor 40) komplexu na promotor Ntcp (Alrefai and Gill, 2007; Li and Chiang, 2014).
Podobnym mechanizmem reguluje expresi NTCP i endotoxin a interleukin IL-1B. Inzerce
Ntcp do membrany miize byt urychlena cyklickym adenosinmonofosfatem cAMP (Alrefai

and Gill, 2007).

OATP/Oatp (SLCO/SIco) - Organic anion transporting polypeptides

Na rozdil od konjugovanych zlu¢ovych kyselin, nekonjugované ZK jsou vychytavany
ze sinusoidalni krve mechanizmem na Na® nezavislém. Tato superrodina transportért
zprostfedkuje obousmérny transport negativné nabitych organickych amfipatickych nebo
anionickych latek vcetné steroidnich hormont, nebo konjugatii s glukuronovou kyselinou a
fady 1éciv. Energie pro transport je ziskavana z koncentracniho gradientu nebo vyménou za
redukovany glutathion ¢i bikarbonat. V lidskych jatrech byly identifikovany zejména ctyti
OATP1A2 (SLCO1A2), OATP1B1 (SLCO1B1), OATPIB3 (SLCOI1B3), OATP2BI
(SLCO2B1) (Boyer, 2013; Oswald, 2018). Mezi nimi existuje znacny piekryv ve spektru
substratli dany vyraznou homologii sekvenci aminokyselin v primarni struktufe. Siroké
spektrum substratl ve spojeni s genetickymi polymorfismy predisponuje k riziku vyrazné
variability ve funkci téchto transportéri. Napf. inhibice OATPIB1 transportéru v
bazolaterdlni membrané hepatocytii pii 1€cbé statiny (napf. simvastatinem, pravastatinem)
vede k jejich zvySené koncentraci v plazmé azvySuje riziko vzniku rhabdomyolyzy.
OATPIB1 a OATPI1B3 jsou transaktivované hepatic nuclear factor 1o (HNFla), HNF4a,
FXR a LXRa. OATP1B3 je inhibovany CAR receptorem (Murray and Zhou, 2017; Oswald,
2018).
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1.3.3 Enterohepatalni cirkulace Zlucovych kyselin

Zl¢ a ZK jsou zadrzovany ve zluéniku. K vyprazdnéni zluéniku dochazi reflexng
nebo hormondlné¢ vlivem cholecystokininu (CCK) a sekretinu (S). CCK je secernovan
epitelovymi bunikami sliznice horniho Gseku duodena a do Zlu¢niku se dostava krevni cestou.
Vlivem CCK dochézi ke zvysenim Ca®" iontii ve svalovych buiikach a ke kontrakei zluéniku.
Soucasn¢ CCK uvoliuje Oddiho svéra¢ a zvysuje sekreci pankreatickych enzymt. Sekrece
CCK je aktivovana piitomnosti mastnych kyselin a aminokyselin v potrave.
Sekretin potencuje €¢inky CCK a zvySuje produkci zlu€e v hepatocytech. V slinivce biisSni se
véaze na piislusné receptory a zvySuje koncentraci cAMP. Tim se zvysi produkce a sekrece
HCOs- a vody, které pak méni pH zluce na alkalické. Zména pH je rozhodujici pro vznik

micel (Trojan S., 2003)

7K mohou byt absorbované ze stfeva aktivnim nebo pasivnim transportem.
Dominujici aktivni reabsorpce probihd v ileu za ucasti specifickych transportéri (Chiang,
2017b) a umozituje vychytani hydrofilnich konjugovanych ZK a jejich pfesun do portalni
cirkulace. Minoritni podil ZK, ktery unikne aktivni reabsorpci, je pii kontaktu se stievnim
mikrobiomem dekonjugovan. Tim se zvysi lipofilita a umozni se jejich reabsorpce pasivni
difuzi v tlustém sttevé (Kuntz and Kuntz, 2008). Celkové je tak ze stfevniho obsahu
reabsorbovano piiblizné 95 % vsech Zlucovych kyselin a pouze 5 % je vyloucenych stolici a
nahrazenych de novo syntézou v jatrech. To piedstavuje pfiblizné 0,5 g produkce ZK na den
(Li and Chiang, 2014). ZK jsou s portalni cirkulace intenzivné vychytavany do hepatocytii
ginnosti NTCP a OATP transportérii. Nasledng jsou tyto ZK opétovné pouzity pro sekreci do

zluce. Cely proces je oznacovan jako enterohepatalni cirkulace (Boyer, 2013).

ASBT (SLC10A2) - Apical sodium-dependent bile salt transporter

ASBT podobn¢ jako NTCP patii do rodiny SLC10 gent/transportéri. Jedna se o
48kDa glykoprotein, jehoz gen je lokalizovan u lidi na 13933 chromozomu (Balakrishnan and
Polli, 2006) (Alrefai and Gill, 2007) a u hlodavcti na chromozomu 16q12 (Alrefai and Gill,
2007). ASBT se nachazi na apikdlni membrané enterocytli a zprostfedkovava reabsorpci
konjugovanych i nekonjugovanych ZK z ilea. V enterocytech jsou ZK vézané na ileal bile
acid binding protein (iBABP), ktery transportuje ZK k bazolateralni membrané enterocytli a

jejich nasledné ,,ptedani,, bazolateranim transportériim (Balakrishnan and Polli, 2006).
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OSTao/OSTp - Organic solute transporter alpha a beta

Je heterodimerni transportér umistény na bazolaterdlni membrané enterocytd, ktery

zabezpetuje sekreci ZK z enterocyttl do intersticia a nasledné do portalniho ob&hu. Pro

spravnou funkci transportéru se vyzaduje pfitomnost obou podjednotek (a i ) (Boyer, 2013).

Za jeho indukci ve stievé je zodpovédny FXR (Li and Chiang, 2014).

Detailnejsi piehled transportéri ZK, jejich regulace a n&které substraty jsou uvedeny

v Tabulce 2.

Tabulka 2. Piehled regulace transportéri pro ZK

Transportéry Substraty Tvr anskrlpc’n ! l:egulace Posttranskripcni
pres nuklearni receptory  regulace
Kanalikularni
transportéry
monovalentni TcAMP (urychluje

BSEP (4BCBI1)

konjugované/amidované TFXR, TRXR

7K, taxol
7K, GSH, bilirubin

1FXR,1PXR, 1CAR,

inzerci do membrany),
JmiR-33a

MRP2 (4BCC2) glukuronid, paclitaxel, N2 ImiR-133a
metotrexat, doxorubicin
jen u mysi 5
polyhydroxylované ZK,
MDRI (4BCBI) lipofilni kationtova TPXR
1é¢iva
MDR3 (4BCB4)  fosfolipidy 1FXR, 1PPARq, 1LXRa
cholesterol, rostlinné )
ABCG5/8 TLXRa, TFXR lmiR-33a
steroly
Bazolateralni
transportéry

MRP3 (4BCC3)

MRP4 (4BCC4)

bilirubin, estradiol,
leukotrieny, morfin
glukuronid,
acetaminofen

konjugované ZK,
prostaglandiny

1PXR, 1LRH1, 1VDR

1CAR, INrf2, 1PPARa,
|FXR*
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stres TTNFa
signalizaci a aktivuje,
LRHI

miR-124a, miR-125a,
miR-125b, miR143,
miR-506 (vSechny |)



7K, statiny,

1RXR, 1HNF40, 1GR,

1cAMP (urychluje
inzerci do membrany),

NTCP (SLCI0AT) E"Z‘z‘iﬁf‘féﬁmn |FXR, |SHP lendotoxin,
T Y linterleukin IL1-f
OATPIBI 17B-glukuronyl — +pNF1 g, tHNFA4q,
(SLCOIBI) estradiol, ZK,. 1b.1111~ub1n, 1EXR, 1LXRa, |CAR
ACEI, repaglinid
17B-glukuronyl
OATPIB3 zfgigigl ZK, digoxin, - p\F 1o, 1HNF4a,
(SLCOIBI) cholecystokinin-S, 1FXR, 1LXRa, |CAR
bromsulftalein
Transportéry ve
stirevé
OSTa/P y
(SLC514/B) ZK TEXR
ASBT (SLC1041) 7K |FXR

*FXR zablokuje CAR, ktery Mrp4 upreguluje (Halilbasic et al., 2013) Zkratky: TNFa, tumor necrosis factor a;
cAMP, cyklicky adenosinmonofosfat; Nrf2, Nuclear factor erythroid-derived 2-like 2; CAR, Constitutive

androstane receptor; PXR, Pregnane X receptor; FXR, Farnesoid X receptor; PPARa, Peroxisome proliferator-

activated receptor a; LRH1a, Liver receptor homolog-1a; HNF4a, Hepatocyte nuclear factor 40; SHP, Small

heterodimer partner; GR, glucocortikoid receptor; VDR, vitamin D receptor; ZK, zlu¢ové kyseliny.

36



1.4 Regulace syntézy a transportu ZK

Zlucové kyseliny maji v organizmu fadu dalezitych funkci. Zména jejich homeostazy
spojena s jejich kumulaci nebo nedostatkem muize mit zavazné patofyziologické dusledky.
Proto jsou jejich syntéza a transport slozité regulovany, aby byly schopny adekvatné reagovat
na riizné situace. Regula¢ni déje probihaji zejména na Urovni transkripce prostfednictvim
specifickych nuklearnich receptori nebo intracelularnich signali. Popsany byly vsak i

diilezité posttranskripcni mechanizmy (Boyer, 2013).
1.4.1 Regulace syntézy Zlucovych kyselin

Cholesterol 7a-hydroxylasa — CYP7A1/Cyp7al

Enzym lokalizovany na wvnitini strané membrany endoplazmatického retikula.
CYP7A1/Cyp7al (Obr. 11) patii do velké rodiny cytochromi P450 (CYP) a v klasické cesté
syntézy ZK udava rychlost jejich tvorby z cholesterolu (Tempel et al., 2014).

Obr. 11: Struktura CYP7AIl. Barevné zndzornéni struktury CYP7A1, modra barva reprezentuje N-

terminus a ¢ervena barva reprezentuje C-terminus. Pfevzato od Tempel et al. (2014)

CYP7al/Cyp7al je regulovan hlavné na trovni transkripce. Analyzou promotorové
sekvence CYP7A1 bylo zjisténo, ze ma dvé vysoce konzervované sekvence, které se oznacuji

jako bile acid response elemets (BARE-I a BARE-II). BARE-I obsahuje repetitivni tuseky
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oddélené¢ 4 bazemi (DR4), které vazi transkripéni faktory a stimuluji transkripci genu
CYP7AI napt. LXRa, COUP-TFII. BARE-II obsahuje ptekryvajici se DR1 a DR5 motivy,
které¢ vazi HNF4a a RXRo a obsahuje také vazebné misto pro NRSA2 sirot¢i nuklearni
receptory (napt. LRH1). Transkripéni faktory, které se vazi na BARE-I a BARE-II navzijem
interaguji a synergicky ovliviiuji regulaci transkripce CYP7A1 (Chiang, 2004). Ptehled
regulace CYP7ALI poskytuje Tabulka 3.

Tabulka 3. Piehled regulace CYP7A1

Transkrip¢ni regulace Posttranskripéni regulace
downregulace FXR, SHP, PXR, VDR, ZFP36L1, miR-422a, miR-
Nrf2, FGF19/15, ERK1/2,  122a

INK1/2
upregulace LXRa*, LRHI1, HNF4a

*plati jen pro hlodavce, Zkratky: Nrf2, Nuclear factor erythroid-derived 2-like 2; PXR, Pregnane X receptor;
FXR, Farnesoid X receptor; LRHI1, Liver receptor homolog 1; HNF4a, Hepatocyte nuclear factor 4a; SHP,
Small heterodimer partner; VDR, Vitamin D receptor; FGF19/15 fibroblast growth faktoru 19/15.

1.4.1.1 FXR regulace v jatrech

Farnesoidni X receptor (FXR, NRIH4), ,sirotéi” nukledrni receptor (orphan nuclear
receptor), byl piivodné identifikovan u mysi a potkanii (Matsubara et al., 2013) a je znacné
exprimovan v jatrech a ve stfevé (Li and Chiang, 2014). Tento receptor ma centralni roli
v regulaci homeostazy ZK, jelikoZ plni roli ,senzoru“ braniciho kumulaci ZK, které
predstavuji jeho hlavni agonisty. Kromé ZK bylo v roli ligandi FXR identifikovano nékolik
alkaloidii, aromatickych latek, mastnych kyselin a steroidii. Ze ZK jako agonisté FXR plisobi
z primarnich Zlucovych kyselin CA a CDCA a ze sekundarnich DCA a LCA. Jejich amfifilni
struktura jim umoziuje se svoji hydrofobni stranou navazat na FXR ligand vaZzici doménu a
hydrofilni konkévni strana nasledn¢ urcuje jejich afinitu k FXR v potfadi CDCA > DCA >
LCA > CA (Matsubara et al., 2013).

Po navazani ligandu na FXR dochazi v hepatocytech k tvorbé heterodimeru s RXR a

v tomto komplexu se vaze na promotorové useky genl, coz vyusti v aktivaci exprese fady

genl, predevSim vSak efluxnich transportéri zodpovédnych za tok zlu¢e (BSEP, MRP2,
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MDR?2) a prenos ZK zpatky do krve (OSTo/B a MRP4). Indukovéna je rovnéZ exprese
dalsiho sirotéiho receptoru, small heterodimer partner (SHP/NROBZ2), ktery zabezpecuje
represivni vliv FXR na transkripci enzymil syntetizujicich ZK, a na transportéry vychytavajici
7K z portalni cirkulace do hepatocytii (Shapiro et al., 2018). Kli¢ové je pfedevsim represe
CYP7AL. Promotor genu CYP7Al obsahuje AGGTCA-repetitivni Useky, které se oznacuji
jako ,bile acid response element (BARE). Na BARE se vazou liver-related homolog-1
(LRH1) a/nebo hepatocyte nuclear factor (HNF4a) a spoustéji transkripei genu CYP7AL. Po
aktivaci SHP dochazi k jeho vazbé na LRH1 a HNF4a, komplex pak ptlisobi jako korepresor
promotoru genu CYP7A1 a cely proces vyusti v inhibici transkripce CYP7A1 (Obr. 12). FXR
prostfednictvim snizeni syntézy a zvySeného exportu ZK pisobi jako hlavni ochrannych
mechanizmus hepatocyti pred toxickym vlivem ZK b&hem cholestatickych onemocnéni (Li

and Chiang, 2014).

1.4.1.2 FXR regulace ve stirevé

FXR je rovnéz vyznamné zastoupen v enterocytech ilea a plni zde podobné protektivni
roli pfed kumulaci ZK. Bé&hem absorpce ZK aktivuji FXR a indukuji transkripci a nasledng
uvolnéni fibroblast growth faktoru 19 (lidsky FGF19, u hlodavct Fgfl5) do portalni
cirkulace. V jatrech se nasledné¢ FGF19 vaze na fibroblast growth factor receptor 4 (FGFR4)
lokalizovany na bazolateralni membrané hepatocyti. Aktivovany FGF4 vytvaii komplex s
dal$im specidlnim transmembranovym proteinem B-Klotho, coz je spojeno s aktivaci
intracelularnich signaliza¢nich kaskad ERK1/2 a JNK1/2 (Li and Chiang, 2014; Qi et al.,
2015). Tyto kindzy nasledné inaktivuji HNF4a, coZ zabrani transaktivaci CYP7A1 (Qi et al.,
2015).

Pokusy provedené s ligandem RXR, ktery vytvaii heterodimer s FXR a dale indukuje
expresi FGF19/Fgfl5 ve stteveé, potvrdily, ze pro aktivaci FGF19/Fgfl5 je tvorba
heterodimeru RXR/FXR nezbytné nutnd. Ve studii, kde byly pouzity knockoutované mysi
FXR™, kterym byl intraperitonedlné podavan vitamin A, jako ligand RXR, nedoslo k indukci
exprese Fgfl5, prestoze vitamin A indukoval RXR. Dalsi zajimavou informaci je, Ze stievni
potkanti podvazem Zluéovodu, neni stfevni FXR aktivovan v diisledku absence ZK v ileu a
Fgfl5 neni v jatrech tvofen. Za této situace muze exprese Cyp7al dokonce stoupnout, a to

navzdory vyraznému vzestupu jaternich koncentraci ZK. U lidi dominuje naopak jaterni
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aktivace FXR, kterd zde mimo ptimych G¢inkd zvysuje i tvorbu FGF19 (Obr. 12) (Schmidt et
al., 2010).
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Obr. 12: Graficky popis regulace exprese CYP7A1 pies FXR a stievo. Zkratky: ZK, Zlutové kyseliny; FXR,
Farnesoid X receptor; LRH1, Liver receptor homolog 1; HNF4a, Hepatocyte nuclear factor 4a; SHP, Small
heterodimer partner; FGF19, fibroblast growth faktor 19; ASBT, Apical sodium-dependent bile salt transporter
OSTo/B, Organic solute transporter o/fB; iBABP, ileal bile acid binding protein; FGFR, fibroblast growth factor
receptor 4; CYP7AL, cholesterol 7a-hydroxylasa; MRP2, Multidrug resistance-associated protein 2; BSEP, bile

salt export pump.
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1.4.1.3 VDR regulace v jatrech

Tento receptor je exprimovany ve vétSin¢ tkani a bunikéch organizmu. Zajimavosti je,
Ze neni exprimovan v mysich jatrech (Han et al., 2010; Schmidt et al., 2010). Agonisté VDR,
kyselina litocholova a 1a,25-dihydroxyvitamin D3, indukuji translokaci VDR do plazmatické
membrany i do jadra. Receptor vytvaii v jadfe heterodimer s RXRa (VDR/ RXRa), ktery se
navaze na BARE promotorovu oblast genu CYP7A1, kde zablokuje navazani HNF4a, a tim
brani aktivaci transkripce genu CYP741. Rychld odpovéd VDR po aktivaci la,25-
dihydroxyvitaminem D3 mulze byt zprostfedkovana translokaci VDR do plazmatické
membrany z cytosolu a vznikd tzv. membranové vazany VDR. Experiment provedeny na
lidskych hepatocytech prokéazal, Ze po navazani ligandi na membranovy VDR dochazi k jeho
fosforylaci a nasledné interakci s c-Src. Tim se aktivuje c-Raf/mitogen-activated extracellular
kinase 1/2 (ERKI1/2). Aktivovany ERKI1/2 vede k fosforylaci jaderného VDR, RXRa a
HNF4a a fosforylovany HNF4a mé& mensi schopnost transaktiva¢ni aktivity (Obr. 13) (Han et
al., 2010). VDR ligandy nemaji Zadni ucinek na expresi CYP27A1 (Geyer et al., 2006; Han et
al., 2010).

LCA je vysoce hydrofobni a toxickd kyselina, kterd vznika plsobenim stfevnich
baktérii z CDCA, a ktera vystupuje jako endogenni ligand vitamin D receptoru (VDR, NR1I1)
a pregnanového X receptoru (PXR, NR112). Tyto dva senzory aktivuji cytochrom CYP3A4 a
sulfotransferdzu 2A1, které se mohou podilet na detoxifikaci 16¢iv a ZK v jatrech a ve stievé.

CDCA ani CA nejsou ligandy VDR (Han et al., 2010)
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Obr. 13: Ilustrace genomové a negenomové inhibice transkripce CYP7A1 na liskych hepatocytech
prostfednictvim aktivace signalizacni kaskddy VDR. VDR agonisté, 10,25(OH),-D; a LCA, stimuluji
nitrobunécnou translokaci VDR do plazmatické membrany a do jadra. VDR ligandy indukuji fosforylaci
tyrosinu (Y) na VDR a tim se aktivuje c-Src. VDR interaguje s c-Src v plazmatické membrané. Tato interakce,
pravdépodobné pies aktivaci Shc/Grb2/Sos komplexu a Ras, vede k aktivaci c-Raf a nasledn¢ ke spusténi
ERK1/2 signalizace. VDR se dostava do jadra translokaci po navazani na heat shock protein 70, nezavisle na
tyrosin-kinazovou signalizaci. ERK1/2 je translokovan do jadra a nasledné fosforyluje serin/treoninové zbytky
na jadernych VDR, RXRa a HNF4a. Fosforylovany VDR/RXRa vaze korepresory NCoR-1 nebo SMRT a ty
z BARE promotoru CYP7A1 vytésni HNF4o/VDR/PGC-1a nebo SRC-1 komplex a tim je gen inaktivovan.
NcOr-1/SMRT se vazou na RXRa, ktery vytvaii dimer s ligandem aktivovanym VDR. VDR vytvaii interakce
s HNF4a a tim zabrani dimerizace HNF4a a jeho navazani na BARE. Pievzato a upraveno podle Han et al.
(2010)
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1.4.1.4 VDR regulace ve stievé

Ke zjisténi, zda a do jaké miry mize stievni VDR regulovat expresi Fgfl5 a nasledné i
expresi Cyp7al v jatrech, byla provedena fada studii na mysich VDR”" knokoutech. Bylo
prokazano, ze podobné jako RXR a FXR i VDR mé své vazebné misto na promotoru Fgfl5.
Mysim byl intraperitonealné podan 1a,25(OH),-Ds, ktery u kontrolni skupiny zvitat (VDR™")
vedl k indukci Fgfl5 ve sttevech a nasledné represi exprese jaterniho enzymu Cyp7al. Tento
ucinek byl doprovédzen i poklesem exprese stfevnich transportérii, zatimco exprese iBABP
byla nezménéna. Na to, aby byla potvrzena teorie, ze VDR reguluje expresi Cyp7al v jatrech,
pres indukci Fgfl5, byly provedeny dalsi experimenty u Fxr”~ mysi. Tém byl také podavan
intraperitonealné 10,25(OH)2-D3, coz vedlo k indukci exprese Fgfl5 ve stfevech, ktera byla
v porovnani ke kontrolni skupiné FXR** mysi zanedbatelna. Z toho vyplyva, Ze pro indukci

Fgfl5 a naslednou represi Cyp7al, vyZzaduje VDR pfitomnost FXR (Schmidt et al., 2010).

1.4.1.5 PXR a CAR regulace

Tyto dva nuklearni receptory piedstavuji hlavni ,,xenosensory* pro obranu organizmu
pfed kumulujicimi se xenobiotiky. Jejich aktivace je spojena s dimerizaci s RXR a naslednou
indukci enzymt 1. (CYP450) a 2. faze (konjugacni reakce) biotransformace, ale rovnéz

transportnich proteint jako napt. MDR1, MRP2 nebo OATP1B1 (Wang et al., 2013).

Aktivace PXR jeho ligandem, rifampicinem, vede k represi exprese lidského genu
CYP7AIl. K této represi dochdzi na zdklad¢ inhibice HNF4a a koaktivatoru peroxisome
proliferator—activated receptor y coactivator-la (PGC-1a). PXR ma své vazebné misto i na

promotoru sttevniho FGF19/Fgf15, jehoz expresi indukuje (Li and Chiang, 2014).

Zluové kyseliny nemaji vliv na indukci nebo inhibici CAR, ale bylo prokazano, Ze
jeho aktivace zpusobuje represi genu pro CYP7AIl. Vyznamnéjsi ulohu vSak sehrava
v detoxifikaci ZK b&hem cholestazy, kde indukuje biotransformaéni enzymy a podporuje tak

vznik polarnich metabolitt ZK (Li and Chiang, 2014).

1.4.1.6 Nuclear factor erythroid-derived 2-like 2 regulace- Nrf2 (NFE2L2)
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Jedna se o nuklearni faktor, ktery sehrava klicovou roli v reakci na rozvoj oxida¢niho
stresu, jelikoz pii jeho aktivaci je indukovand exprese anti-oxidacnich enzymdi, zejména
NAD(P)H:quinone oxidoreductasy 1 (NQOI), superoxid dismutasy (SOD), glutathion
peroxidasy, heme oxygenasy-1 (Ho-1) atd. VSechny maji ve svém promotoru sekvenci
Lantioxidant response element” (ARE). Na ARE se pak vaze Nrf2 a spousti transkripci
ptislusnych genu. Dilezité je také zminit, ze indukci transkripce Ho-1 vede k inhibici NFkB
signalizace a také se snizuje expresi TNF, interferont a interleukint. Exprese Nrf2 mtze byt
indukovéna 1é¢ivy, arzenem, mastnymi kyselinami a oxidacnym stresem apod. (Ahmed et al.,

2017).

S ohledem na homeostazu ZK, Nrf2 moduluje jejich syntézu. Studie provedené na
HepG2 bunééné linii, kterd byla transfekovand Nrf2 a pak inkubovana s kyselinou
arachidonovou (AA) prokazala, Ze se stoupajici koncentraci AA doslo k indukci Nrf2. Tato
indukce byla provazena inhibici exprese CYP7AL1 jak na urovni transkripce, tak i na urovni
proteinu. Pfi ndsledné transfekci HepG2 s Nrf2-siRNA byla potlacena exprese Nrf2 a vliv AA
na CYP7A1 byl omezen (Zhang et al., 2017).

1.4.1.7 Liver X receptor regulace — LXR (NR1H3)

Liver X receptor patii do rodiny ,,sirot¢ich” (orphan) nuklearnich receptorti. Savci
maji dvé izoformy LXR, a to LXRa a LXRB. Exprese LXRa je nejvetsi v jatrech, zatimco
LXRB je exprimovan v tkanich celého organizmu. Hlavni funkci LXR je regulace
metabolizmu cholesterolu prostfednictvim ligandu oxysterolt, které se kumuluji pfi
zvySenych intracelularnich koncentracich cholesterolu. Aktivovany LXR se vdze na RXR,
vytvaii heterodimer a indukuji expresi proteint, zodpovédnych za eliminaci cholesterolu (Peet
et al., 1998) napt. Cyp7al, Abcgl, nebo Abcg5/8. Tento efekt je patrny hlavné u hlodavct, a
je u nich zodpovédny za vyznamnou rezistenci proti indukci hypercholesterolemie béhem
vysokotukovych diet. Lidé jsou k tomuto efektu rezistentni, jelikoz vykazuji absenci LXRE

(LXR response element) v promotoru genu pro CYP741 (Goodwin et al., 2003).
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1.4.2 Posttranskrip¢ni regulace

1.4.2.1 Posttranskrip¢ni regulace CYP7A1/Cyp7al

Syntéza ZK muiize byt regulovana i posttranskripéné opét &astené pres FXR. Aktivaci
FXR dochazi k rychlé indukci transkripce jaternitho Zfp36/ Translaci vznik4d protein
ZFP36L1, ktery je taky oznaCovani i jako TIS11b, BRF1 nebo RNF162B. Jedna se o ,,RNA-
binding protein® (RBP), ktery se vaze v 3"-UTR na adenylat-uridylat bohaté sekvence (AU-
rich) mRNA, a to pfedev§im cytokinini imunitnich buné€k. Vazba RBP na AU-rich vede pak
k degradaci mRNA (Newman et al., 2016)

Tarling et al. (2017) provedli experiment in vivo 1 in vitro, které prokazaly, ze lidska i
mys$i 3’-UTR sekvence Cyp7al mRNA obsahuje AU-rich sekvence. Pouziti syntetického
agonisty GSK2324 vedlo k indukci FXR a nasledné i velice rychlé transkripci ZFP36L1. Ten
se pak navazal na mRNA CYP7A1 coz vyustilo k jeji rapidni degradaci (Tarling et al., 2017).

1.4.2.2 Regulace pies miRNA/microRNA

Jedna se se o fetézce slozeni pfiblizné s 19-22 nukleotidu nekodujici asti RNA. Geny,
které je kdduji v DNA jsou cCastokrat del§i nezli findlni miRNA. Prvotné vznikaji primarni
miRNA (pre-miRNA) pfepisem pomoci RNA-polymerazy II. Dalsi Gpravou vznikaji ,,zralé¢*
miRNA, které se vazi na 3"-UTR pfislusné mRNA a inhibuji tak jejich translaci na proteiny.
(Connerty et al., 2015). Mezi miRNA které miizou inhibovat syntézu ZK pres CYP7A1 patii
miR-422a, miR-122a (Song et al., 2010) a miR-33a. miR-33a mtize ovlivnit i sekreci zluce
inhibici translace mRNA transportert BSEP a ABCG5/8 (Li et al., 2013).
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1.5 Zelezo (Fe)

Zelezo patii mezi tzv. Zivototvorné neboli biogenni prvky a sehrava dilezitou roli
v bunécném dychani, v regulaci genové exprese, proliferaci bunék a v imunité. Celkovy obsah
zeleza v organizmu je asi 50 mg/kg. Z toho pfiblizné 65 % se nachazi v hemoglobinu
cervenych krvinek (1,8 g), a dalsich 10 % je v myoglobinu svalovych vldken, v enzymech a
cytochromech (400 mg). Zbytek zeleza je ulozen v jatrech (1 g), v retikuloendotelovém
systému (600 mg) a v kostni dieni (300 mg) (Munoz et al., 2009; Ludwig et al., 2015).

Z potravy, kterd obsahuje asi 15-20 mg Zeleza/den se v tenkém stfevé denné vstieba cca
1-2 mg, coz umoziuje doplnit ztraty zeleza v disledku jeho obratu (vylu¢ovani moci, potem,
rozpadem Cervenych krvinek) v organizmu. U lidi a obecné€ u savct neexistuje mechanizmus
pro exkreci zeleza z organizmu, proto je vysoce vyvinuta regulace absorpce Fe ze stfeva (Obr.
14) (Munoz et al., 2009; Anderson et al., 2012). Makrofagy jsou schopné recyklovat az 20-25
mg zeleza jako dusledek fagocytozy cervenych krvinek (Ludwig et al., 2015).

Reticuloendothelial
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Obr.14: Obsah a denni obrat Zeleza v organizmu. Pfevzato od Ludwig et al. (2015)
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Zelezo miize piisobit na organizmus toxicky. Za fyziologickych podminek je Zelezo
piitomné ve form¢ Fe’" komplexd, ale pro transmembranovy transport je nezbytni jeho
redukce. A pravé redoxni vlastnosti zeleza jsou zodpovédné za vznik volnych hydroxylovych
radikli, v jejichz vzniku spoéiva jeho toxicita. Zelezo piisobi tedy jako preoxidant, ktery
katalyzuje tvorbu reaktivniho kysliku. Nejznaméjsi je Fentonové reakce, ktera vede k tvorbé

hydroxylovych radikalu:

Fe** + H,0; — Fe** + OH=+ OH" Fentonova reakce reakce 1

Redukce kysliku o jeden elektron plisobenim Fe?" vytvaii superoxidové anionty Oo= :

Fe** + 0; — Fe** + O reakce 2

Tyto superoxidové anionty mizou byt rozptyleny dvéma zpiisoby: neenzymaticky podle
rovnice:

20, +2H" - H0; + 0, reakce 3

Nebo enzymaticky mohou superoxid dismutasy (SODs) redukovat zbylé nestabilni Fe** ionty,

coz vede k tvorbé kysliku a Fe*':

Fe¥™ + 0 — Fe*' + 0, reakce 4

Vsechny uvedené reakce jsou zname jako Haber-Weissova reakce. Vysledek reakci se miize

shrnout to jedné rovnice:

O+ H;0; — 0, +OH= + OH"

V bunikach se mohou nachazet i jiné latky, které vystupuji jako redukéni ¢inidla napf.
askorbat a GSH, a které mohou redukovat Fe** podobnym zplisobem, jaky je uveden v reakci
4. To znamend, Ze i molekuly, které vystupuji v organizmu jako antioxidanty mohou
vystupovat jako preoxidanty v pfitomnosti dostate¢né koncentrace nestabilniho zeleza (Lawen

and Lane, 2013).
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1.5.1 Absorpce Zeleza ze stieva

Zelezo se z potravy vstiebava zejména v duodenu tenkého stfeva. V piijimané potravé
se nachazi dva typy Zeleza, hemové Zelezo (Fe*"), piedstavuje asi 10 % a nehemové Zelezo

tzn. ve formé iontdi (Fe*"), asi 90 % (Munoz et al., 2009).

Rostlinnd strava je bohatd pfedevSim na nehemové zZelezo, které je tézko
absorbovatelné, a proto musi byt nejdfive redukovano na Fe?', CYBRDI1 (duodenal
cytochrom b-like ferrireductase) enzymem vdzanym na apikdlni membrané¢ (Munoz et al.,
2009) duodenalnich enterocyti (Ludwig et al., 2015). Nasledné je Zelezo transportovano pies
kartaCovy lem stfeva pomoci divalent metal transporteru 1 (DMTI1, SLC11A2 nebo
NRAMP2) do nitra enterocytti. DMT1 transportuje také zinek, méd’ a kobalt (Munoz et al.,
2009).

Zivo¢igna potrava naopak obsahuje piedeviim hemové Zelezo. Hemové Zelezo je také
vychytdvano ve stfevé prostfednictvim transportéru heme carrier protein 1 (HCP1), avSak
pfesny proces transportu neni znam. Hemové Zelezo je pak uvoliiované v enterocytech
pusobenim hem oxygenasy (HMOXI1). Oba druhy zeleza mohou byt uchovavany
v enterocytech ve formé ferritinu (FTL) nebo mohou byt bazolaterdlnim transportérem
ferroportinem (SLC40Al) transportovany do krevni cirkulace (Munoz et al, 2009).
Ferroportin (FPN) je transmembranovy protein, ktery zprosttedkovava eflux zeleza
z makrofagli, enterocytl a hepatocytii do plazmy (Arezes and Nemeth, 2015; Reichert et al.,
2017). Ferritin je tvofen dvéma podjednotkami H-ferritin (FTHI, tz. heavy) a L-ferritin (FTL,
tvz. light). To umoziuje tvorbu Siroké skaly isoforem feritinu, které jsou specifické pro rizné
tkang v téle. Po vazb¢ Zeleznatych iontli na ferritin dochéazi k oxidaci Fe** na Fe** za pomoci
vnitini ferroxiddzové aktivity FTH1. Touto oxidaci se zabrani vzniku Fentonovy reakce.
Zatimco FTL postrada ferroxiddzovou aktivitu, umoznuje transfer elektronu v obélce proteinu

(Obr. 15) (Lawen and Lane, 2013; Carmona et al., 2014).
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Obr. 15: Schematické znazornéni prenosu elektronti pres podjednotky L-fetézce béhem mineralizaci Zeleza a

demineralizaci ferritinu. Prevzato od Carmona et al. (2014).

Zelezo se uvoliuje z ferritinu jeho degradaci, ktera je ale netplna a vede ke vzniku
hemosiderinu. Ten byl identifikovan piedev§im v lysozomech a retikuloendotelidlnich
nez u ferritinu. Malé¢ mnozstvi ferritinu miize byt transportovano do jadra, kde se predpoklada
jeho protektivni u¢inek vici poskozeni DNA (Lawen and Lane, 2013). Pokud Zzelezo neni
uschovano ve ve ferritinu (hepytocyty, kosti apod.) pak je transportovano do plazmy. Tento
transport je zavisly na oxidaci Zeleza hephaestinem (Hp-multi-copper oxidase protein).
Hephaestin je na membranu vazana viceslozkova ferroxidaza, podobna plazmovému
ceruloplasminu, ktera oxiduje Fe? “ na Fe’ ¥, a tim umozni navazani Zeleza na transferrin (Tf)
v plazmé (Obr. 16) (Munoz et al., 2009; Anderson et al., 2012). Nejvétsi vazebni silu ma
zelezo na Tf pfi pH 7,4 (Lawen and Lane, 2013).
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Obr. 16: Absorpce Zeleza ve stieve. Absorpce hemového Zeleza (Fe?") neni zcela prozkomana a pravdépodobné
je zprostfedkovana transportérem hemu. Intracelularné se zelezo uvolituje z hemu enzymem hemoxygenazou-1
(HO-1). Nehemové zelezo (Fe*") je redukovano membranovou reduktdzou CYBRD1 (DCYTB) pro transport do
sttevniho enterocytu divalentnim transportérem kovii (DMT1). V enterocytu muze byt Zelezo skladovano ve
feritinu nebo exportovano do krevniho obéhu ferroportinem (FPN, SLC40A1). Exprese FPN je kontrolovana
hepcidinem. Hephaestin, multicopper oxidasa je nutna pro inkorporaci dvou Fe*" do jedné molekuly transferrinu
(Tf). Hypoxii indukovatelny faktor 2 (HIF-2) kontroluje expresi mRNA CYBRDI, DMTI, FPN a Ho-1
(znazornéno zelen¢); proteiny regulujici zelezo (IRP) kontroluji expresi DMT], feritinu a FPN post-transkripcné

(znazornéno oranzove). Pfevzato od Steinbicker and Muckenthaler (2013).

1.5.2 Cirkulace Zeleza v krvi

Transferrin je glykoprotein, ktery na sebe vaze dvé molekuly Fe® * (Tf-Fe). Touto
vazbou se stava Zelezo rozpustnym v plazmé a také se snizuje riziko potencidlniho vzniku
volnych radikalt (Ludwig et al., 2015). Tf-Fe je z plazmy vychytavan pomoci specidlnich
receptorti na membranach bunék, tvz. transferrinové receptory (Tfr). Lidsky organizmus ma
dva typy receptori, kterymi je zelezo vychytavané z plazmy: transferrinovy receptor 1 (Trfl),
ktery sa nachdzi ve vSech bunkach a transferrin receptor 2 (Trf2), ktery se nachazi vylu¢né
v hepatocytech, bunkach duodena a v erytroidnich buiikdch (Hofer et al., 2008; Lawen and
Lane, 2013). Tf-Fe se tedy vaze na Tfr a dochazi ke vzniku komplexu, ktery je formou

klathrinového vacku ptfenaSen endocyt6zou do endosomtii bunky. V endosomech dochézi
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k poklesu pH (5,3-5,6) prostiednictvim ATP-protonové pumpy. Diky poklesu pH se komplex
rozpada a zelezité ionty se méni prostfednictvim ferroreduktazy (six-transmembrane epithelial
antigen of the prostate-3, Steap3) na Zeleznaté ionty a néasledné jsou DMT1 transportérem
exportovany do cytosolu bunky. Komplex Tf-Tfr je recyklovany zpatky do plasmatické
membrany a nasledné¢ disociovany alkalickym prostfedim extracelularniho prostoru.
V hepatocytech mize byt Tf-Fe vychytavdn nezavisle na Tfrl endocytéze. To je
pravdépodobné zprostfedkované vazbou Tf-Fe na nespecifické Tfr s nizkou afinitou a pak

také pinocytézou Tf-Fe (Obr.17) (Lawen and Lane, 2013).

T2 se déli na dva typy Trf2-a a Trf2-B. Zatimco Trf2-a je membranové vazany
protein, Trf2-B postrada transmembranovou doménu, kterou ma Trf2-a, coz pravdépodobné
vede k vzniku solubilni formy receptoru. Trf2 ma nizsi afinitu k Tf nez Trfl a jeho hlavni
ulohou Trf2 neni vychytavani Zeleza, ale pisobi jako senzor koncentrace zeleza v téle a podle
toho fidi produkci hepcidinu (Hamp). Tento fakt je podporovan zjisténim, Ze zatimco exprese
Tfrl je zvySena pii nedostatku Zeleza, tak exprese Tfr2 neni bunéénym obsahem Zeleza
ovlivnéna. Exprese Tfr2 je regulovana i bunéénym cyklem, kde jeho koncentrace je nejvyssi

v G1-fazi (Lawen and Lane, 2013).
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Obr. 17: Vychytavani zeleza z plazmy do bunky. Pfevzato od Anderson et al. (2012)
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1.5.3 Hepcidin (HAMP)

Hepcidin je hlavnim regulatorem koncentrace Zeleza v organizmu. Poprvé byl
identifikovan jako antimikrobidlni peptid a podle toho byl ptivodné pojmenovan jako LEAP-1
(liver-expressed antimicrobial peptide). AZ studie na knouckoutovanych mySich prokazala
jeho vliv na homeostazu Zeleza. Hepcidin je kodovany genem HAMP, ktery se nachazi na
chromozomu 19q3. Exprimovdn je pfedevS§im v hepatocytech, ale jeho exprese byla
prokdzand v mnohem mensi mife i v jinych bunikdch jako jsou makrofagy, adipocyty,

lymfocyty a ledviny (Reichert et al., 2017).

Exprese Hepcidinu mize byt regulovana tfemi signalizacnimi kaskddami: a) bone
morphogenetic proteins (BMPs), b) JAK (Janus kinase)/STAT (signal transducer and
activator of transcription) kinasami (Kroot et al., 2011; Reichert et al,, 2017) a c) HFE
(hemochromatosis iron protein)/TfR2 (Kroot et al., 2011).

BMPs je skupina cytokinli, do které patii také transforming growth factor  (Tgf-p).
Aktivace BMP signalizace vyzaduje interakci koreceptoru heamojuvelinu (HJV) na povrchu
buiiky. Po navazani cytokinini (zejména BMP6) na receptor BMP dochazi k aktivaci HJV a
nasledné fosforylaci, coz ma za nésledek aktivaci signalizacni kaskady. Tim dochazi k vazbé
threonin/serin kinasy typu I a II a receptorovy komplex fosforyluje regulacni SMAD (R-
SMAD) a nasledn¢ SMADI1/5/8. Takto vznikly transkripéni komplex dale vaze SMADA4,
pronika do jadra a spousti transkripci HAMP genu. SMAD6 a SMAD7 vystupuji jako
supresory transkripce HAMP genu v jatrech. JAK/STAT signaliza¢ni kaskada je aktivovana
navazanim IL-6 na cytoplasmaticky receptor IL-6R, coz je situace, ke které typicky dochéazi
b&hem zanétu. IL-6R je tvofen dvéma podjednotkami a a B, které po vazbé IL-6 dimerizuji a
umozni vazbu dvou glykoproteinti gp130 a jejich homodimerizaci. Dimer gpl130 ziskava
autofosforylacni schopnost a timto zpisobem aktivuje fosforylaci cytoplazmaticky JAKI1, a
ten nasledné¢ STAT3. Fosforylovany komplex STAT3 vstupuje do jadra a spousti transkripci
hepcidinu v hepatocytech (Obr. 18) (Reichert et al., 2017).

Tteti signaliza¢ni kaskada regulace je ptes Tfrl a 2 receptory. Na Tfr1 se nachdzi HFE
a po vazbé Tf-Fe komplexu na receptor Tfrl dochazi k pfemisténi HFE na Tfi2. Interakce
Tfr2-HFE aktivuje transkripci pfes BMP, ale piesny proces nebyl popsan. Byla prokézana i
aktivace signaliza¢ni kaskady ERK1/2 pies T2 a/nebo HFE. Nicméné studie provedené na

mysich po podani riznych davek Zeleza neprokazaly zmény ERK1/2 signalizacni kaskady.
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Proto se da predpokladat, ze signaliza¢ni kaskada ERK1/2 nema zadny vliv na regulaci

homeostazy zeleza (Obr. 18) (Kroot et al., 2011)
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Obr. 18: Na obrazku jsou zobrazené tfi signalizacni kaskady regulace exprese HAMP genu. Pievzato od Reichert
et al. (2017)

1.5.4 Hepcidin a jeho role v regulaci Zeleza

Za fyziologickych podminek se v organizmu vyskytuje ve formé prohepcidinu.
Prohepcidin je plsobenin enzymu furinu aktivovan na hepcidin. V organizmu najdeme tfi
izoformy hepcidinu jejichz sérova koncentrace je za fyziologickych podminek nizka, ale

vlivem patologické zmény (napf. sepse) se jejich koncentrace zvySuje (Reichert et al., 2017).

Mezi izomorfy hepcidinu patii Hepcidin-25, ktery je nejvic studovan a pak dvé mensi
izoformy Hepcidin-20 a -22. Pfesna funkce Hepcidinu-20 a -22 neni zndma. Nékteré prace
naznacuji, ze Hepcidin-20 ma v kyselém prostiedi (pH 5.0) antimikrobidlni a antimykotické
vlastnosti, ale na rozdil od Hepcidinu-25 nema Zadnou schopnost vazat FPN (Addo et al.,

2016).

Koncentrace hepcidinu se zvySuje také bcéhem hypoxie, zanétu, poSkozeni

endoplasmatického retikula a predevSim pii zvySeni koncentraci Zeleza v séru. Pfi zénétu
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dochazi predevsim k produkci interleukinii (IL) a to IL-1, IL-6 a IL-22. Ty zvySuji expresi
HAMP genu ptes vazbu na IL-R a spuSténim signaliza¢ni kaskady SMAD/STAT3, ¢imz se
snizuje koncentrace zeleza v plazmé. Exprese HAMP a nasledné snizeni koncentrace

hepcidinu bylo pozorovano i po podani vitaminu D (Reichert et al., 2017).

Hepcidin reguluje koncentraci Zeleza v organizmu prostiednictvim efluxu Zeleza z
bun¢k. Tato regulace probiha na tfech urovnich: absorpce v duodenu, recyklace z makrofagt
sleziny a jater, a uvolilovanim zeleza ze zasob v hepatocytech (Obr. 19). Hepcidin se vaze na
jediny efluxni transportér pro zelezo FPN, a touto vazbou dochézi k ubiquitinaci a méni se
konformace FPN. Komplex ferroportin-hepcidin je endocytdzou pienasen do lysozomd, kde
je degradovan a tim se zabrani exportu Zeleza z buniky. Timto zplisobem se nekontroluje jen
koncentrace Zeleza v organizmu, ale soucasn¢ zelezo reguluje expresi hepcidinu (Arezes and

Nemeth, 2015).
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Obr. 19: Regulace koncentrace Zeleza v organizmu ptisobenim hepcidinu. Pfevzato od Ludwig et al. (2015).
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1.5.5 Regulace koncentrace Zeleza v buiice

Obrat zeleza v buikach je zajistén souhrou mechanizmu, které zodpovidaji za
vychytavani, pfijem, uchovavani a export Zeleza. Této regulace probihd na transkrip¢ni i post-
transkripéni urovni a kromé hepcidinu se na ni podili i specidlni regulacni proteiny tvz. iron-
regulatory proteins 1 a 2 (IRP1 a IRP2, znamé i jako ACO1 a IREB2). IRP jsou cytosolické
proteiny, které se vdZou na iron-responsive elements (IREs) na 5" nebo 3’ konci
netranslatované Casti mRNA (UTR-untranslated region) kdédujici proteiny potiebné pro
vychytavani zeleza (Tfrl, DMT1), jeho uchovani (ferritin-Ftl) a export (ferroportin)
(Anderson et al., 2012). Kanonické IRE sestavaji pfiblizné¢ z 30 nukleotidit dlouhé struktury a
termindlni hexanukleotidové smycky CAGUG(N)/CAGAG(N) a neparového cytosinu na 5’
konci vlakna. Z biochemické studie vyplynulo, ze prvni (C14) a paty (G18) nukleotid mohou
vytvofit dvojice koncovych smycek a AGU/AGA pseudo-trojsmycku, kterd je nezbytna pro
vazbu s IRP. Nekanonické IRE maji delSi terminalni smycku (CAGUGUCA) a v oblasti
neparového cytosinu se nachéazeji jiné nukleotidy, ackoliv jsou stale schopné navéazat IRP1

nebo IRP2. (Liang et al., 2017).

Pokud dochazi k poklesu koncentrace Zeleza v bunice, IRP se navaze s vysokou
afinitou na 5" UTR konec IREs mRNA Ftl a ferroportinu, a tim dojde k jejich degradaci a
zabrani se tak translaci. Na mRNA Trfl a DMT1 se vaze IRP na 3' UTR konec a tim dochazi
k stabilizaci a zabrani se tak degradaci mRNA, kterd je néasledovana translaci. Naopak pfi
vysoké koncentraci zeleza v organizmu dochazi k opacnému efektu - obsah aktivnich IRP
klesa, nevazi se na IREs mRNA Ftl a ferroportinu, coz vede k translaci proteinti a u Trfl
naopak k degradaci mRNA. IRE se nachdzeji i na mRNA, které koduji proteiny s riznou
funkci napt.: pro buné¢nou proliferaci, pro cytoskeletalni dynamiku (MRCKa), pro bunéény
cyklus (CDC14A) apod.(Anderson et al., 2012).

Koncentrace IRP1 a IRP2 jsou regulované mnozstvim Zeleza v buiice. IRP1 ve své
cytosolické apoproteinové formé mize vazat tzv. klastry zeleza se sirou (4Fe—4S) (Anderson
et al., 2012). Pro inzerci 4Fe—4S do IRP1 je vyzadovéna specificka cytosolickd signalizace
ptes tzv. CIA (,.the cytosolic iron-sulfur assembly pathway*‘). Podstatou regulace je, ze pokud
je dostate¢na nebo zvysena koncentrace zeleza v buiice, IRP1 navaze 4Fe—4S kluster a vytvari
tzv. aconitasu, coz zabrani dalsi vazb¢ na ptislusné mRNA. Naopak nedostatek Zeleza v buiice

neumozni vazbu klusteru na IRP1 a protein se vaze na mRNA (Outten, 2017).
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IRP1 sehravd adaptacni ulohu v zavislosti na dostupnosti kysliku, pfitomnosti
reaktivnich forem kysliku (ROS) a dusiku (RNS) (Anderson et al., 2012). Dtsledkem hypoxie
a naslednim navratem do normélni koncentrace Oa je produkce ROS. Zelezo k produkci ROS
ptispiva Fentonovou reakci. ROS i RNS se dokazi navéazat na aconitdzu. Touto vazbou
dochazi k rozpadu klastti (4Fe—4S) s naslednou inaktivaci akotnitasy (Schneider and Leibold,
2003).

IRP2 na rozdil od IRP1 nevytvaii cluster a s rostouci koncentraci zeleza v bunice je
degradovan enzymem FBXLS5 E3 ligasou. FBXLS5 urychluje ubiquitinaci a tim degradaci
IRP2 (Obr 20). Tento enzym také degraduje IRP1 na zeleze zavislym zptisobem. Nedostatek
zeleza degradaci brani a uvolni IRP2 pro vazbu na mRNA (Outten, 2017).
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Obr. 20: Vztah mezi IRP1, IRP2, CIA a FBXLS5. A) Nizka cytosolickd koncentrace Fe snizuje inkorporaci (4Fe—
4S) klusteru do IRP1, ¢im se zvySuje vazebnost na mRNA. FBXLS je pii depleci zeleza degradovan a tim se
snizuje i ubiquitinace IRP2. Cely proces vyusti k zvySenému vychytavani a uchovavani zeleza v bunikach. B) Pii
dostate¢né nebo zvysené cytosolické koncentraci Fe se aktivuje CIA a dochazi k inserci (4Fe—4S) do IRP1, coz
bréani vazbé IRP1 na mRNA. Zelezo se rovnéz navaze na FBXL5 a tim ho stabilizuje s naslednou degradaci
IRP2. To vyusti ve sniZzené vychytdvani a uchovavani zeleza v bunkach a celkové ke snizeni koncentrace Fe
v cytosolu buiiky. C) Inhibici CIA se narusuje tvorba a inserce (4Fe—4S) cluster do IRP1, coz zvysuje aktivitu
IRP1 a pravdépodobné vede k narustu cytosolového Fe a stabilizaci FBXLS5. Pfevzato od Outten (2017).
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1.5.6 Zmény dispozice Zeleza v organizmu

Dulezita role Zeleza v tade fyziologickych funkci se projevuje pfi zménach jeho
obsahu v organizmu, kdy obé mozné situace, jak jeho nedostatek, tak i nadbytek, mohou

indukovat poskozeni organizmu v zavislosti na stupni takto zménéné dispozice.

1.5.6.1 Nedostatek Zeleza (sideropenie)

Rizny stupent nedostatku Zeleza je svétové nejcastéjS$i nutricni poruchou a ve
vyspélych zemich postihuje 2-20 % populace (Killip et al., 2007). Tento znacny vyskyt je dan
Sirokym spektrem fyziologickych a hlavné patologickych situaci, které jsou provéazeny
nedostatkem zeleza jak sumarizuje Tabulka 4. Klinické ptiznaky se pak rozvijeji podle stupné
deficitu. V mirngj$ich formach, kdy jesté nejsou vycerpany zasoby Zeleza, nejsou piiznaky
vyvinuty a zmény se odehravaji pfevazné na Grovni metabolickych/biochemickych pochodt —
klesa plazmaticka hladina hepcidinu a ferritinu a naopak stoupéd koncentrace transferrinu a
jeho vazebnd kapacita pro Zelezo; hladiny zZeleza jsou ve fyziologickych mezich. S dalSim
prohloubenim nedostatku Zeleza se vSak rozviji deficit erytropoézy a finaln€ mikrocytarni
hypochromni anémie, kde jiz klesa i plazmatickd hladina Zeleza. Diagndza se za této situace
opiréd o typické klinické ptiznaky (Tabulka 4.) a hematologické a biochemické vysetieni krve
(Camaschella, 2017). U dospélého muze se za anémii povazuje, pokud klesne koncentrace
hemoglobinu pod 130 g/l, zatim co u Zen je to pod 120 g/l a v te¢hotenstvi je tato koncentrace
niz§i nez 110 g/l (Killip et al., 2007). Nasledna 1écba spocivd podavani enteralnich nebo
intravenoznich 1é¢ivych ptipravki s zelezem spolecné s feSenim piipadné vyvoldvajici

patologie (Camaschella, 2017).

Tabulka 4. Hlavni pri¢iny nedostatku Zeleza/ anemie z nedostatku Zeleza

Typ pticiny Stav Pfic¢ina

détstvi, dospivani rychly rist

zvySené pozadavky e L ) o
podavani 1é¢iv stimulujici  akutni expanze erytroidni

erytropoetin hmoty
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téhotenstvi (2 a 3 trimestr)

expanze matetské a
fetalni erytroidni hmoty

Malnutrice
snizeni ptijem

vegetariani, vegani

nedostatek Fe v potrave

snizeni biologicky
dostupného zeleza

gastrektomie, duodenalni
snizend absorpce ze bypass, bariatricka
stfeva chirurgie, celiakalni sprue,
zanétlivd onemocnéni stiev

snizeni absorpcni plochy

benigni, maligni 1éze
atrofickd gastritida

infekce Helicobacter pylori
pravidelni darci krve

refrakterni anémie z
chronicka ztrata nedostatku Zeleza
krve

chronické onemocnéni

ledvin

léciva: salicylaty,
glukokortikoidy, NSAID,
inhibitory protonové pumpy
krvaceni z délohy,
hematurie, intravaskularni
hemolyza (napf.
paroxysmalni no¢ni
hemoglobinurie)

GIT
T pH

T pH

ztrata krve

1 vysoka koncentrace
hepcidinu (TMPRSS6
mutace)

krvaceni, snizena exkrece
hepcidinu

indukce ztrat, mensi
vstiebani

ztraty krve

chronicka onemocnéni
ledvin, zanétliva
zanét onemocnéni stiev, obezita

chronické srde¢ni selhani

1 prozanétlivé cytokiny, 1
hepcidin

neznama patogeneze

akutni ztrata krve ~ operace

post-operacni anemie
(prtvodni ID)

Prevzato od Camaschella (2017).
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1.5.6.2 Nadbytek Zeleza

Organizmus je k nadmérné kumulaci zeleza predisponovan absenci exkrecni cesty pro
tento prvek. Knadbytku pak dochazi v disledku situaci spojenych s jeho nadmérnym
ptijmem v dieté nebo Castéji poruchou odpovédnych homeostatickych mechanizmt (Tabulka

5.) (Munoz et al., 2009)

Tabulka 5. Hlavni pFi¢iny kumulace Zeleza v jatrech
Nemoc mutace genu genotyp

Hereditarni hemochromatoza

C282Y/C282Y,

1. typ — dospéli HFE V282V /H63D
2A. typ (HFE2A) —détskda  Hemojuvelin

2B. typ (HFE2B) - détska ~ Hepcidin

3. typ - dospéli Transferrin receptor 2

4. typ - dospéli Ferroportin

Hemosiderdza sekundarni k
systémovému onemocnéni
transfuze
chronick4 anemie
poruchy erytrocytil
(hemolyza, neefektivni
erytropoéza)

Hemosiderdza souvisejici s
cirh6zou
rizné hemosiderdzy

neonatalni hemochromatdza

hemosider6za spojend s
chronickymi virovymi
hepatitidami, ztukovaténi
jater

dietni pfetizeni Zelezem,
dysmetabolicky syndrom s
nadbytkem zeleza (DIOS)

Thalasemie globin
Prevzato od Batts (2007) a Cao and Galanello (2010).
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Zelezo se hromadi predev§im v jatrech (v parenchymovych i neparenchymovych
bunikach), ale i v dalSich tkdnich napft. v srdci. Nebezpeci této situace prameni ze schopnosti
zeleza aktivovat vznik ROS s naslednym postupnym poskozenim tkané jater, které muze
kon¢it cirhdzou. Vc¢asna diagndza a 1écba mize tomuto poskozeni zabrénit. Za nejcitlivéjsi
indikator mozné¢ kumulace Zeleza v organizmu lze oznacit zvySeni plazmatickych hladin
feritinu; zvySovani koncentrace Zeleza v plazmé a zvySeni saturace transferinu nad 55 % jiz
znamena piekroceni zasobni kapacity bunck. Postizeni jater s nadmérnou kumulaci lze
prokézat biopticky s naslednou histologickou vizualizaci. Zakladni 1é€ba spociva, zejména u
geneticky podminéného nadbytku, v pravidelnych odbérech krve. Lécba desferrioxaminem se
provadi jen zcela vyjimecné tam, kde nemocny netoleruje krevni odbéry (hemolytické
anémie, dyserytropoetické syndromy), nebot’ 1€k je malo U¢inny a velmi nakladny. U

negenetickych pficin je nutné 1é¢it vyvolavajici onemocnéni (Aigner et al., 2015).

Klinicky nejdulezitéjsi jsou v tomto ohledu hereditarni hemochromatézy, thalasemie a

dysmetabolicky syndrom s nadbytkem zeleza.

Hereditarni hemochromatéza (HH)

Je to skupina geneticky podminénych onemocnéni, které vyusti do zvySeného ukladani
zeleza do jater a jinych organu (sleziny, srdce, bfisni slinivky). Jednotlivé typy HH se lisi dle
postizeni molekul zapojenych do obratu Zeleza v organizmu. Prvni typ je zpisoben mutaci
HFE genu. HFE tvoifi na membrané bunck komplex s Trf2, ktery dokéze navéazat Tf-Fe.
Mutace HFE genu vede k abnormédlnimu HFE proteinu, ktery narusuje funkci TFR2 na
hepatocytech, coz se projevi sniZzenou syntézou hepcidinu a nasledné¢ zvySenou stfevni
absorpci zeleza. Druhy typ mé dvé podskupiny. Bud’ vznikda mutaci hemojuvelinoveho genu
(HFE2A) nebo HAMP genu kodujiciho hepcidin (HFE2B). Tieti typ je spojeni s mutaci 7FR2
genu a Ctvrty typ s mutaci genu pro ferroportin. Rozvoj HH je doprovazen pigmentaci kiize,

jaterni cirhdzou az hepatocelularnim karcinomem, arytmiemi atd. (Kawabata, 2018).

Kumulace Fe v jatrech vede jednak k zvySené apoptéze hepatocytii, ale taky
k poruseni funkce lyzozomt s naslednou aktivaci Itovych buné¢k ptes TGFB. Tim se tyto
buniky méni v myofibroblasty s produkci kolagenu 1, IIT a IV typu; postupné dochazi k rozvoji
jaterni fibrozy (Hulek, 2018)
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Thalasemie

Je autosomalni recesivni onemocnéni, u kterého dochdzi k poSkozeni syntézy jednoho
nebo vice fetézcli hemoglobinu. Hemoglobin je slozen z Zeleza, hemu a 4 globulinovych
fetézcli: dvou a a dvou jinych fetézcl. Slozeni globulinovych fetézcl urCuje pak typ
hemoglobinu. Fetalni hemoglobin (HbF) obsahuje dva o a dvé y fetézce. Hemoglobin
dospé€lého cloveka (HbA) ma dva a a dva B fetézce (Muncie and Campbell, 2009; Cao and
Galanello, 2010). Dle typu poruchy Ize pak rozeznavat:

Alfa-talasemie

Dochazi k deficitu az absenci syntézy a-fetézcl co vede k prebytku dvou P fetézcti.
Syntéza a-tetézcii je kontrolovand dvéma geny na kazdém chromozomu 16. Delece jednoho
genu vede ke vzniku nositele, bez fenotypického projevu. Dalsi delece genu mizou védou k

vzniku mikrocytarni anemie, hemolyze a splenomegalie (Muncie and Campbell, 2009).
Beta-Talasemia

Dochazi k deficitu nebo absenci syntézy P fetézci coz vede k prebytku a-tetézct.
Syntéza fetézcli je kontrolovand genem na kazdém chromozomu 11. Na nich miize dochazet k
vic nez 200 bodovym mutacim nebo deleci obou genli. Mutace na jednou genu vyusti do
mikrocitosy a mirné anemii. Anémie jsou zpusobené vaznouci inkorporaci Fe do
,,poskozeného* hemoglobinu; Zelezo se pak se nadmérn¢ hromadi v organizmu. (Muncie and

Campbell, 2009; Cao and Galanello, 2010)

Nemocnym se podavaji pravidelné transfuze. To vSak mize vyustit do pfetizeni
organizmu Zelezem, a to v disledku rychlého obratu Fe v organizmu. V zévislosti na terapii
chelatorem zeleza (Cao and Galanello, 2010), napt. desferrioxaminem, deferasiroxem,
deferipronem (Kawabata, 2018), pak ne-/dochazi k rozvoji komplikaci jako: rastova
retardace, perikarditida, jaterni fibroza, cizh6za, diabetes mellitus a k infekénim
onémocnénim (hepatitida B a C). Toto onémocnéni mize byt doprovazeno i vznikem mirné

formy zloutenky se sklonem k tvorbé zlu¢ovych kamenti (Cao and Galanello, 2010).
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Dysmetabolicky syndrom s nadbytkem Zeleza (DIOS-Dysmetabolic Iron
Overload Syndrome)

Poskozeni metabolizmu u DIOS je vysledkem vicero faktorti napf. nadmérnym
pfijmem potravy a genetickymi faktory. Na rozdil od HH je pro DIOS typicka mirné saturace
zelezem se zvySenou hladinou ferritinu v séru. Pro nemocné s DIOS je charakteristicka
centralni obezita, zvySeny krevni tlak a zvySeni cholesterolu, triglyceridd, glukézy a inzulinu
v séru. Predpoklada se, ze DIOS se rozviji v souvislosti se zménami v jaterni a viscelarni
tukové tkani. Bylo prokazano, Ze obezita méni distibuci zeleza v makrofazich visceralni
tukové tkané s pfesmérovanim Zeleza do jater. Dochéazi ke zvySené expresi Hamp a snizené
expresi Trfl jako indikatori kumulace zeleza. U pacientll se zvySenou koncentraci Zeleza

v jatrech byla zaznamenana i zvySend fibr6za (Deugnier et al., 2017).

1.5.7 Zelezo a homeostaza Zlu¢ovych kyselin

Podezfeni, Zze by mohl existovat vztah mezi obsahem Zeleza v organizmu a
homeostazou ZK vyplynulo ze zji§téni, Ze zvy$ené hladiny Zeleza v séru jsou obvykle spojeny
s hypercholesterolémii (Brunet et al., 1999; Silva et al., 2015), zatimco nizké hladiny vedou
k poklesu sérovych hladin cholesterolu (Kamei et al., 2010). Provedené molekularni analyzy
ukdzaly, ze by tento efekt mohl byt podminén zménami exprese CYP7AIl, ktery urcuje
rychlost konverze cholesterolu na ZK. B&hem nedostatku Zeleza byla exprese CYP7Al
zvysend, zatimco pretizeni organizmu Zelezem expresi CYP7AL1 snizuje bez vztahu k pficing
tohoto pietizeni. Dopady na homeostazu ZK, ani zapojené mechanizmy viak v dob& zahdjeni

tohoto projektu, nebyly znamy.
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2. Cil prace

Cilem této dizertacni prace bylo zjistit jakou roli ma deplece nebo pfetizeni Zelezem
v regulaci mechanizmi zodpovédnych za syntézu, vyluCovani a celkovy obrat ZluCovych

kyselin a dal§ich komponent Zluce.

Ve vztahu k ménicimu se obsahu Zeleza v organizmu, bylo proto dil¢imi cili prace zhodnotit

zmény:

e koncentraci zlucovych kyselin v systémové a portalni cirkulaci

e biliarni sekrece hlavnich komponent Zluce, tj. individualnich Zluovych kyselin,
cholesterolu, glutathionu a fosfatidylcholinu

e climinace zlu¢ovych kyselin stolici

e exprese enzymil a transportnich proteinti zodpovédnych za homeostdzu Zlucovych
kyselin a sekreci zluce v jatrech

e exprese transportnich proteinti zodpovédnych za reabsorpci Zlu€ovych kyselin ve

streve

Navazujicim cilem bylo identifikovat mechanizmy, prostfednictvim kterych ménici se obsah

zeleza indukuje dané zmény.
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3. Metody
3.1 Chemikalie

Radioaktivné znadena *H-taurocholova kyselina a Ecolite (+)™ scintilaéni roztok byl
ziskan od MGP (Ceska republika). Primarni a sekundarni protilatky (mysi, krali¢i a kozi) byly
ziskany od Sigma-Aldrich (St. Louis, MO, USA), Abcam (Cambridge, MA, USA) a Millipore
(Billerica, MA, USA), Cell Signaling (Dellaertweg, Leiden, Netherlands). Standardy pro ZK
byly zakoupeny od firmy Santa Cruz Biotechnology (Dallas, TX, USA; murideoxycholova, a-
muricholova, B-muricholova, glykochenodeoxycholova, tauroursodeoxycholova,
taurochenodeoxycholova, tauro-a-muricholovd, a tauro-B-muricholiova kyselina), nebo od
firmy Sigma-Aldrich (St. Louis, MO, USA; lithocholova, ursodeoxycholova,
chenodeoxycholova, deoxycholova, cholova, glykolithocholova, glykoursodeoxycholova,
glykocholovd, glykodeoxycholovd, taurocholova, taurodeoxycholovd, hyodeoxycholova a

hyocholova kyselina).

Deuteriem vnitiné znacené standardy byly ziskdny od Santa Cruz Biotechnology (d5-
taurocholova, d5-glykocholové, d4-glycochenodeoxycholova a d4-taurochenodeoxycholova
kyselina) nebo od spole¢nosti Sigma-Aldrich (d4-chenodeoxycholova, d4-lithocholova, d4-
cholové, d4-ursodeoxycholovd a d4-deoxycholova kyselina). Octan amonny a kyselina
mraven¢i (ob¢é pouzité pro LC-MS analyzu) byly nakoupeny u Sigma-Aldrich; acetonitril
(pouzity pro LC-MS analyzu) byl ziskdn od Merck (Darmstadt, Germany); menthanol
(pouzity pro LC-MS analyzu) byl ziskan od Biosolve BV (Valkenswaard, Netherlands).
Vsechny ostatni chemikalie byly nejvyssi analytické jakosti a byly ziskany od Sigma-Aldrich
(St. Louis, CA, USA) nebo Biorad (Bio-Rad Laboratories, Hercules, USA).

3.2 Pokusna zvirata

Ve studii byli pouZiti potkani samci kmene Wistar (Velaz, Praha, Ceska republika)
o vychozi hmotnosti 250 + 20 g. Zvifata byla ustajena v Centralnim vivariu Lékatské fakulty
(klimatizované prostory, teplota vzduchu 20-24°C, vlhkost 30-70 %, svételny rezim 12 hod
tma + 12 hod svétlo, 12 vymén kubatury mistnosti za 1 hodinu), kde byla umisténa v PVC
klecich na dfevénych prachuprostych hoblindch. Zvitata méla volny ptistup k vodé¢ a krmivu.
Vsechny experimenty byly schvaleny etickou komisi Lékarské fakulty v Hradci Kralové a
provedeny v souladu s pokyny uvedenymi ve vyhlasce ¢. 207/2004 Sb., o ochran¢, chovu a

vyuziti pokusnych zvitat.
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Zvitata byla rozdélena do ¢tyt skupin

e Chow diet - kontrolni skupina na standardni diet¢ (Cat. No. C1000, Altromin,
Germany), n=7 zvirat

e D - iron depletion skupina s depleci Zeleza, ktera byla 3 tydny na dieté se snizenym
obsahem Zeleza (obsahovala 5,155mg/kg Fe, Cat. No. C1038, Altromin, Germany)
(Kamei et al., 2010), n=7 zvitat

e Saline - kontrolni skupina na standardni dieté, které bylo kazdy druhy den aplikovano
intraperitonedlné 8 davek fyziologického roztoku (1 ml/kg), n=6 zvitat

e IO - iron overload, skupina pfetizena Zelezem na standardni dieté, které bylo
intraperitonealné¢ aplikovalo 8 déavek gleptoferronu (iron-dextran heptonic acid
complex, 100 mg/kg) kazdy druhy den, jak bylo popsdno Najafzadeh et al. (2010),

n=6 zvirat

Zvitata byla krmena a aplikovana ve stejné dobé a béhem studie nebyly mezi skupinami

zaznamenany zmény piijmu potravy.
3.3. In vivo studie

V celkové anestezii i.p. podanim pentobarbitalu (50 mg/kg) byl potkanim
zakanylovan ductus choledochus pro sbér Zluce, a. carotis externa pro odbér krve a v.
jugularis pro aplikaci fyziologického roztoku (6 ml/kg/h, ndhrada ztrat perspiraci a odbéry,
vybrané skupiny s kontrolni dietou a dietou s depleci zeleza touto cestou obdrzely rovnéz
radioaktivné zna¢enou *H-taurocholovou kyselinu). Zlu¢ byla sbirana do ptedvazenych
mikrozkumavek ve 30 min intervalech, vzorky krve byly odebirany uprostted téchto sbérnych
intervalll. In vivo studie byla ukonfena po 120 min usmrcenim zvifat exsanguinacnim
odbérem z bti$ni aorty. U zvifat ve studii s pfetizenim Zelezem, byl pied timto odbérem jesté
proveden odbér portalni krve. Okamzité po usmrceni byla vyjmuta a zvaZzena jatra a stfeva pro
nasledné¢ PCR, Western blot, LC-MS, HPLC, histologické a imunohistochemické analyzy.
Vzorky plazmy a Zlu¢i byly do doby analyzy uchovavany pii -80°C. Zvitata s i. p. aplikaci
fyziologického roztoku a zeleza byla na 24 hod po 7. ddvce umisténa do metabolickych kleci
pro sbér stolice. Stolice byla po dobu 72 hod suSena pti pokojové teploté a nasledné z ni byly

izolovany a stanoveny ZK jiz popsanou metodou (Yu et al., 2000).
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3.4 In vivo studie s aplikaci *H- taurocholové Kyseliny

Tato studie byla provedena vramci hodnoceni vlivu nedostatku Zeleza. Cestou
v. jugularis byla skupin¢ s kontrolni a na Zelezo ochuzenou dietou, poddna nitroziln¢
nasycovaci davka 12 nmol/kg neznatené taurocholové kyseliny spolu s 1,2 uCikg *H-
taurocholatu, nésledovanad nitrozilnim podanim udrzovaci davky 100 nmol/l/’kg neznacené
taurocholové kyseliny a 10 uCi/h/kg *H-taurocholatu. Kontinudlnim podavanim roztoku se
zabezpedil stabilni pomér *H-znatené a neznadené kyseliny taurocholové, a to umoznilo
vypocet bilidrnich kinetickych parametri. Davkovaci schéma bylo pfevzato od Iwanaga et al.

(2007).
3.5 Biochemické analyzy

Biochemické vySetfeni plazmy (koncentrace: glukdzy, triacylglyceroli (TAG),
cholesterolu, bilirubinu a Zeleza, aktivita AST a ALT) bylo provedeno na analyzatoru
Modular PP (Roche, Basel, Switzerland). Na stanoveni fosfolipidi a cholesterolu byly pouzity
komeréné dostupné kity (Sigma-Aldrich, St. Louis, USA, Cat. No. MAKO049; Cayman
Chemical, Michigan, USA, Cat. No.10007640). Koncentrace redukovaného (GSH) a
oxidovaného glutathionu (GSSH) v jatrech byly stanoveny pomoci HPLC analyzy dfive
popsanou metodou (Hirsova et al., 2013). Pro stanoveni *H-taurocholétu byl kazdy vzorek
plazmy (25 pL) a Zluce (5 pL) smichdn s 5 mL Ecolite scintila¢nim roztokem a inkubovan 3
hod ve tmé (na potlaceni luminiscen¢niho Sumu). Poté byly vzorky analyzovany na Tri-Carb
(Canberra Packard) podle navodu vyrobce. Hematologické parametry byly analyzovany ve
studii s nedostatkem Zeleza bezprostfedné¢ po odbéru krve na analyzatoru Sysmex XE-2100
(Sysmex, Kobe, Japan) podle doporuceni vyrobce. Jaterni koncentrace zeleza byla stanovena
atomovou absorpcni spektroskopii (Evenson, 1988). Satura¢ni index cholesterolu (CSI)
ve zIu¢i byl vypocitan jako pomér skute¢ného molarniho procenta cholesterolu ve Zluci k
maximalnimu rozpustnému molarnimu procentu cholesterolu pti dané koncentraci zlucovych
kyselin a fosfolipidi (Metzger et al., 1972). Maximalni rozpustnost cholesterolu byla
vypocitana podle Carey (1978).

3.6 LC-MS analyza

Pro stanoveni koncentrace jednotlivych Zlucovych kyselin bylo pouzito 50 uL plazmy.
Ta byla precipitovana 160 ml acetonitrilu (obsahoval smés deuterium znacenych standardir) s

naslednou centrifugaci pti 15000g po dobu 10 min pii pokojové teploté. Supernatant byl
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odpaien pii 60°C pod proudem dusiku, a exsikat pak rozpustén v 50 pL 40% methanolu a
inkubovan po dobu 1 hod pfi -20°C. Po 10 min centrifugaci pii 15000g (10°C) se na LC-MS
analyzu pouzilo 10 pL. Vzorky Zluce byly fedéné 500x destilovanou vodou a pak se
postupovalo stejné jako u plazmy. Vzorky byly separovany pomoci HPLC systému (Dionex
Ultimate 3000, Dionex Softron GmbH, Germany) vybaveného Pinnacle DB C18 kolonou
(100 x 2,1 mm, 3 um, Restek, USA) a vhodnou ptedkolonou. Mobilni faze byla slozena z
vody, methanolu, octanu amonného a kyseliny mravenci, pratok byl 0,3 mL/min, s teplotou
55°C uvnitf kolony. Koncentrace octanu amonného a kyseliny mravenéi byla po celou dobu
0,005 M a 0,012 % (v/v), s nasledovnou koncentraci (v/v) methanolu: 0-2,5 min 40 %; 2,5-3,5
min 40-57 %; 3,5-9,5 min 57-59 %; 9,5-10,0 min 59-70 %; 10,0-14,0 min 70-72 %; 14,0—
16,0 min 72-76 %. Kolona byla nasledné¢ promyta 95% methanolem po dobu 9 min a
stabilizovand 40% methanolem po dobu 5 min (octan amonny a kyselina mravenc¢i byly
ptitomny v obou krocich). ZK byly detekovany v triplikatech na quadrupolovém hmotnostnim
spektrometru (TSQ Quantum Access Max vybaveného H-ESI II sondou, Thermo Fisher
Scientific, Inc., USA) pracujicim v SRM modu. Monitorované tranzice byly 375.3 — 375.3
pro monohydroxy, 391.3 — 391.3 pro dihydroxy a 407.3 —407.3 pro trihydroxy ZK. Glycin
konjugované mono-, di-, trihydroxy ZK byly detekované pii 432.3 — 432.3 (432.3 — 74.1),
448.3 — 448.3 (448.3 —74.1) a 464.3 —464.3 (464.3 —74.1). Taurin konjugované mon-, di-
, trihydroxy ZK byly detekované pii 482.3 — 482.3 (482.3 — 124.1), 498.3 — 498.3 (498.3
— 124.1) a 514.3 — 514.3 (514.3 — 124.1). Vnitini standard obsahoval 4-5 atomii deuteria,
coz zvySovalo m/z o 4-5. VSechny pfechody byly monitorovany od 1 do 18 minuty, aby se tak
umoznila i detekce nespecifickych ZK, které se nenachdzeji ve smési standardil. Kyseliny
tauro-a-muricholovou a tauro-f-muricholovou se nepodatilo oddé¢lit, proto vytvari jeden
integrovany vrchol. Déle jsme vypocitali pomér CA/CDCA ve Zlu¢i pro stanoveni aktivity
CYP8BI jako rychlost uréujictho enzymu v klasické cest& syntézy ZK (Porez et al., 2012).
ProtoZze koncentrace CA a CDCA ve Zlu¢i naSich zvifat byla pod hranici detekéniho limitu,

bylo pocitano s pomérem jejich taurinem konjugovanych forem TCA/TCDCA.
3.7 RT-PCR

Genova exprese (mRNA) byla stanovena kvantitativni polymeradzovou fetézovou
reakci po predchozi reverzni transkripci (QRT-PCR) na 7500 HT Fast-Real-Time PCR
Systému od Life Technologies (Thermo Fisher Scientific, Foster City, USA). Na izolaci
mRNA bylo pouzito 20-30 mg tkéné jater a 30-40 mg tkané ilea za pouziti TRI reagentu
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(Sigma-Aldrich, St. Louis, USA). Izolovand mRNA byla pfepsdna do cDNA pouzitim High
Capacity cDNA reverse transcription kit (Life Technologies). Kazdy vzorek byl analyzovan
v duplikatu a pro analyzu exprese bylo pouzilo 10 ng cDNA vzorku. Amplifikace byla
provedena za pouziti TagMan Fast Universal PCR Master Mixu a Taq-Man Gene Expression
Assay kit (Life Technologies). Seznam pouzitych genovych sad uvadi Tabulka 6. Jako
vnitini kontrola byl pouzit GAPDH (glyceraldehyde 3-phosphate dehydrogenase) nebo RLPO
gen pro normalizaci vysledki exprese genu z tkdné jater zvitat a lidskych bun¢k. Podminky
PCR byly nasledujici: 95°C po dobu 20 s, 40 cykli: 95°C po dobu 3 s, 60°C po dobu 30 s.

Relativni exprese byla vypocitana dle zavedené metody (Hirsova et al., 2013).

Tabulka 6: Seznam pouzitych genovych sad

Symbol genu Antigen Life Technologies kat. ¢islo
Slc10al Ntep Rn00566894 ml
Slcolal Oatplal Rn00755148 ml
Slcola4 Oatpla4 Rn00756233 ml
Slcolb?2 Oatp1b2 Rn00668623 ml
Srebf1 Srebl Rn01495769 ml
Srebf2 Sreb2 Rn01502638 ml
Scarbl Sr-bl Rn0058588 ml
Abcc3 Mrp3 Rn01452854 ml
Abcc4 Mrp4 Rn01465702 ml
Abcbll Bsep Rn00582179 ml
Abcc2 Mrp2 Rn00563231 ml
Abcbla Mdrla Rn00591394 ml
Abcblb Mdrlb Rn00561753 ml
Abcal Rn007110172_m1
Slc10a?2 Asbt Rn00691576_ml
Abcb4 Mdr2 Rn00562185 ml
Abcgs Rn00587092 ml
Abcg8 Rn00590367_ml
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Symbol genu

Antigen

Life Technologies kat. ¢islo

Agp8
Hmgcr
Ldlr
Slc4a?2
Cyp7al
Cyp8bl
Cyp27al
Fefls
NrOb2
Nrih4
Nrih3
T'NF-o
IL-6
Nos2
Acta?2
Tef-pl1
Ngol
Cftr
Hmox1
Hamp
Trfc
Slco40al
Fil
Slc51a
Sle51b
Gapdh

Ae2

Fgfl9
Shp
Fxr

Lxr

o-Asma

Ho-1

Hepcidin

Ferroportin
Ftll

Osta

Ostp

Rn00569732_ml
Rn00565598 ml
Rn00598442 ml
Rn00566910_ml
Rn00564065_ml
Rn0144502 ml
Rn00710298 ml
Rn005907081 ml
Rn00589173_ml
Rn00572658 ml
Rn00581185_ml
Rn99999017 ml
Rn99999011 ml
Rn00561646_ml
Rn01759928 gl
Rn00572010_ml
Rn00566528 ml
Rn01455979 ml
Rn01536933_ml
Rn00584987 ml
Rn01474701 ml
Rn00591187 ml
Rn00821072 gl
Rn01763289_ml
Rn01767005_ml
4352338E
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3.8 Western blot

K ptipravé vzorku bylo pouzito pifiblizné 200 mg tkané jater nebo stieva, které byly
homogenizovany ve vychlazeném pufru (1 ml) (25 mM TRIS.HCI (pH=7,6), 0,1 % (w/w)
TRITON-X) obsahujicim 0,5 pg/ml leupeptinu, 50 pg/ml benzamidinu a 10 ul/ml inhibitort
fosfatas (Thermo Scientific Prague, Czech Republic) za pouziti homogenizatoru MagNA
Lyser (Roche Diagnostics GmbH, Némecko) 2 x 15 s pfi 6500 rpm. Supernatant byl ziskan
centrifugaci pfi 10000g/10 min/t 4°C a nasledné sedimentovan pii 100 000g / 20 min/t 4°C.
Po odstranéni supernatantu se ziskané pelety re-suspendovaly pufrem obsahujicim 50 mM
HEPES (pH= 7.4), 0.1 KCI, 3 mM MgCl, 1 mM EDTA, 10% glycerol a inhibitory fosfatas a
proteas (aprotinin, leptin, benzamid). Bunécny lyzat s HepaRG bunc¢k byl pfipraven

homogenizaci v Sample pufru.

Koncentrace proteinii ve vzorku byla stanovena BCA metodou (BCA Protein Assay
kit, Pierce, Rockford, IL, USA). Vzorky byly poté nafedény na koncentraci 25 pg
proteinu/jamka a rozdélené do aliquotd (15 pL). VSechny vzorky byly do doby analyzy
ulozené pii -80°C. Homogenat proteinti byl separovan SDS-PAGE elektroforézou na 5%
polyakrylamidovém gelu (pro proteiny o velké molekulové hmotnosti 100-250 kDa), 6,25%
(pro proteiny o stfedni molekulové hmotnosti 50-100 kDa) a 10% (pro proteiny o malé
molekulové hmotnosti 25-50 kDa) a nasledn¢ prenesen na PVDF membranu (Bio-Rad
Laboratories, Hercules, USA). Membrany s pfenesenymi proteiny byly 1 hod blokovany v 5%
roztoku odtu¢néné¢ho mléka v TRIS pufru (0,05 % Tween 20) (TBS-T), nasledné inkubovany
1 hod s primarnymi protilatkami (pfesné fedéni pouzitych protilatek viz Tabulka 7). Po
inkubaci s primarni protilatkou byly membrany 4x (10 min) promyty v TBS-T roztoku a pak 1
hod inkubovany se sekundarni protilatkou v optimalizovaném fedéni. Po vymyti membrany
(4x; 10min) v TBS-T roztoku byla provedena detekce pfidanim chemiluminiscen¢niho ¢inidla
(West Femto, Thermofisher) s néaslednou expozici velkoformatovych rentgenovych filmu.
Pruhy ziskané na rentgenovych filmech byly naskenovany do pocitace (ScanMaker 1900,
UMAX, Praha, CR) a kvantifikovany za pouziti softwaru QuantityOne (Bio-Rad
Laboratories, Hercules, CA). Ziskané hodnoty byly normalizovany ke dvéma vnitinim

kontrolam Gapdh a B-actinu.
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Tabulka 7: Seznam pouzitych protilitek a jejich Fedéni.

Protein

Vyrobce

Redéni primarni

Redéni sekundarni

protilatky protilatky
Abcg5 Abcam (ab45279) 1:1000 1:2000
Abcg8 Thermo Fisher (PA1-16798) 1:1000 1:2000
Abcal Novus 1:1000 1:2000
Cyp7al Thermo Fisher (PA5-15216) 1:1000 1:2000
Cyp8bl Thermo Fisher (PA5-37088) 1:1000 1:2000
Cyp27al Thermo Fisher (PA5-27946) 1:1000 1:2000
Lxra Abcam 1:2000 1:4000
HmgCR Abcam (ab98018) 1:1000 1:2000
Ldlr Thermo Fisher (PA5-20752) 1:1000 1:1000
Sr-bl Novus (NB400-104) 1:2000 1:4000
Srebp2 Abcam (ab30682) 1:1000 1:2000
Ntcp Santa Cruz (sc98485) 1:3000 1:6000
Oatpl Chemicon 1:5000 1:5000
Oatp2 Millipore (AB3572P) 1:5000 1:5000
Mrp3 Alexis (ALX801-019-C250) 1:1000 1:2000
Mrp4 Abcam (ab77184) 1:2000 1:4000
Mrp2 Alexis (ALX801-037-C125) 1:500 1:1000
Bsep Abcam (ab71793) 1:1000 1:2000
Mdrl Signet Laboratories (8710) 1:1000 1:3000
Mdr2 Abcam (ab71792) 1:2000 1:4000
Ireb2 (IRP2) Abcam (ab181153) 1:1000 1:3000
NF«B p65 Abcam (ab16502) 1:1000 1:2000
Hmox1 Sigma (H4535) 1:1000 1:3000
Osta Biorbyt (orb185685) 1:250 1:2000
Ostp Bioss (bs2128R) 1:250 1:2000
Asbt Biorbyt (orb6549) 1:500 1:2000
Gapdh GE-HealthCare (NA9340) 1:8000 1:10 000
B-actin Sigma (AC-74) 1:2000 1:4000
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3.9 Reportérovy test - bunécné kultury a konstrukty DNA

HepaRG™ (GIBCO®) bunéénd linie a medium byly ziskany od Life Technologies
(Carlsbad, CA, USA). HepaRG bunécné linie byla kultivovana ve Williamsové E mediu
(WME) sobsahem 10% FBS, 1% glutaminu, 1% Pen/Strep, Spg/ul inzulinu a 50uM
hydrokortizonu (Sigma-Aldrich, St. Louis, MO). Plivodni koncentrace zeleza v médiu (WME)
byla 0,25 uM. Pro indukci diferenciace bunécné linie byla provedena inkubace ve dvou
krocich dle zavedené metody (Gripon et al., 2002; Hyrsova et al., 2016). HepaRG bunky byly
nejdiive nasazeny s nizkou denzitou (2,6 x 10* bungk/cm?) a byly kultivovany po dobu dvou
tydnd. Po dobu dalSich dvou tydnil pak byly kultivovany ve stejném mediu s ptidavkem 1,5%
DMSO (nutné pro diferenciaci HepaRG buné¢k) a findln€ byly HepaRG buiky 24 hodin
kultivovany v riiznych koncentracich (1 a 10 pM — imitovaly nizké a normalni hladiny Zeleza)
s citratem amonno-zelezitym (Sigma-Aldrich) a s chelatory Zeleza deferoxaminem a
deferasiroxem (10 pM), které indukovaly depleci Zeleza. Po inkubaci byly buniky promyty
PBS a byl ptfidan TRI-reagent pro izolaci mRNA, ktera byla pouzita na qRT-PCR analyzu.
Jako endogenni kontrola poslouzil RLPO gen. Proteiny pro Western blot analyzu byly
izolované pouzitim RIPA pufru s inhibitory proteas a fosfatas (ROCHE) po 48 hodinové

inkubaci s citratem amonno-Zelezitym (1 a 10 pM).

Reportérovy test. Plazmidy lidskych receptor pSG5-hPXR, pSG5-FXR and pSGS5-
LXRa byly poskytnuty jako dar od Dr. S. Kliewer (University of Texas, Dallas, TX, USA) a
Dr. Makoto Makishima (Nihon University School of Medicine, Tokyo, Japan). Promotor
CYP7Al-luc (—1887/+24) luciferazového reportérového genu byl darovan Dr. J. Chiangem
(Northeastern Ohio Universities College of Medicine). HepG2 bunécna linie (bunécné linie
lidského karcinomu jater) byla ziskdna od European Collection of Cell Cultures (ECACC,
Salisbury, UK). Bunky byly kultivovany v Dulbecco's modified Eagle's medium (DMEM)
s 10% FBS doplnénym o 1 % neesencialnich aminokyselin. Transfekce plazmidi znacenych
luciferasou byly provadény pomoci Lipofectamine 3000 reagentu (ThermoFisher Scientific),
jak bylo popsano v predeslé studii (Rulcova et al., 2010). HepG2 buiiky byly nasazeny do 48
jamkového plata a transfekovany s CYP7AlA-luc promotorem (-1887/+24) spfazenym s
luciferasovym reportérovym genem (150 ng/jamku) (Chiang et al.,, 2000) a s expresnim
plazmidem pro FXR, PXR, LXRa (100 ng/jamku), nebo s kontrolnim plasmidem Renilla
reniformis luciferasy (pRL-TK) (30 ng/jamku), po dobu 24 hod. Takto ptipravené bunécné
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kultury byly nasledné inkubovany s cheldtory zeleza deferoxaminem nebo deferasiroxem (10
uM), CDCA (FXR ligand, 20 pM), rifampicinem (PXR ligand, 10 M), GW3965 (LXRa
ligand, 20 M) nebo DMSO (0,1%) jako vehikulem na 24/48 hod. Po inkubaci byly buiky
lyzovany a byla zmétena luciferazova aktivita pouzitim Dual Luciferase Assay Kit (Promega,
Hercules, CA). Vysledky jsou vyjadieny jako nasobnid zména svételné aktivity luciferazy
normalizované ke kontrolni Renilla luciferazové aktivité kazdého vzorku vzhledem

k vehikulu (DMSO 0,1%). VSechny testy se uskute¢nili v médiu bez antibiotik.
3.10 Histologie jater

Po ukonceni in vivo studie byla ¢ast jater fixovana v 10% formalinu a zalita do
parafinovych blockt. Z kazdého vzorku bylo ziskdno 5 fezl o sile 4-5 um. Pro detekci
morfologickych zmén byly fezy obarvené hematoxylin — eosinem, pro detekci pritomnosti
zeleza v tkani pruskou modii. Obarvené fezy byly vyhodnocené stejnou osobou s pouzitim

BX-51 svételného mikroskopu (Olympus) pfi stonasobném zvétseni.

3.10 Imunohistochemické vySetieni Mrp2, Bsep a Mdr2

transportéru

Jatra fixovana v kryokonzerva¢nim mediu byla nakrdjena ptfi€nym fezem na krystatu
na 7um platky a poloZena na Zelatinou obalend podlozni sklicka. Z kazdého vzorku jater bylo
na imunohistochemickou analyzu pouzito pét sklicek. Sklicka sfezy jaterni tkané byla
nejdiive inkubovédna s anti-avidin a anti-biotin bloka¢nimi roztoky (Vector Laboratories,
USA), a poté inkubovana s primarni a nasledné se sekundarni protilaitkou (Jackson
ImmunoResearch, USA) (fedéni 1:100 v BSA) a s ExtraAvidin red fluorochrome CY3 (Sigma
Chemical, USA) (fedéni 1:300 v BSA) pro detekci Mdr2, Bsep a Mrp2. Pro kontrastni barveni
bunécnych jader bylo pouzito fluorescencni barvivo DAPI (Invitrogen, Czech Republic).
Primarni protilatky anti-Mdr2 (fedéni 1: 50, 1 h pfi pokojové teploté), anti-ABCBI11 (Bsep,
fedéni 1:50, 1 h pti pokojové teploté) byly zakoupeny z Thermo Scientific (USA) a anti-Mrp2
(fedéni 1:20, 1 h pfi pokojové teploté) byla zakoupena u Enzo Life Sciences, U.S.A.
Fotodokumentace a obrazky byly pofizeny na mikroskopu Olympus AX70, kamerou Digital
VDS Vosskiihler (GmbH, Germany). Obrazky byly analyzovany softwarem NIS Laboratory
Imaging, Czech Republic.
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3.11 Statistické vyhodnoceni

Pro studii s depleci zeleza bylo pro statistické hodnoceni pouzito 7 zvirat na skupinu a
pro studii s pfetizenim Zeleza bylo pouzito 6 zvifat na skupinu. Kinetika Zlu¢ové eliminace
7K, glutathionu a *H-taurocholatu byla vypoéitana z analyz jejich koncentrace v plazmé
a zluéi, podle kinetiky prvniho fadu. Zludova sekrece byla vypo&itana jako nasobek toku Zluce
v danych intervalech a zlucovych koncentraci testovanych latek v identickych intervalech.
Zlu&ova clearance (CLpig) byla vypoéitana jako pomér zluéové sekrece (BE) a plazmatické
koncentrace dané slozky, méfené ve vzorku plazmy odebraném uprostied hodnoceného
intervalu sbéru zluce. Vysledky jsou prezentovany jako primér + SD (standartni odchylka).
Pro zjiSténi statistické vyznamnosti byl pouzit neparovy t-test, anebo jednofaktorovd ANOVA
s Newman-Keuls post-hoc testem. Casova zavislost kumulativni zluGové sekrece byla
hodnocena dvoufaktorovou ANOVA s Dunn post-hoc testem. Rozdily byly povazovany za
statisticky vyznamné pii p < 0,05. Analyza vysledkli byla provedena GraphPad Prism 6.0
softwarem (San Diego, USA).
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4. Vysledky ¢ast 1. Homeostiaza ZK béhem deplece Zeleza
(ID)

4.1 ID dieta vedla ke zménam hematologickych a biochemickych

parametri

Deplece Zeleza u zvirat byla ve studii navozena specidlni dietou, jak jiz bylo popsano
(Kamei et al., 2010). Serologického vysetieni potvrdilo pokles koncentrace zeleza (Tabulka
8.), vySetfeni hematologické redukci hematokritu a snizeni koncentrace hemoglobinu. Rozvoj
deplece zZeleza v jatrech byl rovnéz potvrzen downregulaci mRNA exprese hepcidinu (Hamp)
(100 = 7.1% vs. 0.6 = 0.2% kontrola a ID potkani; p < 0.001). Tyto zmény byly doprovazeny
snizenou koncentraci cholesterolu v séru (Tabulka 8), a nezménénou koncentraci cholesterolu

v jatrech (5.5 = 0,6 umol/g vs. 6.4 + 0.8 umol/g kontrola a ID potkani).

Tabulka 8. Vliv deplece Zeleza na obsah Zeleza v jatrech a biochemické a hematologické
vySetifeni plazmy.

Parameter Chow diet ID
Jatra

Fe (umol/g tkang) 464 + 131 227 + 69%*
Plazma

Fe (umol/L) 21+1.8 15 £0.7%*
ALT (ukat/L) 0.7 £0.06 1.2+02
AST (pkat/L) 26+04 3.1+0.8
Cholesterol (mmol/L) 1.8+0.06 1.4 £ 0.09%**
TAG (mmol/L) 0.9+0.76 0.15+0.03
Erythrocyty (10'%/L) 89+0.15 8.8+0.15
Hemoglobin (g/L) 166 £2.5 146 £ 3.1%**
Hematokrit 0.48 +0.007 0.42 + 0.008**
WBC pocet (10°/L) 6.4+0.5 6.1+0.6
Neutrofily (propor¢né) 0.18 +£0.003 0.09 +£0.03

Hodnoty jsou vyjadieny jako pramér + SD, (n = 7 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001.
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4.2. Cholereticky uc¢inek ID

4.2.1 Tok Zluée, ZK a glutathionu

Télesna hmotnost byla u ID zvifat proti kontrolni skupiné snizena (0.48 + 0.03 kg vs.
0.44 + 0.02 kontrola a ID potkani; p < 0.01). Vzhledem k tomu, zZe mezi skupinami nedoslo
k signifikantni zméné hmotnosti jater (18.4 = 1.1 g vs. 19.3 £ 1.9 g kontrola a ID potkani),
byla biliarni sekrece vztahnuta na jejich hmotnost. Deplece Zeleza vedla u potkani
k signifikantnimu zvySeni toku zluce (Graf 1A), ktery byl doprovazen zvySenou bilidrni
sekreci obou hlavnich osmotickych slozek zluge, ZK (vypoéitané jako suma vsech ZK

analyzovanych LC-MS metodou) a glutathionu (Graf 1B,C).

Graf 1: Prezentuje (A) tok Zlue (B) biliarni sekrece ZK (C) biliarni sekreci glutathionu.

A) Tok Zluge B.) BE 2K C.) BE Glutathionu
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Chow diet ID Chow diet ID Chow diet ID

Hodnoty jsou vyjadieny jako pramér + SD, (n = 7 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p<0.001; Chow diet, kontrolni skupina; ID, skupina s depleci Zeleza; BE, biliarni sekrece;
7K, 7lugové kyseliny
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4.2.2 Biliarni sekrece fosfolipidi a cholesterolu

Analyza obou komponent zlu€e prokézala statisticky vyznamné zvySeni jejich bilidrni

sekrece (Graf2A,B). Saturacni index zluci (CSI) se vSak signifikantné¢ nezménil (Graf 2C).

Graf 2: Biliarni sekrece komponenti Zluce (A) cholesterolu (B) fosfolipidii a (C) saturac¢ni index.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 7 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <

0.05, **p< 0.01, ***p< 0.001; Chow diet, kontrolni skupina; ID, skupina s depleci Zeleza; BE, biliarni sekrece

4.2.3 Obsah glutathionu v jatrech

Deplece zeleza u potkant vedla v jatrech ke zvySenému obsahu redukovaného
glutathionu (GSH) a k poklesu jeho oxidované formy (GSSG), coz bylo provazeno
signifikantnim  nartistem celkového obsahu glutathionu a jeho poméru mezi

redukovanou/oxidovanou formou ve tkani (Graf 3A-D).
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Graf 3: Koncentrace riznych forem glutathionu v jatrech.
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Hodnoty jsou vyjadieny jako primér + SD, (n = 7 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Chow diet, kontrolni skupina; ID, skupina s depleci zeleza; GSH, redukovany
glutathion; GSSG, oxidovany glutathion

4.3 ID nepodminilo vzestup biliarni sekrece *H-taurocholové
kyseliny

Daldim krokem bylo zjistit, jestli zvyseni biliarni sekrece ZK u ID skupiny bylo
zpusobeno jejich zvysenou dispozici v disledku zvysené syntézy nebo indukci transportnich
proteinl v jatrech. Za timto Gcelem byla pouZita dalsi skupina kontrolnich a ID potkand. Nova
ID skupina reprodukovala narGst kumulativni produkce zluce (Graf 4A). Po zahijeni
kontinualni nitroZilni infuze s narazovou davkou *H-taurocholitu bylo dosazeno ustalenych
plazmatickych koncentraci béhem 45 min (Graf 4B). Poté byla zlucova clearance stabilni

béhem celé doby trvani experimentu (Graf 4C). Ani jeden ze sledovanych
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farmakokinetickych parametrii *H-taurocholdtu nebyl v ID skupingé zmé&nén v porovnani
s kontrolni skupinou (Graf 4D). Tyto vysledky potvrzuji, ze ID nestimuluje sekreci zluce

prostiednictvim upregulace kanalikularnich transportérti ZK.

Graf 4: Koncentrace *H-taurocholatu (A) v Zlu¢i, (B) plazmé, (C) jeji clearance do Zlu¢e a (D) sekrece do

Zluce.
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Hodnoty jsou vyjadfeny jako prumér + SD, (n = 7 pro kazdou skupinu); Signifikantni rozdil oproti *p < 0.05,
**p< 0.01, ***p< 0.001; Chow diet, kontrolni skupina; ID, skupina s depleci zeleza. BE, bilidrni sekrece; CL,

clearance.
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4.4 ID zpiisobuje zmény v genové expresi vybranych molekul

Za ucelem identifikace mechanizml zodpovédnych za pozorovany cholereticky a
metabolicky ucinek ID, byla studovana exprese mRNA relevantnich jaternich enzymul a

transportéra spole¢né s vybranymi regula¢nimi transkripénimi faktory (Graf'5).
4.4.1 ID zvySuje genovou expresi molekul zodpovédnych za produkci Zluce

Analyza exprese az 30 riznych mRNA ze vzorkd jater prokdzala u ID skupiny
signifikantni nartist genové exprese enzymil zodpovédnych za syntézu ZK (Cyp7al, Cyp8bl),
sekreci fosfolipidii (Abch4), cholesterolu (Abcg5/8) a metabolizmus lipida (Srbf1, sterol
regulatory element-binding transcription factor 1, Nr0b2/Shp, small heterodimer partner) a
snizenou expresi mRNA Abcal (cholesterol efflux regulatory protein) a Slc4a2 (anion
exchanger 2) (Graf 5SA-D).

Graf 5: Zmény genové exprese enzymii, transportnich proteinii a regulujicich nuklearnich receptori u ID

potkanii.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 7 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <

0.05, **p<0.01, ***p<0.001; Chow diet, kontrolni skupina; ID, skupina s depleci Zeleza.

81



4.4.2 Zmény genové exprese relevantnich molekul v ileu

Dale byla analyzovana exprese mRNA molekul zapojenych do reabsorpce ZK v ileu,
kterd prokazala snizenou genovou expresi Osta/B, heterodimerniho transportéru dulezitého

pro reabsorpci ZK a zvyseni Nr0b2 (Graf 6A). Jaterni exprese gentl aktivovanych béhem

zanétu zustala beze zmény (Graf 6B).

Graf 6: Zmény genové exprese, transportnich proteinu a zanétlivych indikatora u ID potkanii.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 7 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Chow diet, kontrolni skupina; ID, skupina s depleci zeleza.
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4.5 Western blot a imunohistochemické (IHC) analyzy v jatrech

4.5.1 ID indukuje enzymy a transportéry zodpovédné za metabolizmus

cholesterolu v jatrech

Western blot analyza vybranych jaternich proteinti zodpovédnych za tvorbu Zluce
prokazala u ID skupiny v porovnani s kontrolni skupinou upregulaci: Cyp7al (rychlost
urujici enzym syntézy ZK z cholesterolu), Cyp8bl (enzym dilezity pro klasickou cestu
syntézy ZK), Cyp27al (enzym dilezity pro alternativni cestu syntézy ZK), Abcg5/8
transportéru (hlavni kanalikuldrni transportér cholesterolu) a LXRa (Graf 7A). Hlavni
basolateralni transportéry zodpovédné za vychytavani ZK a 1é¢iv z portalni krve, tj. Ntcp a
Oatplala/Oatpla4 byly ID rovnéz upregulovany (Graf 7B). Naopak ID redukovalo
proteinovou expresi basolateralnich transportéri zodpovédnych za vychytavani a eflux
cholesterolu do a z jater, a to Ldl-receptoru, Sr-bl (Scavenger receptor bl) a Abcal (Graf
7A). Rovnéz exprese Mdr2, hlavniho kanalikuldrniho efluxniho transportéru pro biliarni
sekreci fosfadytilcholinu, byla redukovana (Graf 7C). Naopak rychlost urcujici apikélni
transportér pro exkreci ZK, Bsep, zostal u ID skupiny beze zmény, coz se shoduje
s nezménénou biliarni exkreci *H-taurocholatu (Graf 4C). Podobny vysledek lze pozorovat i v
nezménéné proteinové expresi dalsiho apikalniho transportéru, Mrp2, coz bylo v kontrastu se
zvySenou biliarni sekreci glutathionu (Graf 1C) a indikuje to zvySenou dispozici GSH jako

hlavni pfi¢inu tohoto zvySeni.

Graf 7: Zmény exprese enzymi, transportnich proteini a regulujicich nukleirnich receptori u ID

potkanii.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p<0.01, ***p<0.001; Chow diet, kontrolni skupina; ID, skupina s depleci zeleza.

4.5.2 IHC analyza apikalnich transportéri Bsep a Mdr2

Na potvrzeni nezménéné exprese Bsep a Mdr2 a jejich lokalizace prevazné na
kanalikularni membrané hepatocytti bylo provedeno imunohistochemické stanoveni na fezech
jater. Fluorescencni detekce skutecné prokazala znanou expresi Mdr2 a Bsep na
kanalikularnich membranach hepatocyti, a souc¢asné potvrdila absenci zmén v intenzité¢ nebo
lokalizaci exprese transportérii vlivem ID (Graf 8). Toto zjisténi vylucuje podil transportérii
na zvysené bilidrni exkreci ZK a fosfolipidii.
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Graf 8: Imunohistochemicka analyza apikalnich transportéru.

Chow diet

N = 7 pro kazdou skupinu; Chow diet, kontrolni skupina; ID, skupina s depleci zeleza; Mdr2, Multidrug
resistance protein 2; Bsep, Bile Salt Export Pump.

Bsep

Mdr2

4.6 LC-MS detekce ZK v plazmé a ve Zludi

Pomoci LC-MS metody bylo stanoveno 24 nekonjugovanych a konjugovanych ZK
vplazmé a ve zluéi. Celkova koncentrace ZK byla vypoéitina jako suma koncentraci
jednotlivych ZK. Deplece Zeleza navozena u potkanti dietou vedla ke snizeni celkovych
koncentraci ZK v plazmé (Graf 9A), a naopak k jejich zvyseni ve zlu¢i (Graf 9B). Vétsina ZK
se vyskytovala v koncentracich pod detek¢nim limitem metody (0,02 uM), proto bylo
kvantifikovano 9 ZK v plazmé a 8 ZK ve zluéi. ID ved] k signifikantni redukci koncentrace
tauro-chenodeoxycholové, hyodeoxycholové, B-muricholové a cholové kyseliny v plazmé
(Graf 9A) a k redukci bilidrni koncentrace tauro-chenodeoxycholové a cholové kyseliny.

Nicméné biliarni pomér CA/CDCA se zvysil z 6.8 + 1.9 u kontrolni skupiny na 36.2 = 16.1 (p
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< 0.001) u ID potkani, co koresponduje s upregulaci enzymu Cyp8bl. Diilezitym zjisténim je
i znaéné zvyseni zluCové koncentrace tauro-o/f-muricholovych kyselin u ID potkani (Graf
9B), které bylo doprovazeno zvySenim jeji biliarni sekrece (Graf 9C). VSechny uvedené

vysledky poukazuji na diileZitou roli Zeleza v regulaci syntézy ZK u potkant.

Graf 9: Koncentrace individualnich ZK v (A) plazmé, (B) Zlu¢i a jejich (C) sekrece do Zluce.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Chow diet, kontrolni skupina; ID, skupina s depleci zeleza; to/fMCA, kys. tauro-
o/B-muricholova kys.; TDCA, kys. taurodeoxycholova; TCA, kys. taurocholovd; TCDCA, kys.
taurochenodeoxycholova; TUDCA, kys. tauroursodeoxycholva; HDCA, kys. hyodeoxycholova; BMCA, kys. B-
muricholova; DCA, kys. deoxycholova; CA, kys. cholova; GUDCA, kys. glykoursodeoxycholova; GDCA, kys.
glykodeoxycholova;
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4.7 ID indukuje mRNA CYP7Al1 v lidskych HepaRG i HepG2
bunkach

Vysledky ziskané na zvifecim modelu byly verifikovany na lidskych bunécnych
modelech. Proto byly provedeny in vitro studie s diferencovanou HepaRG bunécnou linii,
kterd je Siroce akceptovanym bunéénym modelem lidskych diferencovanych hepatocytd. ID
byla v HepaRG buiikédch stimulovana koncentraci 1 pM Fe, a koncentrace 10 pM Fe v mediu
méla napodobit fyziologickou plazmatickou koncentraci Zeleza. Nizké koncentrace Zeleza
vmediu vedly kindukci mRNA exprese CYP7Al v porovndni s bunikami, které byly
kultivovany s 10 uM koncentraci Fe v mediu (Graf 10A). Z toho lze usoudit, Zze deplece
zeleza reguluje expresi CYP7Al podobnym zpisobem v potkanich 1 lidskych jatrech.
S nartistem transkripce genu CYP7A41 pii koncentraci 1 uM Fe, narlista i proteinova exprese
CYP7A1 (Graf 10A). Dale byl v HepaRG bunécéné linii zkouman ucinek zeleza na expresi
mRNA ABCGS5. Na rozdil od CYP7A1 nebyl efekt riznych koncentraci zeleza zjistén (Graf
10A). V naslednych experimentech provadénych na buiikdch HepG2 byly pouzity chelatory
zeleza k prozkoumani vlivu deplece Zeleza na transaktivaci gentt CYP7A1 a NROB2 (SHP) v
experimentech reportérovych genti. Opét byla detekovana stimulace CYP741 (Graf 11B-C) a
NROB2 (Graf 10D-E) promotoru po 24 a 48 hod inkubaci s deferoxaminem a deferasiroxem
v koncentraci 10 uM. ZK CDCA, ligand FXR, a rifampicin, ligand PXR, snizily genovou
transaktivaci CYP7A41, coz je v souladu s regulaci CYP7ALI pies nuklearni receptory (Li and
Chiang, 2015). HepG2 buiky byly ko-transfekovany s konstruktem reporterového genu a
promotoru CYP7A41 a s expresnimi konstrukty pro receptory FXR, PXR a LXRa. Samotné ko-
exprese nuklearnich receptorii signifikantné omezila aktivaci reportérového konstruktu
CYP7A1, coz je v souladu s jejich popisovanym efektem a dokladuje to funkénost pouzitého
systému. Aplikace chelatori Zeleza do tohoto systému nevedla k signifikantni indukci nebo
represi transaktivace CYP7A41 (Graf 10C). Podobné tyto nukledrni receptory nemély zadny
vyznamny vliv na transaktivaci SHP po inkubaci s chelatory zeleza (Graf 10D-E). Lze proto
konstatovat, Ze deplece Zeleza indukovand chelatory zeleza v téchto experimentech neméla
zadny ucinek na transaktivaci FXR, PXR nebo LXRa (Graf 10D-E). Tyto data prokazuji, ze
indukéni vliv deplece Zeleza na transkripci genu CYP7A1 je nezavisly na aktivaci exprese
FXR, PXR a LXRa nukledrnich receptori. Tuto hypotézu dale podporuje skutecnost, ze
buiiky HepG2 maji nizkou endogenni aktivitu FXR, PXR a LXRa.
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4

Graf 10: Genova exprese CYP7A1 na lidskych bunéénych liniich.

CYP7A1-luc

B.)

HepaRG bunky

2001

* |}

24 h
I 48 h

*k Kk

* k% T

*k Kk

*k %k

T
o
wn

(%) uoneanoe pjo4

150
100

N

1504

L T
o o
o w
-

0-

0'\
< QQ-

'\Q %o
N

(@)
§)
&\0

__ (%) uoissaidxa YNYW dApeRY

<

ABCGS5

CYP7A1

=% - cyera
QQ’\ <2

CYP7A1-luc

o

i

"

£

Bt
Pr

- T
[= o o
0 o -3

200+

(%) uoneAoE pjo-

PXR LXRa

FXR

prazdny vektor

88



D.)

400- hSHP-luc
*kk
T
-~ 3001
2
=
2
2 2004 T
% *RE L dekk
° _ - T
2 —
i 100 . A
04— T T T T
LS TIT TS LTSS
N NS TN P N N8P
S P & ¥
SRS ) S &£ F
<°+0 x«’}’b@ © C5‘\ o &e}'be ©
& &
& & °
prazdny vektor FXR PXR LXRa
E.)
300- hSHP-luc
24h
—_ I 48h
=
Ezoo-
® nx
E 5 =
s
< 100
S
] I
0 T T
o} N N
&~ QO S
6‘\\(‘ ,(O+
42 2
<© &
4@ o
* <

Hodnoty jsou vyjadieny jako pramér + SD ze tfi experiment; signifikantni rozdil oproti kontrole *p < 0.05,
*p< 0.01, ***p< 0.001; DMSO, dimethylsulfoxid; Fe, Zelezo; CDCA, chenodeoxycholva kyselina; Rif,
rifampicin, ligand PXR; GW3965, ligand LXRa.

4.8 Zmény v expresi pERK a pJNK kinazy

V disledku absence vlivu nukledrnich receptorit béhem ID, se pozornost zaméfila na
druhou hlavni cestou represe transkripce genu CYP7A1, kterou je fosforylace extracelularni

regulaéni kinazy (ERK) a c-Jun N-terminal kinasy (JNK). Ob¢ kindzy integruji intracelularni
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signalizaci vychdzejici z n€kolika regulacnich kaskad jako napft. fibroblast growth factor
receptor 4, epidermal growth factor receptor (EGFR) nebo insulin receptor (IR). Fosforylace
ERK a JNK inhibuje transaktivaci CYP741/CYP8B1 geni prostfednictvim inhibice HNF4a
(Inagaki et al., 2005; Qi et al., 2015). Proto byla provedena detekce pERK a pJNK v jatrech
ID potkant a na HepaRG bunikach inkubovanych s rozdilnou koncentraci zZeleza (Graf 11B).
Ptrestoze jaterni pERK byla u ID zvitat snizena (Graf 11A), co miiZze podporovat desinhibici
Cyp7al, pJNK byl indukovan u ID (Graf 11A), coz by podporovalo opac¢ny uc¢inek. Podobné
rozporuplné vysledky pfinesly experimenty provedené na HepaRG bunkach. Variabilni
zmény v pERK a pJNK kinase naznaCuji, Ze se tyto nelcastni pozorované upregulace

Cyp7al/CYP7A1 béhem deplece zeleza.

Graf 11: Exprese ERK a JNK kindzy v jatrech a v lidské buné¢né linii.
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Hodnoty jsou vyjadieny jako primér + SD, (n = 7 pro kazdou skupinu) u potkanti a u HepaRG bunécni linii jako

pramér + SD tii experimentt; signifikantni rozdil oproti kontrole *p < 0.05, **p<0.01, ***p< 0.001; Chow diet,
kontrolni  skupina; ID, skupina sdepleci Zeleza;, DMSO, dimethylsulfoxid; Fe, Zelezo.
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4. Vysledky ¢ast 2. - Homeostaza ZK béhem nadbytku
Zeleza (10)

4.9 Pretizeni Zelezem (10) zptisobuje jeho masivni depozici

v potkanich h jatrech

4.9.1 Histologické vysetieni jater

Na  vytvofeni  signifikantni  kumulace  Zeleza v parenchymat6znich i
neparenchymatdznich buiikéach jater byl pouzit ovéfeny model zaloZeny na intraperitonealnim
podani 8 davek (100 mg/kg na davku) komplexu zeleza dextran-heptonové kyseliny
aplikované¢ kazdy druhy den (Najafzadeh et al, 2010). Tento rezim aplikace vedl
k masivnimu ukladdani Zeleza do jater bez signifikantnich projevil tézkého hepatocelularniho
nebo cholestatického poskozeni, jak je ziejmé z histologické analyzy jater obarvenych
hematoxylin-eozinem (HE) a Pruskou modii (PB) (Graf 12). Masivni ukladani zeleza bylo
patrné zejména v periportalnich (PP) zénéach jaterniho acinu ve srovnani s oblastmi kolem
centralni Zily (CV), jak je vizualizovano opalescentnimi strukturami v barveni HE a modrymi
deposity pii barveni PB. Zelezo bylo koncentrovano zejména v Kupfferovych buiikach (KC),
ale barveni PB vykazovalo také depozita v cytoplazmé hepatocytii 10 potkanti. U zvitat
aplikovanych fyziologickym roztokem nebyla pfitomna zadné zjevna kumulace Zeleza v
jatrech. Hmotnost jater nebyla signifikantné zménéna u 10 skupiny v porovnani s kontrolni

skupinou (13.5 + 0.5 g u kontrolni skupiny a 14.2 £ 0.5 g u 10 skupiny).
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Graf 12: Histologicka barveni jater na strukturu parenchymu a kumulaci Zeleza.

Saline 10

HE

Pruska modr

N = 6 pro kazdou skupinu; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (100
ml/kg) ob den; IO, skupina pietizend Zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) ob den; HE,
hematoxylin-eosin; KC, Kupfferovy buiiky; PP, periportanini oblast; CV, centralni véna.

4.9.2 Jaterni homeostaza Zeleza béhem 10

Pretizeni zelezem u 10 skupiny bylo potvrzeno zvySenim plazmatické koncentrace
zeleza a ferritinu (Graf 13A) a signifikantné zvySenou mRNA jaterni expresi gentl, které jsou
klicové v metabolizmu Zeleza, tj. hepcidinu (Hamp), ferritinu (Ft/), ferroportinu (Slc40al) a
represi transferrinového receptoru 1 (7rfcl) (Graf 13B). Tyto vysledky prokazaly typické
histologické, biochemické a molekularni znaky vyskytujici se pti kumulaci zeleza v jatrech.
Soucasné doslo k vyznamnému sniZeni exprese ,,iron-response element-binding protein 2“
(IRP2) (Graf 13C), jako indikatoru ptebytku Zeleza v jatrech (Anderson et al., 2012). IRP2
byl recentné¢ demonstrovan v roli pozitivniho regulatoru transkripce Cyp7al (Liang et al.,
2017), coz koresponduje s vysledky této studie a srozporuplnymi vysledky regulace
Cyp7al/CYP7ALI prosttednictvim hlavnich intracelularnich kaskad.
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Graf 13: Biochemické a molekularni indikatory pietiZeni organizmu Zelezem.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <

0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1

ml/kg) ob den; IO, skupina pfetizena zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) ob den.

93



4.10 PretiZeni Zelezem vedlo k mirnému poSkozeni jater a k

oxidaénimu stresu

4.10.1 Biochemické vySetieni plazmy

Kumulace Zeleza v jaterni tkdni mize indukovat oxida¢ni poskozeni jater (Philippe et
al., 2007). Pro zjisténi jaterniho poSkozeni v pouzitém IO modelu byla analyzovana plazma a
korespondujici jaterni biomarkery. Skodlivy efekt 10 na jaterni funkci byl potvrzen mirnym,
ale signifikantnim nartistem aktivity aspartataminotransferasy (AST) (Graf 14A) a zvySenou

plazmatickou koncentraci cholesterolu a bilirubinu (Graf 14B,C).

Graf 14:Indikatory jaterniho posSkozeni v plazmé.
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Hodnoty jsou vyjadieny jako prumér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1
ml/kg) obden; 10, skupina pietizend Zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) obden; ALT,

alaninaminotransaminasa; AST, aspartataminotransaminasa.
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4.10.2 Oxidacni stres v jatrech

Indukce oxidac¢niho stresu v jatrech IO potkant byla potvrzena nariistem koncentrace
oxidované formy glutathionu (GSSG) (Graf 15B) a poklesem poméru GSH/GSSG (Graf
15C).

Graf 15: Koncentrace riiznych forem glutathionu v jatrech a jejich pomér.
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Hodnoty jsou vyjadieny jako prumér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1
ml/kg) ob den; 10, skupina pfetizena Zelezem, aplikovand i.p. 8 davkami gleptoferronu (100 mg/kg) ob den.
GSH, redukovany glutathion; GSSH, oxidovany glutathion.

4.10.3 ZvySena exprese zanétlivych indikatori

Zmény v koncentraci glutathionu byly doprovdzeny nariistem exprese proteintl, které
jsou aktivovany oxida¢nim stresem. Jedna se o hemoxygenasu 1 (Hmox1) a fosforylovanou
p65 podjednotku NF-kB (Graf 16A). Tyto zmény neprovazely akutni zanétlivou odpovéd
jater, jak tomu napovida absence piitomnosti zanétlivych bunék pii histologickém vySetieni
(Graf 12) a nezménéna genova exprese tumor nekrosis faktoru (7nfa) a interleukinu 6 (116)
(Graf 16B). Navic kumulace zZeleza v jatrech vedla k aktivaci exprese 7gff/, doprovazené
nartstem exprese jim regulovaného Acta? (kdduje a-SMA protein) (Graf 16B), tj. chronické
profibrotické cesty (Mehta et al., 2018).
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Graf 16: Genova exprese zanétlivych indikatoru.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1
ml/kg) ob den; |0, skupina pietizena Zelezem, aplikovana i.p. 8 ddvkami gleptoferronu (100 mg/kg) ob den.
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4.11 10 redukuje tok Zlu¢e v diisledku sniZeni biliarni sekrece ZK

4.11.1 Tok Zluée a koncentrace ZK ve Zludi

Snizena biliarni sekrece ZK jiz byla béhem IO jednou popsana (Brunet et al., 1999),
ale jen s marginalni nivaznosti na komplexni mechanizmy tvorby Zlu¢e a homeostazu ZK.
Proto byl v této studii proveden sbér zluée s naslednou analyzou spektra jednotlivych ZK a
dalsich hlavnich slozek Zluge, v&etné toku Zlu¢e nezavislého na ZK zalozeného predevsim na
biliarni sekreci glutathionu. PretiZzeni Zelezem zpisobilo u potkanil signifikantni zpomaleni

toku Zlude (Graf 17A) a snizeni biliarni sekrece ZK (Graf 17B).

Graf 17: Tok Zluée a biliarni sekrece individudlnich ZK.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1
ml/kg) obden; 10, skupina pietizena zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) obden; BE,
bilidrni sekrece; ZK, zlu¢ové kyseliny; CA, kys. cholova; TDCA, kys. taurodeoxycholova; TCDCA, kys.
taurochenodeoxycholova; GCA, kys. glykocholova; TCA, kys. taurocholova; TMCA, kys. tauromuricholova.

4.11.2 Biliarni sekrece hlavnich slozek zluce

Bilidrni sekrece glutathionu, cholesterolu a fosfolipidii se mezi kontrolnimi a 10
potkany signifikantné neliSila (Graf 18 A). Rovné€z nezménény ziistaly systémové koncentrace
7K v plazmé a koncentrace cholesterolu v jatrech (Graf 18B-C). Tyto udaje podporuji zaveér,

ze snizeni produkce ZIuc¢i u 10 potkanti odrazi snizenou bilidrni sekreci ZK.
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Graf 18: Biliarni sekrece osmotickych sloZek Zluce.
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4.12 Pisobeni IO na jaterni expresi molekul odpovédnych za

obrat ZK a cholesterolu

4.12.1 PCR analyza transportéri a enzymi odpovédnych za metabolizmus ZK

Za ucelem odhaleni mechanizmli odpovédnych za zmény biliarni kinetiky cholesterolu

a ZK byla analyzovana exprese jaternich transportnich proteinti a enzymi s kli¢ovymi
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funkcemi v absorpci, sekreci a metabolizmu téchto latek. Pfi hodnoceni kli¢ovych gent v
syntéze ZK a cholesterolu, IO signifikantn& snizil expresi mRNA Cyp7al a signifikantnd
zvysil genovou expresi 3-hydroxy-3-methyl-glutaryl-koenzym A reduktasy (Hmgcr), rychlost
udavajiciho enzymu syntézy cholesterolu (Graf 19A). Ze vSech apikélnich a bazolateralnich

transportéri 10 signifikantné indukoval expresi mRNA Abcbla/lb a Abcc3/Abcb4 (Graf
19B).

Graf 19: Genova exprese enzymii a transportéri ZK.
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Hodnoty jsou vyjadieny jako prameér + SD, (n = 6 pro kazdou skupinu); Signifikantni rozdil oproti kontrole *p <
0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1
ml/kg) ob den; IO, skupina pfetizena zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) ob den.

4.12.2 WB analyza transportéri a enzymi zodpovédnych za jaterni obrat

Zlucovych komponent

Pozorované transkripni zmény byly ndsledovany odpovidajicimi zménami v expresi
ptislusnych proteint. Byla zjiS§téna downregulace Cyp7al (Graf 20A), upregulace HmgCR
(Graf 20A), Mdr1 (Graf 20B), hlavniho apikalniho efluxniho transportéru pro léciva, a Mrp3 /
Mrp4 (Graf 20B), bazolateralni efluxni transportéry pro konjugované aniontové slouceniny,
jakymi jsou glukuronidy rtiznych endo- a xenobiotik a ZK. Nicmén& IO také snizil
proteinovou expresi Cyp8bl (Graf 20A) a Ntcp, esencialniho proteinu pro vychytavani ZK z
portalni krve do hepatocyti (Graf 20B). ZvySena exprese Abcg8, apikdlniho efluxniho

transportéru pro cholesterol z jater do ZluCe, nebyla nasledovana odpovidajici zménou v

99



Abcg5, coz miize znamenat, ze funkce tohoto heterodimeru nebyla zvysena, jak naznacuje

také nezménéna biliarni sekrece cholesterolu (Graf 18A).

Graf 20: Exprese transportérii a enzymu ZK.
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4.12.3 Western blot a PCR analyza Mrp2 a Bsep

Genova exprese obou proteintl nebyla u IO zménéna (Graf 21 A), zatimco Western blot
analyza potvrdila downregulaci jak Bsep, tak Mrp2 na rovni proteinu (Graf 21B). Pfedchozi
studie popisuji (Zinchuk et al., 2005; Geier et al, 2007), Ze Bsep a Mrp2 mohou byt
regulovany posttranskripéné, a to zvySenym piesunem z kanalikuldarni membrany do

intracelularniho subapikélniho prostoru s naslednou degradaci.

Graf 21: Exprese hlavnich apikalnich transportérua na arovni mRNA a proteinu
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0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1
ml/kg) ob den; IO, skupina pfetizena zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) ob den.
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4.12.4 Imunohistochemie kanalikularnich transportéra Bsep a Mrp2

Na potvrzeni downregulace obou transportérii a identifikaci jejich lokalizace byla
provedena imunohistochemickd analyza. Imunohistochemické barveni jater ukazalo silnou
expresi Mrp2 i1 Bsep v kanalikularni membrané hepatocytt u kontrolnich potkanti (Graf 22).
U IO potkanii byla exprese obou transportnich proteinli snizend s apikalni i subapikalni

distribuci, coZ podporuje zmiflovanou posttranskripéni regulaci.

Graf 22: Lokalizace apikalnich transportérii na membranach hepatocyti.
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ml/kg) ob den; 10, skupina pfetizena zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) ob den;

Mdr2, Multidrug resistance protein 2; Bsep, Bile Salt Export Pump.
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4.13 10 méni stievni obrat ZK

Piiblizng 95 % ZK vstupujicich do stieva zluéi je reabsorbovano v ileu do portalni
krve a nasledné znovu pouZito hepatocyty k sekreci do ZIuéi. Pro posouzeni obratu ZK byla
proto analyzovéna ztrata ZK do stolice. LC-MS analyza potvrdila, ze ZK byly pfitomny ve
stolici pouze v nekonjugované formé. Obsah ZK ve stolici byl mezi jednotlivymi zvifaty ve
skuping vysoce variabilni, proto tendence ke snizeni vylu¢ovani ZK u IO potkanti nedosahla
statistické vyznamnosti (Graf 23A). To naznauje, Ze snizena biliarni sekrece ZK mohla byt
kompenzovana jejich snizenou reabsorpci v ileu. Western blot analyza nepotvrdila
signifikantni zmény exprese proteinti Asbt a Osto/f, tj. hlavnich transportérti pro reabsorpci
7K na apikalnich a bazolateralnich membranach enterocyti ilea (Graf 23B), a proto jsme se
soustfedili na analyzu individualnich ZK ve vzorcich stolice. Analyza LC-MS ukézala, Ze
exkrece ZK do stolice byla snizena u vét§iny ZK u IO potkani s vyjimkou kyseliny
hyodeoxycholové (HDCA) (Graf 23A). HDCA byla pfitomna ve vyznamném mnozstvi ve
tyfech ze Sesti IO potkantl, a tim vytvofila variabilitu celkového obsahu ZK ve stolici.
HDCA nebyla viibec pfitomnd u kontrolni skupiny potkanti. To naznacuje, Ze metabolicka
konverze ZK stfevni mikroflorou miize vyrazné modifikovat snizenou biliarni sekreci ZK u

10 potkant.

103



Graf 23: Biliarni sekrece individualnich ZK a ilealni transportéry ZK.
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0.05, **p< 0.01, ***p< 0.001; Saline, kontrolni skupina, aplikovana i.p. 8 davkami fyziologického roztoku (1
ml/kg) ob den; 10, skupina pfetizena Zelezem, aplikovana i.p. 8 davkami gleptoferronu (100 mg/kg) ob den.
LCA, kys. litocholovda; DCA, kys. deoxycholovd; HDCA, kys. hyodeoxycholova; UDCA, kys.
ursodeoxycholové; BMCA, kys. f-muricholova.

104



5. Diskuse

Z dosazenych vysledkll vyplyva, Ze dieta s depleci zeleza vedla u potkanti k nartstu
toku Zlu¢e v disledku zvyseni bilidrni sekrece ZK a glutathionu se souasnym navySenim
biliarni sekrece cholesterolu a fosfolipidii. U ID potkanti doslo ke zméné spektra ZK ve Zluéi,
k poklesu plazmatickych koncentraci ZK a cholesterolu. Molekularni analyza prokazala, Ze
tyto zmény u ID skupiny souvisi s aktivaci transkripce Cyp7al, enzymu udavajiciho rychlost
syntézy ZK z cholesterolu a Abcg5/8 apikélnich transportérii pro cholesterol. Experimenty
provedené¢ na HepaRG diferencované lidské bunécné linii potvrdily transkripéni aktivaci
lidského promotoru pro CYP7A1 pfi depleci zeleza nezavisle na FXR, LXRa a PXR regulaci.
Zajimavosti je, ze nedoslo ke zméné& exprese transportérii pro ZK nebo ke zméné jejich
bunéné lokalizace. Vysledky vtéto studii tedy prezentuji dilezit¢é informace o
mechanizmech zodpovédnych za sniZeni sérovych koncentraci cholesterolu a ZK pii depleci

zeleza v organizmu.

Zelezo umoziuje transport kysliku v organizmu, ale zastava i roli kofaktoru v dalsich
fyziologickych a patofyziologickych reakcich (Fleming and Ponka, 2012). Mimo jiné nachazi
zelezo uplatnéni v fad€ jaternich funkci a jatra rovnéz hraji hlavni roli v regulaci homeostazy
zeleza. Proto je poznani vzajemného vztahu meénicich se koncentraci zeleza a regulace
ruznych jaternich pochodii velmi dilezité. Pokud jde o mozny vliv ID na sekreci zluci a
homeostazu Zzlu¢ovych komponent, vétSina dosud znamych informaci se soustfedila na
homeostazu cholesterolu. Opakované bylo pozorovéano, ze ID ma schopnost snizovat sérovou
koncentraci cholesterolu u lidi i u potkant (Stangl and Kirchgessner, 1998; Choi et al., 2001),
nicméné odpovédné mechanizmy nebyly pln€ objasnény. Snizena sérova hladina cholesterolu
u ID potkani v nasi praci koresponduje s dostupnymi literarnimi daji, coz bylo zékladni
podminkou pro dals$i hodnoceni (Tabulka 8.). Detailni molekularni studii se nam podatilo
identifikovat dva hlavni mechanizmy zodpovédné za pokles cholesterolemie. Prvnim je
origindlni zjisténi, ze ID zvySuje bilidrni sekreci cholesterolu (Graf 2A) prostfednictvim
indukce kanalikuldrniho Abcg5/8 transportéru (Graf 5SA a 7A). To odpovidd neddvnému
pozorovani, Ze nizké hladina Zeleza v séru je predispozi¢nim faktorem pro supersaturaci zluci
cholesterolem, coz vede ke zvySeni tvorby cholesterolovych Zlu¢nikovych kamend u lidi
s depleci zeleza (Pamuk et al., 2009; Prasad et al., 2015). Ackoliv nasledna analyza u ID
potkantll prokézala pouze tendenci ke zvyseni indexu saturace cholesterolu ve zluc¢i (Graf 2C),
ziskané informace o zvySeni sekrece cholesterolu do zlu¢i béhem ID ptedstavuji prvni prikaz

mozného mechanizmu. Navic toto zjisténi nabyva na vyznamu v klinické praxi, protoZe na
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rozdil od potkanti, ktefi nemaji zlucnik, u lidi mize koncentrovani Zluce ve zluéniku vést
k dalsimu zvySeni koncentrace cholesterolu ve zlu¢i a k naslednému vyskytu zlucovych
kamenti (Van Erpecum, 2011). Dal§im mezidruhovym rozdilem akcentujicim vyznam zjisténi
pro lidi je niz§i obsah hydrofilnich ZK jakou je kyselina ursodeoxycholové, ktera redukuje
krystalizaci cholesterolu za patofyziologickych podminek (Wang and Carey, 1996). U
potkanti s depleci Zeleza byla pozorovana zvysena koncentrace zejména hydrofilnich kyselin
tauro-o/p-muricholové. Lze proto predpokladat, 7e zvy$ena syntéza ZK u lidi s depleci Zeleza
vede k rozdilnym spektrim ZK. To miize vzniknout v disledku dominance klasické cesty
syntézy ZK s prevahou hydrofobnich ZK, které mohou dale podporovat tvorbu Zlué¢nikovych

kamenu.

Zvysena syntéza ZK z cholesterolu je druhym hlavnim mechanizmem, ktery vede
k poklesu plazmatické koncentrace cholesterolu u ID, jak bylo naznaceno v praci Kamei et al.
(2010), ve které detekovali upregulaci Cyp7al. Avsak absence analyzy ZK a jejich spekter
v této studii nechala otdzku mechanizmu regulace otevienou. Proto jsme se soustiedili na
detekci enzymii, které jsou odpovédné za metabolizmus ZK v jatrech v kombinaci s LC-MS
analyzou koncentraci individualnich ZK. Dilezitym bylo zjisténi, ze ID indukuje nejen
Cyp7al, ale i dalsi klicové enzymy syntézy ZK, Cyp8bl a Cyp27al. Jejich upregulace byla
doprovéazena zvysenou biliarni sekreci ZK, predevsim tauro-a/BMCA, za kterou odpovida
indukce Cyp27al, zatimco zvySeny pomér bilidrni sekrece CA/CDCA korespondoval s
indukci Cyp8bl. V jatrech potkanti s depleci Zeleza tedy dochédzi ke komplexni indukci
syntézy ZK.

Predesl¢ studie prokdzaly redukci jaterniho obsahu cholesterolu u potkant s ID
(Kamei et al., 2010). Tento literarni udaj koreluje se zvySenou bilidrni sekreci cholesterolu a
jeho zvysenou proménou na ZK, a také se snizenym vychytavanim cholesterolu do jater pres
redukované Ldl a Sr-bl receptory (Graf 7A). Nicméné jaterni obsah cholesterolu byl u nasich
zvifat s ID nezménén, co je patrné zplisobeno nezménénou expresi Hmg-CoA reduktazy a
snizenim exprese efluxniho transportéru Abcal pro ptfenos cholesterolu z hepatocyti do
plazmy (Graf 7A). To znamend, Ze redukovand sekrece cholesterolu z hepatocytli na
basolateralni membrané kompenzuje zvySenou biliarni eliminaci cholesterolu na tikor snizeni

plazmatické koncentrace cholesterolu u ID potkant.

Zvyseni biliarni sekrece ZK je mozné dosahnout jejich zvySenou syntézou, ale rovnéz
zvySenym transportem do Zluce prostfednictvi Bsep. Za tcelem rozliSeni obou mechanizmii
jsme provedli dodate¢nou in vivo clearence studii s infuzi radioaktivng znateného °H-
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taurocholatu (Graf 4). Za téchto podminek byl vynechan podil de novo syntézy ZK. I u téchto
zvitat doslo k nartstu toku Zluce, coz potvrdilo cholereticky ucinek ID. Nicméné koncentrace
3H-taurocholatu v plazmé i rychlost jeho biliarni sekrece nebyla u ID potkanii zménéna, coZ
poukazuje na absenci podilu Bsep na pozorovanych zménach v homeostize ZK (Graf 4).
Zvysena exprese Ntcp a Oatp transportérii zodpovédnych za vychytani ZK z plazmy na
bazolateralni membrang, nebyla spojena se zvySenym biliarni sekreci *H-taurocholétu, coz Ize
vysvétlit oboustrannym transportem *H-taurocholatu pfes bazolaterdlni membranu. Tyto udaje
dale podporuji skutecnost, ze zvy$ena syntéza a naslednd jaterni dispozice ZK, je hlavni
determinantou, ktera je zodpovédna za stimulaci toku Zlu¢e béhem ID. Naopak pozorovana
redukce stfevniho Osto/f transportéru miize prispét k jejich snizené plazmatické koncentraci
bhem ID v disledku sniZeni reabsorpce ZK v ileu (Graf 6A). Tyto mechanizmy mohou
rovnéz prispivat ke zmirnéni cholestatického poskozeni jater prostfednictvim redukce
dispozice Zeleza, jak bylo uvedeno v predchozich studiich (Peretz et al., 2006; Otogawa et al.,
2008; Cermanova et al., 2014).

Narast biliarni koncentrace ZK (Graf 9B) u ID potkand byl doprovazen zvy$enou
sekreci fosfolipidi (Graf 2B). Tento udaj souhlasi s redukci koncentrace fosfolipidii v séru
pozorovanou v predchozi studii s ID zvitaty (Stangl and Kirchgessner, 1998). Nicméné
odpovidajici kanalikularni transportér pro fosfolipidy, Mdr2, byl na proteinové urovni beze
zmény navzdory indukci exprese jeho Abcb4 genu na irovni mRNA. Podobné zvysSeni Abch4
bylo zaznamenano i v pfedeslé studii Kamei et al. (2010). Divod nesrovnalosti mezi mRNA a
proteinovou expresi Mdr2 neni znam. Této zjisténi v§ak naznacuji, Ze zvySena biliarni sekrece
fosfolipidi miize byt u ID zvifat pfiéitina zvyseni bilidrni sekrece ZK, které extrahuji
fosfolipidy z kanalikularni membrany do Zzlu¢e (Oude Elferink and Paulusma, 2007).
Analogicka situace byla zaznamenana i u mysi se zvySenou expresi Bsep, s vyrazné zvysenou
biliarni sekreci ZK a soucasné i fosfolipidii bez zmény exprese Abch4/Mdr2 (Figge et al.,
2004).

Zvyseny tok zlu¢e mize byt rovnéz disledkem upregulace Mrp2 transportéru, ktery je
klicovy pro transport anionickych sloucenin pies kanalikuldrni membranu do Zluce, a to
véetné osmoticky aktivniho glutathionu (Ruiz et al, 2007). Deplece Zeleza v
nasi experimentalni skupiné zvifat nevedla ke zménam exprese Mrp2 (Graf 5A a 7C ), piesto
vSak doSlo ke zvySeni bilidrni sekrece glutathionu. Vysvétleni tohoto jevu lze nalézt ve
zvyseni jaterniho obsahu redukované formy glutathionu (GSH). Téato kumulace patrné souvisi
sjeho obrannou funkci proti oxidaénimu poskozeni jater prostifednictvim inaktivace

reaktivnich forem kysliku (ROS). Pomér GSH/GSSG je proto obecné pouzivan jako indikator
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oxida¢niho stresu v tkanich (Chen et al., 2013). Kumulace Zeleza v tkanich je zndmym
faktorem generovani volnych radikali Fentonovou reakci (Fleming and Ponka, 2012). Lze
proto ptedpokladat, Ze snizeni jaterniho obsahu Zeleza pomoci ID potravy vedlo u zvifat ke
snizené oxidaci GSH v dusledku snizené tvorby volnych radikalli nasledované zvysenou
dispozici a zvySenou biliarni sekreci glutathionu.

Prozanétlivé cytokiny jako IL-1, IL-6 a TNF-a mohou inhibovat tvorbu Zlu¢i snizenim
exprese bazolateralnich i kanalikularnich transportnich proteint, coz je podkladem pro vznik
cholestazy béhem zanétlivych onemocnéni (Boyer 2013). Deplece Zeleza miize vést ke
snizeni exprese zminénych cytokini béhem zanétu (Darshan et al., 2010). Proto jsme provedli
analyzu mRNA hlavnich cytokind, které jsou indukovany béhem akutniho nebo chronického
zanétu v jatrech (Graf 6B). U zvifat s ID nedoSlo ke zméné genové exprese zanétlivych
markerQ, coz naznacuje, ze tyto cytokiny nejsou zodpovédné za zmény v jatrech pozorované u
ID potkant.

Indukce genové exprese Abcgd/8, Abcb4, Abcc3, NrOb2 (Shp), Cyp7al, Cyp8bl a
Srebf1 (Graf 5) v experimentalni ID skupiné naznacuje aktivaci nukledrnich receptort jako
FXR a LXRa, které predstavuji hlavni regulacni receptory pro zminéné geny (Halilbasic et
al., 2013). Proto byly analyzovany geny, které ptedstavuji typické cilové struktury pro
jednotlivé nuklearni receptory. Genova exprese Bsep a Shp, kterad je regulovand predevsim
FXR, vSak vykazovala nejednotnou odpovéd’; prvni byl nezménén a druhy vyrazné up-
regulovan. Podobna reakce byla detekovana v ileu, kde Osta/ff geny regulované FXR byly
reprimované (Graf 6A). Proto miizeme ocekavat, ze aktivace FXR receptoru nehraje dilezitou
roli ve sledovanych zménach u ID potkant, coz potvrdila i nasledna in vitro studie. NrOb2
(Shp) gen mutze byt také indukovan stimulaci LXRa (Kim et al., 2009). Rovnéz zvySeni
exprese dalSich geni regulovanych LXRa jakymi jsou Cyp7al, Abcg5/8 a Srebfl, silné
naznacuje, ze ID podporuje v jatrech potkant signalizaci pfes LXRa receptor. Tuto hypotézu
potvrzuje nalez zvysené proteinové exprese LXRa receptoru. Nezménénd mRNA LXRa (Graf
5D) svéd¢i pro posttranskripéni modulaci jeho exprese u ID skupiny (Graf 7A).

ProtoZe v literatuie byly jist¢ pochybnosti o schopnosti LXRa transaktivovat lidsky
CYP7A1 (Li and Chiang, 2012), provedli jsme mechanistické experimenty v diferencovanych
lidskych HepaRG buiikach a v buiikach HepG2 exprimujicich exogenni LXRa spole¢né
s transfekei luciferasou znaceného CYP7A1 promotoru, kde GW3965 byl pouzit jako
synteticky ligand LXRa (Graf 10C). V této in vitro studii jsme potvrdili, ze ID indukuje
mRNA expresi CYP7Al, coz svéd¢i pro podobny ucinek nedostatku Zeleza v lidskych

hepatocytech, jaky jsme pozorovali v potkanich jatrech a otevird klinickou relevanci naSich
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poznatkll. Nicméné koexprese CYP7A1 promotoru s LXRa, FXR nebo PXR prokézala na
bunikdch HepG2 supresivni ucinek na CYP7Al promotorovy konstrukt a GW3965 nemél
zadny ucinek na aktivaci promotoru CYP7A1l v nepfitomnosti nebo piitomnosti LXRa.
Podobné ligandy FXR a PXR, CDCA a rifampicin, mély supresivni u€¢inek na transaktivaci
promotoru CYP7A1 (Graf 10C), coz je v souladu s jejich roli v regulaci CYP7A1 (Li_2015).
Na zaklad¢ téchto pozorovani miizeme tvrdit, ze deplece zeleza indukuje v lidskych buiikach
expresi CYP7A1 nezavisle na LXRa, FXR a PXR. Nase data rovnéz vylouc¢ily moZnosti
regulace CYP7A1 ptes pERK a pJNK kinazy, coz je v souladu s absenci zmén
protizanétlivych cytokinti.

Po vylouceni téchto zakladnich cest regulace syntézy ZK zistala velkou vyzvou
identifikace mechanizmu, jakym dochazi k indukci Cyp7al/CYP7A1 béhem nedostatku
zeleza. Odpoved pfinesla studie (Liang et al., 2017) publikovand paraleln¢ s tou nasi, kde se
podafilo ovéfit hypotézu, Ze modulace mRNA Cyp7al Zelezem je provadéna piimo pies IRP1
a IRP2 proteiny, které se podileji na regulaci koncentrace zeleza v buitkach. Obecné plati, ze
pokud vznikne v bunkach deficit Zeleza, IRP se vazou na iron-responsive elements (IREs) v
netranslatovanych oblastech (UTR) mRNA pro divalentni transportér 1 (DMTI1) a
transferrinovy receptor 1 a zvySuji jejich expresi stabilizaci mRNA, zatimco vazba IRP na
UTR feritinu a feroportinu blokuje translaci jejich mRNA. Pokud je Zelezo v ptebytku,
ziskava IRP1 cluster 4Fe-4S a vytvofi inaktivni akonitasu, zatimco IRP2 podl¢hd degradaci,
takze jejich vazba na UTRs obecné klesd (Anderson et al., 2012; Liang et al., 2017). Liang et
al. (2017) prokazali, ze Cyp7al ma ve svém 3'-UTR ne-kanonickou strukturu IRE, kterd mtize
ucinné vazat jak IRP1, tak 1 IRP2 a zvysit transkripci tohoto enzymu. ZvySeny obsah Zeleza v
jatrech snizuje IRP1 a IRP2 a nasledné snizuje expresi Cyp7al, zatimco desferrioxamin,
chelator Zeleza, ma induk¢ni ucinek. Poskozeni struktury IRE v UTR genu Cyp7al rusi
modula¢ni U€inek Zeleza. Zmény exprese IRP proteint detekované v nasSich studiich v jatrech
potkanli s deficitem Zeleza (indukce IRP), jakoz i1 sjeho piebytkem (redukce IRP),
koresponduji s témito zaveéry a potvrzuji vyznamnou roli IRP v regulaci Cyp7al u potkant
sID alO.

Pro zjidténi komplexniho vlivu Zeleza na homeostizu ZK byla nami nasledné
provedena studie, ve které byl indukovéan jeho pfebytek s vyznamnou jaterni kumulaci (Graf
12). Podobné jako v piipad¢ nedostatku zeleza, i zde byly zndmy predevsim ucinky nadbytku
zeleza na prekurzor ZK, cholesterol. Tyto studie demonstrovaly vyznamné rozdily mezi
podminujici patologickou situaci. Zatimco lidé a mysSi (Padda et al, 2015) s geneticky

podminénym IO, jakymi jsou talasemie nebo dédi¢nd hemochromat6za, maji vétSinou snizené
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plazmatické koncentrace cholesterolu, modely hlodavct zalozené na aplikaci zeleza obvykle
zvySuji plazmatické (Brunet et al, 1999) a piipadné i jaterni koncentrace cholesterolu
(Graham et al., 2010). Podobné je opakované popisovana vyznamna kumulace Zeleza
v jatrech asi u jedné tfetiny nemocnych s metabolickym syndromem provazenym
nealkoholovym ztukovaténim jater (NAFLD), u kterych lze rovnéz najit vyznamné zvyseny
cholesterol v plazmé (Dongiovanni et al., 2011). Tato klinicka situace je oznaCovéana jako
dysmetabolicky syndrom s nadbytkem Zzeleza (Dysmetabolic Iron Overload Syndrome) a
zviteci modely zaloZené na nadmérné aplikaci Zeleza lépe koresponduji s timto stavem.
Tomuto poznatku odpovidd 1 nami detekované ukladani Zeleza v hepatocytech i
neparenchymatdznich buiikach (napi. Kupfferovy bunky) typické pro NAFLD (Valenti et al.,
2010), zatimco geneticky podminéné nemoci vedou ke kumulaci Zeleza pfedevSim v
hepatocytech.

Vyzkum molekularnich mechanizmt zatim neposkytl konzistentni vysledky, které by
vysvétlovaly hypercholesterolemii béhem I10. Brunet a kol prokéazali u potkant s IO
navozenym dietou sniZzenou jaterni aktivitu jak HmgCR, tak i Cyp7al, coz bylo doprovazeno
zvySenou plazmatickou hladinou cholesterolu, jeho nezménénou koncentraci v jatrech a
snizenym bilidrnim vylu¢ovanim ZK a cholesterolu. SniZena exprese genu Cyp7al spoleéné
se zvySenou koncentraci cholesterolu v plazmé byla také detekovana u mysi s hereditarni
hemochromatézou navozenou deficitem hefestinu (Hfe”") u kmene DBA/2, ale ne u mysi Hfe
- kmene C57BL/6 (Coppin et al., 2007). V jiné studii vykazovaly mysi krmené dietou
obohacenou o Zelezo pozitivni korelaci mezi obsahem Zeleza v jatrech a mRNA expresi
Hmgcr, ale nebyl pozorovan zadny vztah mezi expresi Cyp7al a koncentraci cholesterolu v
plazmé (Graham et al., 2010). Vysledky nasi studie pfinaseji v tomto kontextu dulezité a nové
informace, ze 10 miize dokonce vést ke skodlivé kombinaci poklesu Cyp7al a indukce
HmgCR (Grf20A). Je pravdépodobné, ze nesrovnalosti v dostupnych informacich o zménach
HmgCR a Cyp7al béhem IO jsou spojeny se zékladni patologii a prameni z odlisného stupné

a lokalizace kumulace zeleza v jatrech.

Jaterni HmgCRje regulovéana transkripénim faktorem SREBP-2 jako odpovéd na
snizeny obsah cholesterolu ve tkdni (Horton et al, 2002). Nezménéné koncentrace
cholesterolu v jatrech u naSich IO potkanli naznacuji vliv dalSiho faktoru aktivujictho SREBP-
2. V posledni dobé bylo popsano, ze SREBP-2 mize byt indukovan ROS (Seo and Shin,
2017). ZvySena produkce ROS je typickym privodnim jevem kumulace zeleza v jatrech
(Philippe et al., 2007). Snizeny jaterni pomér GSH/GSSG (Graf 15C) a indukce exprese
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Hmoxl a fosforylace p65 NF-kB (Graf 16A) potvrdily vznik oxida¢niho stresu u naSich
potkanti s 10. Proto lze ptedpokladat, ze indukce jaterni drahy ROS-SREBP-2 je zodpovédna
za indukci HmgCR u potkanti s I0. Absence kumulace cholesterolu v jatrech (Graf 18C)
spolu s jeho nezménénym vyluCovanim zluc¢i (Graf 18A) naznacuji, Ze zvySené koncentrace
cholesterolu v plazmé jsou podminény jeho zvySenym vystupem z jater do krevniho fecisté v
reakci na zvySenou syntézu indukovanou HmgCR a na zpomalenou syntézu ZK diky
snizenému Cyp7al. Indukce HmgCR také naznaCuje potencialni terapeutickou strategii 1écby
statiny, Iéky blokujicimi HmgCR, které skute¢né projevily ptiznivé u€inky u NASH, t;.

syndromu spojeného se zvySenym ukladanim Zeleza v jatrech (Dongiovanni et al., 2015).

Transportni proteiny, které zprostiedkovavaji vychytani ZK do hepatocytl a jejich
biliarni sekreci, nebyly dosud béhem IO studovany navzdory dikazu redukce biliarni sekrece
ZK (Brunet et al., 1999). V nasi studii se podafilo prokazat posttranskripéni downregulaci
hlavnich z nich, Ntcp, Bsep a Mrp2, kterd svym charakterem ptipomind zvySenou degradaci
téchto proteinli pozorovanou béhem zanétu (Zinchuk et al., 2005; Geier et al., 2007). Udaje z
imunohistochemie skute¢né potvrdily signifikantné snizenou kanalikularni lokalizaci Bsep a
Mrp2 v jatrech potkand s IO ve srovnani s kontrolnimi potkany. Tento zplsob regulace
odpovida aktivaci Tgf-p kaskady a pfedevSim probihajicimu oxida¢nimu stresu u potkanil s
10. To potvrzuje i upregulace Mdrl, kterad je indukovana v jatrech vazbou fosforylovaného
NF-kB na promotor Mdrl (Nishanth et al., 2010). Spole¢né se snizenou syntézou ZK mohou
tyto zmény piispivat ke snizeni biliarni sekrece ZK (Graf 17B) u potkantl s 10 a mohou
modifikovat bilidrni sekreci mnoha sloucenin véetné 1€kti. Kromé toho snizené vychytavani
ZK prostiednictvim redukce Ntcp a jejich zvyseny eflux z hepatocyti do krve pies
indukovany Mrp4, miize pfispét k nezménénym plazmatickym koncentracim ZK a zabranit
intraceluldrni kumulaci ZK v disledku jejich zhor§ené bilidrni sekrece. Soudasné nase data
vysvétluji pozorované zvySeni plazmatickych koncentraci bilirubinu v disledku
downregulace apikalniho Mrp2 (biliarni sekrece), upregulace bazolateralniho Mrp3 (eflux
z hepatocytli do krve) a indukce Hmox1 (katalyzuje rozklad hemu s néslednym uvolnénim

bilirubinu).

Vliv IO na vylu¢ovani ZK do stolice nebyl dosud popsan. Proto jsme provedli analyzy
ZK ve sbirané stolici. Dilezitym bylo zji§téni, Ze u potkani s IO zistalo vylu¢ovani ZK
stolici neovlivnéno (Graf 23A) navzdory jejich snizené dodavce do stfeva prostfednictvim
7luge, coz svédéi pro snizené zpétné vychytavani ZK ze stieva. Hlavni transportéry pro zpétné

vychytavani ZK ze stfeva, Abst a Ost, viak nebyly 10 vyznamné ovlivnény. Naproti tomu
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analyza spektra ZK ve stolici IO potkanii poukdzala na vyraznou individualng variabilni
intestindlni konverzi ZK na HDCA. Pfedchozi studie prokézala neti¢innou absorpci HDCA ze
stieva u potkanti kmene Wistar, coz vedlo k zavéru, ze fekalni ztraty ZK prostiednictvim
jejich konverze na HDCA mohou byt dalezitym mechanizmem pro regulaci dispozice
cholesterolu v organizmu (Madsen et al., 1975). Pro snizenou absorpci HDCA v nasi studii
svédcila analyza HDCA v portalni krvi, kde nebyl nalezen statisticky signifikantni rozdil mezi
skupinami, navzdory zvySenému obsahu HDCA ve stolici 4 ze 6 10 zvirat, absenci HDCA ve
stolici odebrané od kontrolni skupiny a absenci HDCA ve zlu¢i u obou skupin. Lze
predpokladat, ze variabilni proména ZK na HDCA je zprostiedkovand zménou spektra
intestinalnich bakterii u 10 potkanti (Eyssen et al., 1999), nicméné¢ tato hypotéza musi byt dale
studovana. Analyza ZK ve stolici pfinesla i dal§i vyznamné zjisténi, a to Ze zménu v expresi
jaternich syntetickych drah ZK 1épe reflektuje jejich obsah ve stolici nezli ve Zlu¢i. Tykalo se
to predev§im redukce Cyp8bl, hlavniho enzymu neutralni cesty; zatimco biliarni sekrece
ukazovala neselektivni snizeni syntézy ZK navzdory nezmé&nénému kli¢ovému enzymu kyselé
drahy tj. Cyp27al, obsah ZK ve stolici ukézal zejména pokles DCA, hlavniho reprezentanta
této neutralni drahy u IO potkand. To potvrzovala i zvySend tvorba HDCA, metabolitu

kyseliny muricholové, typického produktu kyselé drahy syntézy ZK.
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Zavér

Z vysledku této dizertacni prace vyplyva, Ze zvySeny i snizeny obsah Zeleza v jatrech
mé komplexni G¢inek na tvorbu Zluée a homeostazu ZK a cholesterolu. Zmény v téchto
zakladnich funkcich jater jsou béhem nedostatku a nadbytku zeleza Casto protichiidné, coz je
v souladu s ocekdvanou zavislosti na aktudlnim obsahu Zeleza. Nicméné dil¢i zapojené
mechanizmy, prostfednictvim kterych k pozorovanym zménam dochézelo, se mezi ID a 10
zvitaty castecné liSi. Za pouziti relevantnich potkanich in vivo modeld jsme zjistili, ze
nedostatek Zeleza ma stimula¢ni G¢inek na sekreci Zzluée prostfednictvim aktivace na ZK
zavislého 1 nezdvislého mechanizmu. Naopak nadbytek Zeleza produkci Zluce snizoval

inhibici pouze ZK zprostiedkované cholerézy.

Molekularni analyza odpovédnych mechanizmti ukazala, Zze klicovou roli
v pozorovanych zménach homeostizy ZK a cholesterolu u ID i 10 skupin ma modulace
Cyp7al, hlavniho enzymu v procesu syntézy ZK. Nedostatek Zeleza expresi Cyp7al zvysuje,
zatimco nadbytek Zeleza ji snizuje. To je provazeno odpovidajicimi zménami v plazmatickych
hladinach cholesterolu, ze kterého jsou ZK syntetizovany. Piinosny byl nasledné i screening
regula¢nich mechanizmt, kde se podatilo prokazat, ze hlavni cesty regulace Cyp7al, tj. FXR
receptorova kaskdda a déje meénici fosforylaci INK a ERK kinas, se na pozorovanych
zménach nepodileji. Tato skute¢nost byla paraleln¢ potvrzena jinou vyzkumnou skupinou,
kterd identifikovala jako nejpravdépodobnéjsi mechanizmus piimou modulaci pies IRP
proteiny, coz koresponduje i s nalezy druhé nasi studie zamerené na vliv nadbytku Zeleza. Zde
se nam podatilo potvrdit, Ze zmény v homeostdze ZK provazeji snizeni exprese IPR proteint.
Dodatecna analyza rovnéz ukéazala, Ze nedostatek Zeleza zvySuje piitomnost piedev§im IRP2

proteinu.

Dulezitym bylo rovnéz zjisténi zvySené bilidrni sekrece cholesterolu u zvifat
s nedostatkem Zeleza prostfednictvim indukce jeho transportnich proteinti, coz za této situace
déle vysvétlilo snizené plazmatické hladiny cholesterolu a poprvé piineslo mozné vysvétleni
zvySené tvorby zlucovych kament u lidi s depleci zeleza. U zvirat s nadbytkem zeleza byl
identifikovan mozny mechanizmus zvySené syntézy cholesterolu prostfednictvim oxida¢nim
stresem aktivované Srebp2- HmgCR kaskady. Soucasné byla u zvifat s nadbytkem Zeleza
identifikovana indukce hlavniho enzymu a transportéru pro eliminaci 1é¢iv, coz mize mit

dopad pro farmakokinetiku fady IéCiv, ktera jsou jejich substraty.
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Vysledky naSich studii pfispivaji k poznani patofyziologie klinicky casto se
vyskytujicich situaci, jakymi jsou nedostatek zeleza vznikajici zejména b&hem jeho
zvySenych ztrat nebo nadmérné potieby béhem téhotenstvi a nadmérna jaterni kumulace
provazejici ztukovaténi jater béhem obezity. Proto je vhodné déle studovat klinické disledky
zmén hladin Zeleza na patofyziologii téchto onemocnéni a dopady na aplikovanou terapii.
V feseni této problematiky proto vyzkumny tym pokracuje v kooperaci s odborniky z klinické

praxe, zejména v oblasti vyzkumu téhotenské cholestazy.
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Podil studenta na védecké praci

Na danych studiich jsem se podilela pfipravou in vivo exprimetl (piiprava potkant,
asistence pii kanylaci, odbéry vzorki, rozbor organi), PCR a Western blot analyzou
vzorkil jater a stfev potkani. Méfila jsem obsah cholesterolu v jatrech a koncentraci
cholesterolu a fosfolipidit v Zlu¢i pomoci komeréné dostupnych kit. Provedla jsem izolaci
zluCovych kyselin ze stolice. Vyhodnocovala a zpracovavala jsem namétfend data ze vSech
provadénych analyz. Podilela jsem se na psani prvoautorskych ¢lankd, které byly publikovany

v Casopisech s impakt faktorem v Q1.
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ARTICLE INFO ABSTRACT

Iron depletion (ID) has been shown to induce the liver expression of Cyp7al, the rate-limiting enzyme initiating
conversion of cholesterol to bile acids (BA), although the effect on bile acids metabolism and bile production is
unknown. Therefore, we investigated changes in bile secretion and BA synthesis during diet-induced iron de-
pletion (ID) in rats. ID increased bileflow along with augmented biliary excretion of bile acids, glutathione,
cholesterol and phospholipids. Accordingly, we found transcriptional upregulation of the Cyp7Zal, Cyp8b1, and
Cyp27al BA synthetic enzymes, as well as induction of the Abcg5/8 cholesterol transporters in ID rat livers. In
contrast, intravenous infusion of *H-taurocholate failed to elicit any difference in biliary secretion of this
compound in the ID rats. This corresponded with unchanged expression of canalicular rate-limiting transporters
for BA as well as glutathione. We also observed that ID substantially changed the spectrum of BA in bile and
decreased plasma concentrations of BA and cholesterol. Experiments with differentiated human hepatic HepaRG

CYP7A1 orthologue upregulation resulting from reduced iron concentrations. Results
employing a luciferase reporter gene assay suggest that the transcriptional activation of theCYP7AIpromoter
under ID conditions works independent of farnesoid X (FXR), pregnane X (PXR) and liver X (LXRa) receptors
activation. It can be concluded that this study characterizes the molecular mechanisms of modified bile pro-
duction as well as cholesterol as along with BA homeostasis during ID. We propose complex upregulation of BA
synthesis, and biliary cholesterol secretion as the key factors affected by ID.

Keywords:

Iron depletion
Bile production
Bile acid synthesis
Cyp7al

Abcg5/8

1. Introduction extrahepatic cholestasis[2], or after the administration of choleretic or
cholestatic compounds [3,4]. Because the involved transporting pro-

Bile serves as one of the essential routes for the endobiotic and teins are simultaneously responsible for biliary excretion of drugs, with

xenobiotic compound excretion of an organism. Secretion of bile is
mediated primarily by the cooperation of transporting proteins at the
basolateral and apical membranes of hepatocytes, which excrete bile
acids (BA) and glutathione into bile, thus producing osmotic gradient,
which attracts water into the biliary lumen|[1]. The entire process is
sensitively regulated and rapidly responds to systemic or local condi-
tions, as can be seen during different types of intrahepatic and

their functions affected under different pathophysiological conditions
[5], serious changes in the pharmacokinetics of their substrates may
consequently occur, resulting in either diminished response or cumu-
lative toxicity [6,7]. A better understanding of factors regulating the
mechanisms responsible for bile production and transport under pa-
thophysiological conditions may therefore be of significant medical
importance.

Abbreviations:DCA, deoxycholic acid;MCA, B-muricholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; HDCA, hyodeoxycholic acid; ID, iron depletion; Rif, rifampicin; TUDCA,
tauroursodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; Ta/BMCA, tauro-a/B-muricholic acids; TCA, taurocholic acid; GUDCA, glycourso-
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Iron is an essential biogenic metal, one crucial in many physiolo-
gical processes[8]. Although the details regarding the involvement of
iron in bile production is unknown, it is clear that some chronic liver
pathologies associated with cholestasis, such as primary biliary cho-
langitis and biliary atresia, are typically associated with reduced iron
content in the liver [9-12]. Interestingly, preclinical studies showed
that further deprivation of iron by diet alleviated the severity of liver
fibrosis in rats with cholestasis induced by bile duct ligation[13]. Si-
milarly, a reduction of iron content by the iron chelator deferoxamine
attenuated endotoxin-induced liver injury in rats. The same study also
demonstrated that deferoxamine might reduce liver gene expression of
theNtcptransporter for BA[14]. Furthermore, dietary iron depletion in
rats up-regulated liver Cyp7al, the rate-limiting enzyme of BA bio-
synthesis from cholesterol, afinding which was accompanied with re-
duced cholesterol concentrations in plasma [15]. These data suggest
that lack of iron in the liver may have a significant impact on the
regulation of BA synthesis and excretion, thus on bile formation. This
hypothesis, however, has never been studied in detail. The need for
these data is emphasized by the frequent occurrence of ID, which is the
leading cause of anemia worldwide[16].

The aim of the present study was to evaluate the role of ID in the
regulation of the mechanisms responsible for bile production and he-
patic turnover of biliary constituents. The changes in enzymes and
transporting proteins involved in BA, cholesterol, phospholipids and
glutathione transport and synthesis were examined in rats fed an iron-
deprived diet. Our results show that ID augments bile production by
increasing biliary secretion of BA and glutathione. In addition, our re-
sults indicate the increased liver synthesis of BA due to induction of the
Cyp7al/CYP7A1 enzyme under ID conditions in rats or in differentiated
human hepatic HepaRG cells treated with iron or iron chelators. We
also found that ID increases biliary secretion of cholesterol by upre-
gulation of the Abcg5/8 transporters. We thus propose a complex effect
of ID on the stimulation of bile production, in which mainly augmented
BA synthesis and cholesterol transport are critical.

2. Materials and methods
2.1. Chemicals

3H-taurocholic acid, and Ecolite(+)™ liquid scintillation cocktail
were purchased from MGP (Czech Republic). All other chemicals were
of the highest analytical grade and were supplied by Sigma-Aldrich (St.
Louis, CA, USA) or Biorad (Bio-Rad Laboratories, Hercules, USA).
Standards of bile acids came either from Santa Cruz Biotechnology
(Dallas, TX, USA; murideoxycholic, a-muricholic, B-muricholic, gly-
cochenodeoxycholic, tauroursodeoxycholic, taurochenodeoxycholic,
tauro-a-muricholic, and tauro-B-muricholic acid), or from Sigma-
Aldrich (St. Louis, MO, USA; lithocholic, ursodeoxycholic, cheno-
deoxycholic, deoxycholic, cholic, glycolithocholic, glycoursodeoxy-
cholic, glycocholic, glycodeoxycholic, taurocholic, taurodeoxycholic,
hyodeoxycholic, and hyocholic acid).

Deuterium labeled internal standards d5-taurocholic, d5-glyco-
cholic, d4-glycochenodeoxycholic, and d4-taurochenodeoxycholic acid
came from Santa Cruz Biotechnology; d4-chenodeoxycholic, d4-litho-
cholic, d4-cholic, d4-ursodeoxycholic, and d4-deoxycholic acid from
Sigma-Aldrich. Ammonium acetate and formic acid (both LC-MS grade)
were purchased from Sigma-Aldrich; acetonitrile (LiChrosolv, isocratic
grade) was obtained from Merck (Darmstadt, Germany); methanol (LC-
MS grade) from Biosolve BV (Valkenswaard, The Netherlands).

2.2. Experimental animals

Male Wistar rats weighing 250 g = 20 g were obtained from Velaz
(Prague). The rats were housed under controlled environmental con-
ditions with free access to food and water. All experiments were ap-
proved and supervised by the institutional Animal Research Committee.

BBA

Animals were randomized into two groups (7 animals per group):
control rats were fed a standard chow diet (Cat. No. C1000, Altromin,
Germany), while the other group was fed for three weeks an ID diet
(containing 5.155 mg/kg Fe; Cat. No. C1038, Altromin, Germany), as
described previously [15]. The animals were pair fed, and no differ-
ences in food intake were detected between groups. All animals
thereafter underwent a bile collection study.

2.3. Bile collection study

Evaluation of bile flow was performed after overnight fasting. In
brief, under general anesthesia induced by intraperitoneal administra-
tion of sodium pentobarbital (50 mg/kg), rats were fixed in a supine
position on a heated platform to maintain body temperature at 37 °C,
and carotid artery (for blood sampling), jugular vein (for saline ad-
ministration), and bile duct (for bile collection) were cannulated. The
study was then started by initiation of continuous intravenous infusion
of saline (6 mL/kg/h) to replace fluid loss by sampling and by per-
spiration. Bile was collected in pre-weight tubes over 30 min. At the end
of the experiment, the rats were sacrificed by exsanguination, tissues
were harvested, weighed and all samples were snap frozen and stored at
— 80 °C until analysis.

2.4. In vivo clearance of *H taurocholate

To confirm the effect of ID on bile production and to distinguish
between BA synthetic and excretory processes, we repeated the bile
collection study in another set of control and ID animals but with in-
fusion of radiolabeled taurocholate. After three weeks of an ID diet, the
animals were anesthetized and prepared identically as described above.
Samples of bile and plasma were taken over 120 min in a 30 min in-
tervals. The animals initially received an intravenous loading dose of
12 nmol/kg of unlabeled taurocholic acid together with 1.2uCi/kg of
3H-taurocholate over 10 min. The loading dose was then followed by
continuous intravenous infusion of 100 nmol/h/kg of unlabeled
taurocholic acid, and 10uCi/h/kg of *H-taurocholate. The administered
fluids contained stable ratios of *H-labeled and unlabeled taurocholic
acid to enable calculation of biliary kinetic parameters of taurocholate.
The dosage schedule was calculated on the basis of the parameters
presented by Iwanaga et al.[17]in order to reach steady state plasma
concentrations.

2.5. Biochemical analyses

The serum concentrations of glucose, triacylglycerols (TAG), cho-
lesterol, bilirubin and iron, and the activities of AST and ALT in serum
were measured by routine laboratory methods using the Modular PP
analyzer (Roche, Basel, Switzerland). Commercial kits were used for
analysis of phospholipids (Sigma-Aldrich, St. Louis, USA, Cat. No.
MAK049), and cholesterol (Cayman Chemical, Michigan, USA, Cat. No.
10007640). Concentrations of reduced glutathione (GSH) and oxidized
glutathione (GSSG) were analyzed separately using a validated HPLC
method with fluorescence detection, as described previously [18].
During liquid scintillation counting, samples of plasma (25pL), and bile
(5uL) were mixed with 5 mL of Ecolite scintillation cocktail, kept for
3 h in the dark (to lose background luminescence), and analyzed on Tri-
Carb (Canberra Packard) according to the manufacturer's instructions.
Hematological parameters were measured immediately after blood
sampling on Sysmex XE-2100 analyzer (Sysmex, Kobe, Japan) as re-
commended by the manufacturer. The hepatic iron content was de-
termined using atomic absorbance spectroscopy by a method modified
by Evenson [19]. The cholesterol saturation index (CSI) in bile was
calculated as a ratio of actual molar percentage of cholesterol in bile to
maximum soluble molar percentage of cholesterol at given concentra-
tions of bile acids and phospholipids [20]. Maximum solubility of
cholesterol was calculated as described previously[21].
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2.6. LC-MS analysis of bile acids

Fifty microliter of plasma were precipitated by 160pL of acetoni-
trile (containing a mixture of deuterium-labeled standards), vortex
mixed and centrifuged at 15,000gfor 10 min (room temperature). The
supernatant was dried at 60 °C under nitrogen, then dissolved in 50pL
of 40% methanol, and incubated for 1 h at— 20 °C. After 10 min cen-
trifugation at 15,000g(10 °C), 10pL of supernatant was analyzed using
LC-MS. Bile samples were diluted 500 x with distilled water, further
processing was identical to that of plasma. The sample was separated on
a HPLC system (Dionex Ultimate 3000, Dionex Softron GmbH,
Germany) equipped with a Pinnacle DB C18 column (100 x 2.1 mm,
3um, Restek, USA) and appropriate guard column. The mobile phase
consisted of water, methanol, ammonium acetate, and formic acid;flow
rate was 0.3 mL/min, with the column chamber set to 55°C.
Ammonium acetate and formic acid concentrations at all times were
kept at 0.005M and 0.012% (v/v), respectively, with methanol con-
centrations (v/v) as follows: 0-2.5 min 40%; 2.5-3.5 min 40-57%;
3.5-9.5 min 57-59%; 9.5-10.0 min 59-70%; 10.0-14.0 min 70-72%;
14.0-16.0 min 72-76%. Then, the column was washed with 95% me-
thanol for 9 min and equilibrated with 40% methanol for 5 min (am-
monium acetate and formic acid were present in both steps). BA were
detected on a triple quadrupole mass spectrometer (TSQ Quantum
Access Max with H-ESI II probe, Thermo Fisher Scientific, Inc., USA)
operating in SRM mode. Monitored transitions were 375.3—+375.3 for
monohydroxy, 391.3—+391.3 for dihydroxy, and 407.3—407.3 for
trihydroxy BA. Glycine-conjugated mono, di, and trihydroxy BA were
monitored as 432.3—-432.3 (432.3—+74.1), 448.3—448.3 (448.3—
74.1), and 464.3—464.3 (464.3—74.1), respectively. Taurine-con-
jugated mono, di, and trihydroxy BA were monitored as 482.3—482.3
(482.3—124.1), 498.3—>498.3 (498.3—124.1), and 514.3—-514.3
(514.3—124.1), respectively. Internal standards contained 4- 5 deu-
terium atoms, increasing them/zby 4-5. All transitions were monitored
from 1 to 18 min to enable the unspecific detection of other bile acids
not included in the standard mixture. Tauro-a-muricholic and tauro-(3-
muricholic acids were not sufficiently separated, thus the mixed peak
was integrated together. Furthermore, we calculated the CA/CDCA
ratio in bile to characterize activity of CYP8B1, the rate limiting enzyme
in classic pathway of BA synthesis [22]. Because CA and CDCA were
below detection limit in bile of our animals, we have calculated the
ratio from taurine conjugated forms TCA/TCDCA.

2.7. Quantitative real time RT-PCR

Gene expression analysis was performed by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) on the 7500 HT
Fast Real-Time PCR System Life Technologies (Thermo Fisher Scientific,
Foster City, USA). RNA was isolated from liver tissue (20-30 mg per
sample) and from ileum tissue (30-40 mg per sample) using TRI reagent
(Sigma-Aldrich, St. Louis, USA). The isolated RNA was converted into
cDNA via a High Capacity cDNA reverse transcription kit (Life
Technologies). Ten nanograms of cDNA was loaded into each reaction,
all performed in duplicate. The amplifications were run using a TagMan
Fast Universal PCR Master Mix and pre-designed Tag-Man Gene
Expression Assay kits (Life Technologies). Gapdh (glyceraldehyde 3-
phosphate dehydrogenase) orRLPOgenes were used as a reference for
normalizing data (Life Technologies) from rat tissues and human cells,
respectively. The relative expression ratio was then calculated from Ct
as previously described[18].

2.8. Cell culture studies and DNA constructs

Cryopreserved HepaRG™(GIBCO®) cells and media were purchased
from Life Technologies (Carlsbad, CA, USA). HepaRG cell line was
cultured in William's Medium E (WME) containing 10% FBS, 1% glu-
tamine, 1% Pen/Strep, 5ug/pL insulin, and 50uM hydrocortisone
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(Sigma-Aldrich, St. Louis, MO). The original concentration of iron in
WME was 0.25uM. For induction of differentiation, a two-step protocol
was used as previously described [23,24]. The HepaRG cells were
seeded at low density (2.6 x 10* cells/cm®) and maintained in culture
medium for two weeks. The cells were thereafter incubated in the same
culture medium with the addition of 1.5% DMSO (necessary for dif-
ferentiation of HepaRG cells) for another two weeks. The HepaRG cells
were then treated with ammonium iron(lIll) citrate (Sigma-Aldrich) at
different concentrations (1 and 10pM), and iron chelating agents de-
feroxamine and deferasirox (10puM). After 24 h, the cells were washed
with PBS, lysed in TRI-reagent for isolation of total RNA, which was
further reverse transcribed and analyzed by qRT-PCR. TheRLPOgene
was used as a reference for normalizing data (Life Technologies).
During Western blotting, cells were lysed in RIPA lysis buffer with
protease and phosphatase inhibitors (Roche) after 48 treatment with
ammonium iron(III) citrate (1 and 10uM).

A human Caucasian hepatoblastoma (HepG2) cell line was pur-
chased from the European Collection of Cell Cultures (ECACC,
Salisbury, UK). The cells were maintained in Dulbecco's modified
Eagle's medium (DMEM) with 10% FBS supplemented with 1% non-
essential amino acids. The transient transfection luciferase reporter
gene assays were carried out using a Lipofectamine 3000 reagent
(ThermoFisher Scientific) as we have described in previous studies
[25]. In brief, the HepG2 cells were seeded into 48-well plates and
transfected with the CYP7A1l-luc promoter (—1887/+24) luciferase
reporter construct (150 ng/well)[26], the expression plasmids for FXR,
PXR or LXRa(100 ng/well) and theRenilla reniformisluciferase trans-
fection control plasmid (pRL-TK) (30 ng/well) after 24 h, following
which the cells were treated with the iron chelating agents deferox-
amine or deferasirox (10puM), chenodeoxycholic acid (a FXR ligand,
20pM), rifampicin (10 M, a ligand of PXR), GW3965 (20 M, a LXRa
ligand) or DMSO (0.1%) as a vehicle control for additional 24 or 48 h.
After this treatment, the cells were lysed and luciferase activity was
measured with the Dual Luciferase Assay Kit (Promega, Hercules, CA).
The data are expressed as the fold change infirefly luciferase activity
normalized toRenillaluciferase activity in each sample relative to the
vehicle (DMSO 0.1%)-treated controls, which were normalized to one.
All the gene reporter assays were performed in antibiotic-free medium.

The expression plasmids for the human PXR receptor pSG5-hPXR,
pSG5-FXR and pSG5-LXRa were kindly provided by Dr. S. Kliewer
(University of Texas, Dallas, TX, USA) and Dr. Makoto Makishima
(Nihon University School of Medicine, Tokyo, Japan). CYP7Al-luc
promoter (—1887/+ 24) luciferase reporter construct was generated as
previously described [26], and kindly donated by Dr. J. Chiang
(Northeastern Ohio Universities College of Medicine).

2.9. Western blot

The method was performed as described previously[3]. Briefly, the
liver samples (200 mg) were homogenized in an ice-cold buffer (1 mL;
25 mM TRIS-HCI, pH = 7.6, 0.1% (w/w) TRITON-X, containing 0.5ug/
mL benzamidine) using MagNA Lyser (Roche Diagnostics GmbH, Ger-
many) 2 x 30s at 6000 rpm. Supernatants obtained after 10,000g
centrifugation at 4 °C for 10 min were centrifuged at 100,000gat 4 °C
for 20 min. Pellets were re-suspended in a buffer containing 50 mM
HEPES (pH = 7.4), 0.1 KCl, 3 mM MgCl, 1 mM EDTA, 10% glycerol,
and protease inhibitors (aprotinin, leptin, benzamide). Whole cell lysate
was prepared from HepaRG cells by direct homogenization in a Sample
buffer. Homogenates were separated by SDS-PAGE on 6.25% or 10%
polyacrylamide gels and then transferred to a PVDF membrane, which
was blocked for 1h with 5% non-fat dry milk in Tris-buffered saline
containing 0.05% Tween 20 (TBS-T), and then incubated with primary
antibodies for 1 h in concentrations ranging 1:500-1:5000. The mem-
brane was washed four times with TBS-T, and incubated with secondary
antibodies for 1 h. The visualization was performed with SuperSignal
West Femto chemiluminescent substrate (Thermofisher). The
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immunoreactive bands on X-ray films were scanned with a densit-
ometer ScanMaker 1900 (UMAX, Prague, Czech Republic), and semi-
quantified using the Quantity One imaging software (Bio-Rad). The
expression of proteins was normalized to the expression of two loading
controls, Gapdh, andf-actin.

2.10. Immunohistochemistry of Mdr2 and Bsep in the liver

Serial cross-sections (7um) of liver median lobe taken from Wistar
rats were cut on a cryostat and placed on gelatin-coated slides. Five
slides from each animal and from each group were taken for im-
munohistochemical analysis. Before antigen detection, the slides were
incubated with anti-avidin and anti-biotin solutions (Vector
Laboratories, USA). Thereafter the slides were incubated with primary
antibodies and after that with goat anti-rabbit secondary antibody
(Jackson ImmunoResearch, USA) (diluted 1:100 in BSA) and
ExtraAvidin red fluorochrome CY3 (Sigma Chemical, USA) (diluted
1:300 in BSA) for the detection of either Mdr2 or Bsep. For nuclear
counterstaining the blue-fluorescent DAPI nucleic acid stain
(Invitrogen, Czech Republic) was used. Staining with nonimmune iso-
type-matched immunoglobulins assessed the specificity of the im-
munostaining. Primary antibodies, including rabbit polyclonal anti-
bodies anti-Mdr2 (dilution 1:50, 1 h at RT) and anti-ABCB11 (Bsep,
dilution 1:50, 1 h at RT), were 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) using image analysis software NIS (Laboratory
Imaging, Czech Republic).

2.11. Data analysis

The kinetics of the biliary elimination of BA, glutathione, and *H-
taurocholate were calculated from concentrations analyses of these
compounds in plasma and bile, assuming first-order kinetics. Biliary
secretion was calculated by multiplying bileflow in specific intervals
with the biliary concentration of tested compounds measured in that
interval. Biliary clearance (CLg;) was calculated by dividing the biliary
excretion (BE) value by the plasma concentration of a specified com-
pound, measured in the plasma sample taken in the middle of a col-
lection period. Data are presented as means * SDs. Measured in the
iron-deprived rats and the corresponding control group, the statistical
significance of differences between the means of each parameter was
evaluated by an unpairedt-test or One-way ANOVA with a Newman-
Keuls post-hoc test. Time-dependent changes in cumulative biliary se-
cretions of compounds between control and ID animals were evaluated
by Two-way ANOVA with a Dunn post-hoc test. A difference of
p < 0.05 was considered significant. Data analysis was performed by
GraphPad Prism 6.0 software (San Diego, USA).

3. Results
3.1. ID by diet modies biochemical and hematological parameters

The induction of iron depletion in animals was verified by reduced
serum concentrations of iron (Table 1), reduced liver content of iron,
and by reduced hematocrit and hemoglobin concentrations during he-
matological examination (Table 1). Reduced iron disposition in the
liver was further supported by the downregulated mRNA expression of
hepcidin (Hamp) (100 *+ 7.1% vs. 0.6 * 0.2% in control and ID rats,
respectively;p < 0.001). These changes accompanied the reduction in
cholesterol concentrations in serum (Table 1). Liver cholesterol content
was not significantly changed in the iron-depleted animals in compar-
ison to control animals (5.5 *+ 0.6umol/g vs. 6.4 = 0.8umol/g in
control and ID rats, respectively).
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Table 1

The effect of iron depletion on hepatic iron concentrations and on serum biochemical and
hematological parameters.

Parameter Chow diet Iron depletion
Liver

Fe (umol/g tissue) 464 + 131 227 + 69%%
Serum

Fe (pmol/L) 21 = 1.8 15 + Q7%
ALT (pkat/L) 0.7 * 0.06 1525440
AST (pkat/L) 26 = 0.4 31 = 0.8*
Cholesterol (mmol/L) 1.8 + 0.06 1.4 + 0.09%*
TAG (mmol/L) 0.9 * 0.76 0.15 + 0.03
Erythrocytes (10'*/L) 89 + 015 8.8 = 015
Hemoglobin (g/L) 166 = 2.5 146 = 3.1%**
Hematocrit 0.48 = 0.007 0.42 + 0.008**
WBC count (10°/L) 6.4 * 0.5 6.1 = 0.6
Neutrophils (proportion) 0.18 + 0.003 0.09 + 0.03

Data are means * SD (n= 7 in each group); *p < 0.05, **p < 0.01, ***p < 0.001
compared to controls.

3.2. Choleretic eect of ID

The body weight of the animals was reduced (p < 0.01) by diet
from 0.48 = 0.03 kg in control animals to 0.44 + 0.02kg in the ID
rats. The calculation of biliary secretion parameters was therefore re-
lated to liver weights, which were not significantly different between
groups (18.4 = 1.1gvs. 19.3 = 1.9 g in control and ID rats, respec-
tively). Reduced iron in the diet led to a significant increase in bileflow
(Fig. 1A) accompanied with an increase in biliary secretion of both
major bile osmotic constituents, total BA (calculated as sum of all bile
acids quantified by LC-MS), and glutathione (Fig. 1B, C). The biliary
secretion of cholesterol and phospholipids was also elevated in the ID
animals (Fig. 1D, E). However, these changes did not induce statisti-
cally significant change in the CSI of bile (Fig. 1F).

Furthermore, ID increased the liver content of reduced glutathione
and decreased its oxidized form, leading to a significant increase in net
concentration of glutathione as well as in the tissue reduced/oxidized
glutathione ratio (Fig. 2A-D).

3.3. Biliary secretion of administered *H-taurocholate was not changed in
the ID animals

Next, we performed the clearance study with an infusion of radi-
olabeled and unlabeled taurocholic acid to elucidate whether ID affects
mainly hepatic BA production or BA transport. The ID diet also in-
creased cumulative bile production in this set of animals (Fig. 3A).
Steady state plasma concentrations of taurocholate were attained using
the suggested dosage schedule within 45 min (Fig. 3B), and biliary
clearance remained stable throughout the entire period (Fig. 3C). Nei-
ther of these parameters was changed by ID diet. Similarly, cumulative
biliary excretion of administered *H-taurocholic acid was identical
between the control and ID animals (Fig. 3D). These data suggest that
ID does not stimulate bile production by upregulation of canalicular BA
transporter capacities.

3.4. ID increases gene expression of molecules involved in bile production

In order to identify mechanisms behind the observed choleretic and
metabolic effects of ID, we studied the mRNA expression of relevant
liver and ileal enzymes, transporters along with selected transcriptional
factors (Fig. 4). As compared to the control chow diet-fed animals,
analysis of 30 different mRNAs in liver samples from ID animals re-
vealed significantly increased hepatic gene expressions of the enzymes
involved in BA synthesis (CypZal, Cyp8bl), biliary phospholipid
(Abcb4), and cholesterol secretion (Abcg5/8), and biliary lipid meta-
bolism (Srebf1, sterol regulatory element-binding transcription factor 1,
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Fig. 1.Bile production, biliary secretion of bile acids, glutathione, cholesterol and phospholipids, along with cholesterol saturation index in the control (chow diet) and iron depleted rats.
Measurement was performed in bile samples collected over 30 min in the chow diet or iron depleted diet animal groups. Values represent means + SD from groups of 7 animals.
Asterisks indicate significance in the iron deprived rats compared to corresponding controls (*p < 0.05, **p < 0.01).

and NrOb2/Shp, a small heterodimer partner), and decreased mRNA
expressions ofAbcal(cholesterol efflux regulatory protein), andSic4a2
(anion exchanger 2) (Fig. 4A-D.). Furthermore, we analyzed the mRNA
expression of molecules involved in the reabsorption of BA in the ileum
and we detected downregulation of Osta/, a heterodimeric transporter
for reabsorption of BA, and marked upregulation of NrOb2(Fig. 4E). We
did not see any effect of ID on the expression of genes involved in the
inflammatory process (Fig. 1 Supplementary material).

3.5. ID up-regulates enzymes and transporters responsible for cholesterol
processing in the liver

Western blot analysis of selected hepatic proteins responsible for
bile formation showed that, compared to controls on a chow diet, the ID
animals demonstrate up-regulation of the Cyp7al enzyme (rate limiting
for BA synthesis from cholesterol), Cyp8b1 enzyme (an important en-
zyme in the classic pathway of BA synthesis), Cyp27al enzyme (an
important enzyme in the alternative pathway of BA synthesis), Abcg5/8
transporters (major canalicular transporters for cholesterol), and LXRa
receptor (liver X receptor), respectively (Fig. 5A). The major basolateral
uptake transporters for bile acids and drugs, Ntcp (sodium-taurocholate
co-transporting polypeptide), and Oatplal/Oatpla4 (Organic anion-
transporting polypeptide) were also upregulated (Fig. 5B). On the other
hand, ID reduced protein expression of the basolateral uptake/efflux
transporters for cholesterol, Ldl-receptor, Sr-bl (Scavenger receptor
b1), and Abcal, and also the expression of the major apical transporter
for biliary secretion of phosphatidylcholine, Mdr2 (Multidrug resistance
protein 2) (Fig. 5A/C). Bsep (bile salt export pump), the rate-limiting
transporters for biliary excretion of BA, was unaffected in the ID rats,
which was in agreement with the unchanged biliary excretion of *H-
taurocholate (Fig. 3C). Similarly, Mrp2 (multidrug resistance-associated
protein 2) protein expression was also unchanged in the ID rats (Fig. 5),

and this effect contrasted with increased biliary secretion of glutathione
(Fig. 1C).

In order to corroborate these results, Mdr2 and Bsep localization
was further studied through immunohistochemistry to compare dis-
tribution of these proteins at the canalicular membranes and sub-
membraneous space of hepatocytes. Fluorescence staining in the liver
confirmed strong expression of both Mdr2 and Bsep at the canalicular
membranes of hepatocytes in all liver samples (Fig. 6). No changes in
either the intensity or localization of expression for both Mdr2 and Bsep
were detected between studied groups (Fig. 6A-D), which excluded the
contribution of increased membrane density of these proteins to ele-
vated biliary excretion of BA, and phospholipids, respectively.

3.6. LC-MS detection of bile acids in plasma and bile

In other experiments, we determined whether ID have an effect on
BA in plasma and bile. Using a LC-MS method we were able to de-
termine 24 unconjugated and conjugated bile acids in plasma and bile.
The total BA concentration was calculated as a sum of concentrations of
individual BA. ID reduced total BA concentrations in plasma (Fig. 7A),
and increased total BA concentrations in bile (Fig. 7B). A majority of
individual BA were found at concentrations below the limit of method
quantification (0.02uM). Thus, we were finally able to accurately
quantify 9 BA in plasma and 8 BA in bile. In our experiments, diet-
induced ID produced significant reduction in plasma concentrations of
tauro-chenodeoxycholic, hyodeoxycholic, B-muricholic, and cholic
acids, while concentrations of tauro-ursodeoxycholic acid were in-
creased (Fig. 7A). Biliary concentrations of BA also showed a reduction
in tauro-chenodeoxycholic and cholic acid. However, in accordance
with increased Cyp8bl expression, biliary CA/CDCA ratio increased
from 6.8 + 1.9 in control rats to 36.2 + 16.1 (p < 0.001) in iron
depleted rats. Importantly, we detected markedly increased con-
centrations of tauro-a/B-muricholic acids in bile of ID rats (Fig. 7B).
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Changes in biliary excretion of individual BA followed the changes in
biliary concentrations, and we detected a marked increase in the ex-
cretion of tauro-a/p-muricholic acids, as well as a reduced excretion of
cholic and tauro-chenodeoxycholic acid in the ID animals (Fig. 7C).
These data point to a significant role of iron in the regulation of BA
synthesis in rats.

3.7. Low concentrations of iron induces CYP7A1 mRNA in human HepaRG
cells and iron chelators stimulate CYP7A1 transactivation in HepG2 cells

To compare the animal results with the human cellular models, an
in vitro study was conducted with a differentiated HepaRG cell line, a
widely-accepted cellular model of normal human differentiated hepa-
tocytes. ID was simulated in HepaRG cells by iron concentration of
1uM in medium, whereas a concentration of 10uM in medium was
used to mimic normal plasma iron concentration. Higher iron con-
centration in the medium led to suppression of CYP7AI mRNA ex-
pression when compared to iron depletion conditions (1uM of iron in
media) (Fig. 8A). Thus, we can say that iron depletion in the medium
significantly induces CYP7A1 mRNA expression. Increased transcrip-
tion of the CYP7AI gene by 1uM of iron consequently increased ex-
pression of CYP7A1 protein (Fig. 8A). Upon examining the effect of iron
on ABCG5 mRNA expression in HepaRG cells, we observed that the
addition of iron to the medium increased the gene expression (Fig. 8A),
but there was no difference between the effects of 1uM and 10uM.

GSSG
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Fig. 2.The effect of iron depletion on the liver concentrations of
reduced (GSH) and oxidized (GSSG) glutathione. For three weeks the
animals received either a chow or iron deficient diet. Values are
expressed as mean + SD (n= 7 in each group); significantly dif-
ferent from the control group (*p < 0.05, **p < 0.01,
wwip < 0,001).
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In subsequent experiments performed on HepG2 cells, we used iron
chelators to examine the effect of iron depletion onCYP7A1andSHP
(NROB2) genes transactivation in the reporter gene experiments. We
found significant stimulation of CYP7A1(Fig. 8B, C) andSHP(Fig. 28,
Supplementary data) promoters after 24 or 48 h of treatment with de-
feroxamine and deferasirox at a 10uM concentration. Chenodeoxy-
cholic acid (CDCA), a farnesoid X receptor (FXR) ligand, and ri-
fampicin, a pregnane X receptor (PXR) nuclear receptor ligand, both
suppressed CYP7A1 gene transactivation, which is consistent with the
roles of the nuclear receptors in CYP7A1 regulation[27].

Next, we cotransfected the HepG2 cells with theCYP7A1promoter
reporter gene construct and expression constructs for FXR, PXR and
LXRreceptors. We observed that cotransfection of cells with the ex-
pression construct for eitherFXR,PXRorLXRdoes not result in sig-
nificant stimulation or down-regulation of CYP7A1 transactivation in
the presence of iron chelators, even though coexpressed nuclear re-
ceptors significantly suppressed CYP7AlIreporter construct activation
(Fig. 8C). Similarly, these nuclear receptors had no significant effect on
SHP transactivation after treatment with iron chelators (Fig. 2S, Sup-
plementary data). Iron depletion induced by iron chelators in these
experiments had no effect onFXR,PXRorLXRtransactivation (Fig. 25,
Supplementary data).

These data indicate that iron depletion can significantly augment
CYP7A1 gene transactivation and that mRNA expression in human
cellular models works independently fromFXR,PXRandLXRnuclear
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receptor expression and activation. This hypothesis is mainly based on
the fact that HepG2 cells have a low endogenous activity of FXR, PXR
and LXRa.

3.8. Changes in pERK and pJNK kinases

To further analyze mechanisms of ID-induced changes in BA
synthesis, we focused on intracellular signaling. Phosphorylation of
extracellular-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK)
is the second major pathway (besides nuclear receptor FXR and PXR)
repressing CYP7Algene transcription. Both kinases integrate the sig-
naling from several receptors such asfibroblast growth factor receptor
4, epidermal growth factor receptor (EGFR) or insulin receptor (IR).
Phosphorylated ERK and JNK inhibit transactivation of CYP7A1/
CYP8B1genes by HNF4a/[28,29]. Therefore, we performed detection
of pERK and pJNK in livers of iron depleted rats as well as in HepaRG
cells treated with different concentrations of iron (Fig. 3S, Supple-
mentary data). Although hepatic pERK was reduced in ID animals,
which may support disinhibition of Cyp7al, pJNK was induced by iron
depletion. Experiments with HepaRG cells showed absence of any
change in pERK or pJNK between low (1uM) and physiological con-
centrations (10uM) of iron. The patterns of changes in pERK and pJNK
kinase indicates that they are not involved in observed upregulation of
Cyp7al/CYP7A1 during iron depletion.

4. Discussion

‘We describe herein the increased bileflow and augmented secretion
of BA, cholesterol, glutathione and phospholipids in rats under ID
conditions. We also observed that ID substantially changed the spec-
trum of BA in bile as well as decreased plasma concentrations of BA and
cholesterol. In further mechanistic experiments, we found that out of 30
studied genes involved in bile acid formation and secretion, theCyp7al
gene, encoding the rate-limiting enzyme converting cholesterol to BA;
as well as theAbcg5/8cholesterol transporter, were consistently upre-
gulated in ID rat livers. Experiments with differentiated human hepatic
HepaRG cells confirmed the transcriptional activation of the human

CYP7A1 promoter under ID conditions independent of FXR, PXR and
LXRa receptor regulation. In contrast, neither the expression of BA
transporters nor cellular localization was affected in the ID rats. These
data thus provide important insights into our understanding of the
serum cholesterol- and bile acid-lowering effects of iron depletion.

Iron is essential for oxygen transport and acts as a cofactor of nu-
merous physiological and pathophysiological reactions[30]. Regarding
the possible influence of ID on bile flow and the homeostasis of bile
components, the most information is known about their effects on
cholesterol levels. In general, ID tends to decrease serum cholesterol
concentrations in humans and rats[31,32], but the mechanism is not
entirely understood. Reduced serum levels of cholesterol in our animals
with ID are thus consistent with these reports (Fig. 1D). We have
identified two principal liver mechanisms responsible for this effect.
First, ID increased biliary secretion of cholesterol by upregulated
Abcg5/8, a canalicular transporter for cholesterol (Figs. 4, 5). This
finding corresponds with the recent observation that a low serum level
of iron is a predisposing factor for biliary supersaturation with cho-
lesterol, leading to increased cholesterol gallstone formation in humans
[33,34]. Although we have detected only a tendency toward an in-
creased cholesterol saturation index in bile (Fig. 1F, p= 0.13), in-
formation regarding the increased biliary secretion of cholesterol may
become of further significance in humans. Unlike rats, in humans the
presence of the gallbladder and the occurrence of diseases impairing its
function enables the additional concentration of cholesterol in bile
[35]. Moreover, hydrophilic BA such as ursodeoxycholic acid reduce
cholesterol crystallization under pathophysiological conditions [36].
While increased concentration of most hydrophilic tauro-a/B-muri-
cholic acid has been seen in iron-depleted rats, it may be assumed that
the increased bile acid synthesis in iron-depleted humans results in
different spectra of bile acids due to dominance of classic pathway of
BA synthesis and prevalence of hydrophobic Bas, which may further
support cholesterol gallstone formation.

The increased conversion of cholesterol to BA is the second me-
chanism which contributes to decreased plasma cholesterol con-
centration during ID, as suggested by Kamei et al.[15], who detected
increased Cyp7al protein expression under these circumstances.
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However, the absence of BA analysis in their study leaves the sig-
nificance of this mechanism unresolved. We therefore focused on an
analysis of the molecules responsible for BA metabolism in the liver, as
well as on individual BA quantification. We confirmed the significant
upregulation of Cyp7al, but also Cyp8bl and Cyp27al. In agreement,
the induction accompanied a marked increase in the biliary secretion of
BA. The Ta/BMCA was mainly responsible for this increase which
complies with induced Cyp27al, while increased biliary CA/CDCA
ratio reflected upregulation of Cyp8bl. Together these data indicate
complex induction of bile acid synthesis in iron depleted rats with
Cyp7al being crucial as a rate limiting enzyme.

A previous study showed reduced hepatic content of cholesterol in
rats with ID[15]. This may comply with the increased biliary secretion
of cholesterol and its enhanced conversion to BAs. Moreover, the ex-
pression of the cholesterol uptake Ldl receptor as well as the Sr-bl
protein were also reduced in the liver of ID rats (Fig. 5). However, the
disposition of cholesterol in the liver did not change in our ID rats. The
unchanged expression of Hmg-CoA reductase suggests the unmodified
synthesis of cholesterol. Thus, the only possible compensatory me-
chanism to be identified is the decreased expression of the cholesterol-
exporting Abcal protein (Fig. 5). This indicates that reduced cholesterol
secretion from hepatocytes at the basolateral membrane compensates
for increased cholesterol elimination, and may contribute to reduced
plasma cholesterol levels during ID.

We performed an additional clearance study with an infusion of *H-
taurocholate to the ID rats (Fig. 3), a variable which omitted the

Nuclear receptors
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Fig. 4.The effect of ID on the liver and ileum
mRNA expression of genes involved in bile pro-
duction and BA homeostasis. Results are pre-
sented as relative expression (%) of the control

chow diet group. Data are mean = SD (n = 7 in
-[ each group); significantly different from the
control group (*p < 0.05, **p < 0.01,
**3p < 0.001).
ke
T
& &

Cholesterol homeostasis

influence of endogenous BA synthesis, and thus only the function of the
liver BA transporters was tested. Although bileflow was also increased
in this subset of ID animals, the plasma concentrations and biliary se-
cretion of *H-taurocholate was unchanged, which suggests a negligible
contribution of liver BA transporters to the observed increase in biliary
excretion of total BA (Fig. 3). Furthermore, the increased expression of
BA uptake proteins such as Ntcp and Oatps (Fig. 5), was not associated
with increased biliary efflux of ®H-taurocholate, indicating that the
uptake function of these proteins was compensated for by the bidirec-
tional movement of *H-taurocholate through the basolateral mem-
brane. Collectively, these data suggest that increased liver synthesis,
and consequently the disposition of BA, is the major determinant
causing the stimulation of bile acid-dependent bileflow. Additionally,
maintenance (Sle10a2ZmRNA and the coded Asbt protein—unpublished
observation) or even reduction in the ileal (Ost/mRNA) (Fig. 4)
transporters responsible for BA absorption indicates that the intestine
may contribute to the lowering effect of ID on plasma concentrations of
BA. These data also present certain possible mechanisms of mitigation
of cholestatic liver injury by ID as presented in previous studies
[13,14,37].

The increased biliary concentrations of BA in the ID animals was
followed by increased secretion of phospholipids (Fig. 1B and E). This
observation complies with depressed serum phospholipid level pre-
viously seen during moderate ID[32]. However, we detected the down-
regulation of Mdr2, theflippase translocating phospholipids from the
inner to outer leaflet of the canalicular membrane (Fig. 5C), despite the
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induction of theAbch4mRNA of the Mdr2. IncreasedAbcb4mRNA was
also previously presented by Kamei et al.[15]. Reason for discrepancy
between mRNA and protein expression of Mdr2 is unknown. However,
thesefinding suggest that the increased biliary secretion of phospholi-
pids in the ID animals may be ascribed to an increased biliary secretion
of BA which extracts phospholipids from the canalicular membrane to
bile[38]. An analogic situation has been seen in Bsep-overexpressing
mice with markedly increased biliary secretion of BA and phospholipids
without a change inAbcb4expression[39].

An increase in BA independent bileflow by ID was also observed in
this study (Fig. 1C). Choleretics increasing bileflow through this me-
chanism usually up-regulate Mrp2, the key transporter for anionic

(IANMN ———

compounds at the canalicular membrane, as well as promote the biliary
excretion of glutathione [40]. ID in this study did not change Mrp2
expression (Figs. 5C,6C, D), but increased the disposition of reduced

GSH for biliary transport. Among other functions, GSH represents a part
of the essential defense mechanism of the liver against oxidative injury
by means of the direct scavenging of hydroxyl radicals and superoxide.
The GSH/GSSG ratio is generally used as an indicator of oxidative stress
within tissues[41]. Accumulation of iron in tissues is a known factor for

free radical generation by the Fenton reaction[30]. In agreement with

this concept, it was assumed that the reduction of hepatic iron by ID
diet in animals led to the reduced oxidation of GSH due to reduced free
radical formation with consequently increased disposition and

1.4 TF
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Fig. 6.Immunohistochemistry of Bsep and Mdr2 in the liver of chow diet and ID diet fed
rats. The images show immunodetection of Bsep (A, B) and Mdr2 (C, D) in the control
chow diet (A, C) and ID (B, D) rats. There was no significant change in localization or
intensity between the control and ID rats. Pictures are representative images of five
analyses in each animal (n= 7 in each group).

increased biliary secretion of GSH. Additionally, pro-inflammatory cy-
tokines such as IL-1B, IL-6, and TNF-amay inhibit the formation of bile
secretion by reducing the expression of both basolateral and canalicular
transport proteins|1]. Since iron depletion may reduce some of these
cytokines during inflammation[42], we also analyzed the transcription
of the major molecules involved in acute and chronic liver response
(Fig. 1 Supplementary data). ID in animals had no impact on in-
flammatory markers, which suggests that these pathways are not re-
sponsible for the observed effect of ID in the liver.

The induced gene expression of Abcg5/8, Abcb4, Abcc3, Nr0Ob2
(Shp),Cyp7al,Cyp8bl, andSrebfI(Figs. 4, 5) suggests the involvement
and activation of a regulatory nuclear receptor under ID conditions.
FXR and LXRa are the major receptors regulating these genes [43].
Gene expressions of Bsep andShp, typical target genes for FXR, were
differentially modulated; the first was unchanged and the second
markedly up-regulated. The same situation occurred in the ileum,
where other typical FXR target genes, such as Ost/, were even
downregulated (Fig. 4). We may therefore anticipate that FXR receptor
activation plays only a minor role in the observed effect of ID. On the
other hand, NrOb2 (Shp) may also be induced by LXRa stimulation
[44]. Up-regulation of other genes regulated mainly by this receptor
such asCyp7al Abcg5/8andSrebfIstrongly suggests that ID promotes
LXRasignaling in rats. In this study the increased protein expression of
the LXRareceptor without any change in its mRNA points toward post-
transcriptional modulation of LXRa expression (Figs. 4, 5). Because
doubts have risen regarding the ability of LXRa to transactivate human
CYP7A1(45], we performed mechanistic experiments in differentiated
human HepaRG cells and in HepG2 cells expressing exogenous LXRa
together with the CYP7A1 promoter luciferase construct; GW3965, a
potent synthetic ligand of LXRa, was used in these experiments (Fig. 8).
We confirmed that iron depletion induces CYP7A1 mRNA expression
and stimulates transactivation of the CYP7A1 gene (Fig. 8A, B, C).
Coexpression of eitherLXR,FXRorPXRin the HepG2 cells displayed a
suppressive effect on theCYP7A1promoter construct, and GW3965 had
no effect onCYP7AIpromoter activation in the absence or presence of
LXRa. The FXR and PXR ligands CDCA and rifampicin had a suppres-
sive effect onCYP7A1promoter transactivation (Fig. 8C), which is in
agreement with the reported roles of these receptors in CYP7A1 reg-
ulation[27]. In other experiments, we incubated HepaRG cells with a
LXRainverse agonist (SR9238) and antagonist (TFCA) at 10pM con-
centration. However, no obvious induction of CYP7Al1 mRNA
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Fig. 7.Influence of iron depletion on plasma and biliary concentrations and biliary ex-
cretion of individual BA in rats. Total BA concentration was calculated as a sum of in-
dividual BA quantified in the sample. LC-MS measurements were performed in bile col-
lected over 30 min and in plasma samples taken mid-interval. Values are means * SD
(n= 7 per group); asterisks indicate a significant difference between the control and ID
group (*p < 0.05; **p < 0.01; ***p < 0.001).
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expression was observed (data not shown). Based on these observations,
we can suggest that iron depletion induces CYP7Al expression in-
dependently from LXRa, FXR and PXR in human cells. Together with
excluded contribution of pERK, and pJNK kinases, our data indicate
complex regulatory mechanism of iron depletion-mediated changes in
bile acid and cholesterol metabolism. Thus, other pathways ofCyp7al/
CYP7Algenes transcriptional regulation such as activation of peroxi-
some proliferator-activated receptor gamma 4 coactivator-1 (PGC-1)
[46,47], modulation of cAMP [48], or miRNAs (miR-33a, miR-122a,
and miR-422a) [49] should be further studied. Absence of marked
changes in crucial regulatory mechanisms may also indicate subtle
multistep modulation by iron depletion which may escape resolution by
standard methods.

In conclusion, this study demonstrates that ID has a stimulating
effect on bile production by enhancing the BA dependent and in-
dependent bileflow in rats. In relation to this effect, ourfindings al-
lowed for the identification of liver enzymes and transporters which
may contribute to serum the cholesterol- and bile acid-lowering effects
of iron depletion. Our data also suggest that these effects of ID may be
mainly regulated by the upregulation of CYP7A1/Cyp7al in both rats
and humans. Analysis of major mechanisms regulating bile acid
synthesis failed to show single responsible pathway although activation
of Lxra may play role in rats. The frequent occurrence of ID in the
population therefore underscores the need for further investigation of
the relationship of ID to cholesterol turnover, biliary diseases as well as
outcomes in systemic cardiovascular diseases.

Supplementary data to this article can be found online athttp://dx.
doi.org/10.1016/j.bbalip.2017.09.003.
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Abstract

Excessive iron accumulation in the liver, which accompanies certain genetic or metabolic diseases,
impairs bile acids (BA) synthesis, but the influence of iron on the complex process of BA homeostasis
is unknown. Thus, we evaluated the effect of iron overload (I0) on BA turnover in rats. Compared
with control rats, 10 (8 intraperitoneal doses of 100 mg/kg every other day) significantly decreased
bile flow as a consequence of decreased biliary BA secretion. This decrease was associated with
reduced expression of Cyp7al, the rate limiting enzyme in the conversion of cholesterol to BA, and
decreased expression of Bsep, the transporter responsible for BA efflux into bile. However, 10 did not
change net BA content in faeces in response to increased intestinal conversion of BA into
hyodeoxycholic acid. In addition, 10 increased plasma cholesterol concentrations, which
corresponded with reduced Cyp7al expression and increased expression of Hmgcr, the rate-limiting
enzyme in de novo cholesterol synthesis. In summary, this study describes the mechanisms impairing
synthesis, biliary secretion and intestinal processing of BA during 10. Altered elimination pathways
for BA and cholesterol may interfere with the pathophysiology of liver damage accompanying liver

diseases with excessive iron deposition.
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Introduction

Bile production is an essential function of the liver and serves as an irreplaceable excretory pathway
for elimination of lipophilic endo- and xenobiotics such as cholesterol, BA, bilirubin or drugs’.
Moreover, as major components of bile, BA are required for micelle formation, intestinal fat
digestion, regulation of bacterial growth, and immune response and production of regulatory
mediators released to portal circulation such as fibroblast growth factor 19 or glucagon-like peptide
1. In addition, BA as the major metabolites of cholesterol, act as hormones by agonism at several
receptors such as farnesoid X receptor (FXR), the G protein-coupled bile acid receptor 1 (TGR5),
sphingosine-1-phosphate receptor 2, or pregnane X receptor (PXR), and regulate numerous liver
functions including glucose and triglyceride metabolism?®. Stimulation of these receptors
demonstrates promising positive effects in liver diseases such as nonalcoholic steatohepatitis (NASH)
or intrahepatic cholestasis®. On the other hand, BA accumulated during different forms of cholestasis
may have a direct toxic effect on liver cells and tissues. Regulation of bile production and BA

homeostasis are therefore key events in liver physiology and pathophysiology.

Iron is an essential trace element, in particular required to form haem for synthesis of haemoglobin,
myoglobin or P450 enzymes. As a highly reactive molecule, iron is also involved in the cellular redox
balance and generation of hydroxyl radicals which are necessary for regulation of several intracellular
events including response to stressors or mitochondrial dysfunction®. Excessive concentration of iron
in cells induces oxidative stress with peroxidative decomposition of polyunsaturated fatty acids in
membrane phospholipids, thereby altering vital organelle integrity and cell function®®. The
metabolism of iron is therefore tightly regulated to prevent tissue damage. However, 10 can occur in
subjects with genetic disorders such as hereditary haemochromatosis and beta thalassaemia, or
secondary to 10 during blood transfusion and haemolysis’®. Iron toxicity occurs especially in the liver,
where the iron is mainly stored, leading to ongoing damage and finally to cirrhosis. Moreover,

increased liver iron stores accompany common metabolic pathologies such as insulin resistance, type
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2 diabetes mellitus, metabolic syndrome, and nonalcoholic fatty liver disease (NAFLD). It is of note,
that these metabolic disorders produce marked changes in BA metabolism and could be treated by
agonists of FXR receptor, which is the most important BA sensor’®. However, the relationship

between 10 and BA liver homeostatic pathways has not been studied in depth.

Indeed, plasma concentrations of BA during 10 have not been yet measured and only limited
evidence suggests that biliary BA excretion may be reduced by dietary 10°. This observation may be
related to |0-mediated reduction in the expression of cholesterol 7 -hydroxylase (Cyp7al), the rate-

511,12

limiting enzyme for conversion of cholesterol to BA in rats , although no association between

liver iron concentration and Cyp7al was seen in this model of 10", Reduction in Cyp7al may also

>1%17 However, the effect of liver

explain increased serum cholesterol levels in iron-administered rats
iron accumulation on other BA synthetic pathways and on biliary and faecal BA excretion is not

known. Therefore, we postulated the hypothesis that iron accumulation in an organism markedly

reduces elimination of BA.

In the present study we evaluated the effect of IO on the mechanisms responsible for BA
homeostasis in rat liver and ileum. We showed that increased iron deposition in rat liver results in
decreased bile formation due to reduced biliary BA secretion through downregulated Bsep and Mrp2
apical transporters. Plasma concentrations of BA were not significantly affected by |0 because
reduced biliary BA secretion was accompanied by reduced liver BA synthesis, intestinal BA

processing, and increased basolateral output from hepatocytes and reduced uptake to hepatocytes.
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Results

I0 causes massive iron deposition in rat livers. To establish |0 with significant iron liver
accumulation in parenchymal and nonparenchymal cells, we used a validated rat model based on
intraperitoneal (i.p.) administration of 8 doses (100 mg/kg per dose) of iron dextran-heptonic acid
complex applied every other day'®. This regimen resulted in massive iron liver deposition without
significant hallmarks of hepatocellular or cholestatic injury as apparent from histological examination
of haematoxylin-eosin (HE) and Prussian blue iron (PB) staining of liver sections (Figure 1A). Massive
iron deposition was apparent, especially in periportal zones of the liver acinus when compared with
regions around the central vein as visualized by opalescent structures in HE staining and blue

deposits in PB staining. This corresponds with previously reported data®'’

. No apparent staining was
present in the saline-administered animals. Liver weights were not changed by 10 and were 13.5 +
0.5 g in the saline-treated rats, and 14.2 £ 0.5 g in the |10 rats. 10 with excessive liver accumulation
was further confirmed by increased plasma concentrations of iron and ferritin (Figure 1C) and by
increased liver mRNA expression of key iron metabolism associated genes such as hepcidin (Hamp),
ferritin (Ftl), ferroportin (S/c40a1) and down regulation of transferrin receptor 1 (Trfc) (Figure 1B). We
also detected significantly reduced levels of iron-responsive element-binding protein 1 and iron-
responsive element-binding protein 2 (IRP1 and IRP2) proteins (Figure 1D), a markers of iron excess
in the liver™. IRP1 and IRP2 were recently demonstrated as a positive regulator of Cyp7al

transcription'’. These results demonstrated typical histological, biochemical and molecular hallmarks

of significant iron deposition in the liver of treated animals.
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Figure-1. Excessive concentration of iron in 10 rats administrated i.p. with 8 doses of gleptoferron every 2nd
day. (A) Representative liver histology, stained with haematoxylin-eosin staining (HE) and Prussian blue. Arrows
indicate periportal areas at the periphery of classical liver lobule; VC — vena centralis. Scale bar 100 mm. (B)
mRNA liver expression of hepcidin (Hamp), ferritin (Ftl), ferroportin (Slc40al) and transferrin receptor (Trfc)
determined by real-time RT-PCR. (C) Concentration of iron and ferritin in plasma. (D) Liver protein content of
IRP1 and IRP2 (iron-responsive element-binding protein 1 and 2) normalized todgtin. Values are mean + SD
(n =6 in each group). *p < 0.05, **p < 0.01, ***p < 0.001 iron-treated vs. saline-treated rats.
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10 causes mild liver injury and oxidative stress. Excessive iron deposition in the liver can induce
oxidative liver injury®. To determine liver injury in our 10 model, we analysed the plasma and livers
for corresponding biomarkers. The harmful effect of |10 on liver functions was demonstrated by a
mild but significant increase in aspartate transaminase (AST) activity, and plasma cholesterol and
bilirubin concentrations (Figure 2A). Induction of oxidative stress in the liver of 10 rats was confirmed
by the increased presence of glutathione in its oxidized (GSSG) form (Figure 2B), reduced GSH/GSSG
ratio (Figure 2B) and by increased protein expression of stress-response molecules, haem oxygenase
1 (Hmox1) and phosphorylated NF- B p65 subunit (Figure 2C). These changes did not trigger acute
inflammatory response in the liver, as suggested by the absence of inflammatory cell accumulation in
histology sections (Figure 1A) and unchanged gene expression of tumour necrosis factor (Tnf ) and
interleukin 6 (//6) (Figure 2D). On the other hand, deposited iron activated Tgf 1 production
accompanied by increased expression of Acta2 (encoding -SMA protein) (Figure 2D), a marker of

activated hepatic stellate cells, which was also recently demonstrated®’.
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Figure-2. 10 induced mild liver injury by activation of oxidative stress. (A) Activity and concentrations of ALT,
AST, bilirubin, cholesterol in plasma. (B) Content of reduced and oxidized glutathione (GSSG) and GSH/GSSG
ratio, determined by HPLC measurement. (C) Liver protein content of haem oxygenase (Hmox1l) and
phosphorylated NF-kB (p65) normalized to average ofa@in and Gapdh. (D) mRNA liver expressions of
proinflammatory markers TNFa, II-6, Tgfb1l and Acta2 (encoding a-SMA protein) determined by real-time RT-
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PCR. Values are mean = SD (n = 6 in each group). *p < 0.05, **p < 0.01, ***p < 0.60dateahvs. saline-
treated rats.

Bile flow is reduced by 10 in response to reduced biliary secretion of BA. Reduced biliary secretion
of total BA during 10 was reported previously in a single study’. To elaborate this finding, we
performed a bile collection study with analysis of BA spectra and other major components of bile
including BA-independent flow based mainly on biliary secretion of glutathione. |0 caused significant
reduction of net bile flow in rats (Figure 3A), accompanied by decreased biliary secretion of BA.
Individual BA were proportionally reduced in the presence of 10 (Figure 3B). Changes in biliary
secretion of individual bile acids presents Supplementary Table 3. Biliary secretion of glutathione,
cholesterol and phospholipids did not significantly differ between the control and 10 rats (Figure 3C).
Similarly, concentrations of BA and their spectra in plasma and the concentration of cholesterol in
liver were not changed by iron administration (Figure 3D-E, Supplementary Table 3). Our data

indicate that the reduction of bile production by IO reflected reduced biliary secretion of BA.
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Figure-3. Bile flow was reduced in rats by 10 in response to reduced biliary secretion of BA. (A) Rat bile duct was
cannulated and bile was collected for 120 min. Then the bile flow was calculated from amount of collected bile

to liver weight. (B and D) The concentrations of total and individual BAs in bile and plasma were measured by

LC-MS analysis. (C and E) Biliary secretions of phospholipids, glutathione, cholesterol and hepatic content of
cholesterol were determined by available commercial kits. Values are mean + SD (n = 6 in each group). *p <
0.05, **p < 0.01, ***p < 0.001 iron-treated vs. saline-treated rats.
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Impact of 10 on liver expression of molecules responsible for BA and cholesterol turnover. In order
to reveal the mechanisms responsible for changes in BA biliary kinetics, we analysed liver expression
of transporting proteins and enzymes with crucial functions in cholesterol and BA uptake, secretion,
and metabolism. Evaluating key genes in BA and cholesteral synthesis, 10 significantly reduced mRNA
expression of Cyp7al and significantly increased gene expression of 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase (Hmgcr) (Figure 4A). Of all apical and basolateral transporters, 10 significantly
increased mRNA expression of Abcbla/1b, Abcc3 and Abcb4, respectively (Figure 4B). These
transcriptional changes were followed by proportional changes in encoded proteins. We detected
downregulation of Cyp7al (Figure 4C) and up-regulation of Hmgcr, the rate-limiting enzyme for
cholesterol synthesis (Figure 4C), Mdr1 (Figure 4D), the major apical transporter for biliary excretion
lipophilic drugs, and Mrp3/Mrp4 (Figure 4D), the basolateral efflux transporters for conjugated
anionic compounds such as bilirubin glucuronides and BA. However, 10 also down-regulated liver
protein levels of Cyp8b1 enzyme for BA synthesis (Figure 4C), Ntcp, an essential protein for uptake of
BA from portal blood to hepatocytes (Figure 4D). Increased expressions of Abcg8, an apical efflux
transporter for cholesterol from liver to canaliculus, was not followed by a corresponding change in
Abcg5, which may imply that the function of this heterodimer was not increased as also suggested by
unchanged cholesterol biliary secretion (Figure 4). Previous studies described that Bsep, the rate
limiting transporter for biliary BA secretion, and Mrp2, the rate-limiting transporter for anionic
compounds including conjugates of BA and bilirubin, may be regulated post-transcriptionally by
increased retrieval and degradation from the canalicular membrane®. Therefore, we performed
immunohistochemical analysis in order to evaluate localization and expression of both proteins.
Immunohistochemical staining in the liver showed strong Mrp2 expression in the canalicular
membrane of hepatocytes in the control rats (Figure 5A) as described in our previous paper”. On the
contrary, Mrp2 expression was reduced in the 10 rats (Figure 5A). Similarly, Bsep expression was also
detected in the canalicular membrane of hepatocytes in the control animals (Figure 5A). However,
Bsep staining was substantially weaker in the 10 rats (Figure 5A). Gene expressions of both proteins
were not changed by |0 (Figure 5B), while western blot analysis confirmed downregulation of both,
Bsep and Mrp2 at protein levels (Figure 5C). These data indicate significant posttranscriptional down-
regulation of Bsep and Mrp2 by I0.
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Figure-4. Impact of 10 on liver mRNA and protein expression responsible for BA and cholesterol turnover.
Isolated mRNAs (A and the expression of transporters and enzymes responsible for cholesterol and BAs
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147



13

A Saline

Bsep

10 pm

e
@)

Liver Liver
2507 mm saline B E ISOaIme
== 3 IO e
S 200+ o
= (&)
£ 150 Lt % :
< 100 s
% 2 0.5
=
E 501 .§
=
0- o 0.0-
Abcc2 Abcb11 Mrp2 Bsep

Bsep [mm b AD A S o= 150

Mrp2|- L I -L150

A
Gapdh | SN e e e -/ 37
Saline 10

Figure-5. 10 reduced posttranscriptionally the expression of Mrp2 and Bsep transporting proteins. (A)
Immunohistochemical staining was used to detect Mrp2 and Bsep expression (red, white arrows) in the liver of
saline and |10 treated rats. Representative images of random fields are shown. Nuclei staining in blue (DAPI).

148



14

Scale bar 10 mm. Isolated mRNA (B) and proteins (C) from liver tissue were used for evaluation of gene
expression and protein levels. The expression of these genes was analysed by real-time RT-PCR system and
proteins by western blot immunodetection. Values are mean = SD (n = 6 in each group). *p < 0.05, **p < 0.01,
***¥p < 0.001 iron-treated vs. saline-treated rats.

10 changes intestinal BA turnover. More than 90% of BA is reabsorbed from the ileum into portal
blood, and subsequently reused by hepatocytes for secretion into the bile. In order to study
intestinal turnover of BA, we analysed BA loss through faeces. BA were present in stool only in
unconjugated form. In contrast to biliary secretion, the net faecal excretion of BA was highly variable
between individuals; therefore, the tendency for decreased net faecal excretion of BA in the 10 rats
failed to reach statistical significance (Figure 6A, Supplementary Table 3). This suggests that potential
hepatic retention of BA in response to reduced biliary secretion of BA was compensated for by their
reduced ileum reabsorption. Western blot analysis did not confirm significant changes in protein
expression of Asbt, and Ost /3, the major transporters for BA reabsorption at apical and basolateral
membranes of ileum enterocytes, respectively (Figure 6B). We therefore focused on faecal content
of individual BA. Liquid chromatography—mass spectrometry (LC-MS) analysis revealed that faecal BA
loss was reduced for the majority of BA in the |10 rats, with the exception of hyodeoxycholic acid
(HDCA) (Figure 6A). HDCA was present in significant amounts in four out of six |0 rats, and produced
such variability in net stool BA content. HDCA was absent in the faeces of all saline-administered rats.
Interestingly, concentrations of HDCA in plasma from portal bloods were 12.4 #M/ib control
and 13.5 = 5.3 M in 10 groups, respectively, and they were not statistically different (P = 0.77). This
indicates that metabolic conversion of BA by gut microbiota may modify reduced biliary secretion of

BA in 10 rats.
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Discussion

Alteration of cholesterol homeostasis by 10 was reported by several studies, but the collected
results indicate discrepancies between different models. While humans and mice®® with genetically
determined 10 such as thalassaemia or hereditary haemochromatosis develop mostly reduced
cholesterol plasma concentrations, rodent models based on iron administration usually develop
increased plasma® or hepatic cholesterol”® levels. Animal models based on excessive iron
administration therefore better reflect hepatic iron deposition during dysmetabolic |10 syndrome, the
clinical syndrome detected in about one-third of patients with NAFLD or the metabolic syndrome,

and characterized by iron liver deposition and elevated plasma cholesterol®.

Research on molecular mechanisms explaining hypercholesterolaemia accompanying
increased liver iron content has not yielded consistent results. Brunet et al.” demonstrated reduced
hepatic activities of both Hmgcr and Cyp7al in dietary iron loaded rats in association with increased
plasma and unchanged liver cholesterol levels, and reduced biliary excretion of BA and cholesterol.
Reduced gene expression of Cyp7al together with increased plasma cholesterol concentrations were
also detected in Hfe” DBA/2 mice but not in Hfe” C57BL/6 mice®. In another study, dietary IO mice
showed positive correlation between hepatic iron content and both mRNA expression of Hmgcr and
hepatic cholesterol content, while no relationship was seen with Cyp7al or with plasma cholesterol
concentration™. Indeed, the results of this study demonstrate important new information that
excessive 10 may even lead to a harmful combination of Cyp7al downregulation coupled with
marked induction of Hmgcr. We speculate that discrepancies reported by available studies regarding
10-induced changes in both HMG-CoA reductase and Cyp7al are related to underlying pathology and

different degree and localization of iron liver accumulation.

Liver Hmgcr is regulated by SREBP-2 transcription factor in response to reduced tissue
cholesterol content®®. Thus, unchanged liver cholesterol concentrations in our 10 rats suggest

another factor activating SREBP-2. Indeed, recently it has been described that SREBP-2 may be
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induced by reactive oxygen species (ROS)”’. ROS production typically occurs during 10°. Reduced liver
GSH/GSSG ratio and induced Hmox1 expression and NF- B p65 phosphorylation confirmed marked
oxidative stress in the 10 rats. We therefore suggest that induction of liver ROS—SREBP-2 pathway is
responsible for Hmgcr induction in 10 rats. The absence of cholesterol accumulation in the liver
together with its unchanged biliary excretion suggests that increased plasma cholesterol
concentrations are related to its increased output from the liver to the bloodstream in response to
increased synthesis by induced Hmgcr, and reduced metabolism to BA due to reduced Cyp7al. The
finding of induced Hmgcr also indicates potential therapeutic strategy by statins, the Hmgcr-blocking
drugs which indeed showed beneficial effects in NASH, a syndrome associated with increased

incidence of liver iron deposition”.

The reduction of Cyp7al gene expression in 10 rats together with its recently detected
induction during iron depletion® suggests that iron regulates Cyp7al expression by a transcriptional
mechanism. Our recent study excluded involvement of major pathways regulating Cyp7al
transcription such as nuclear receptors (e.g. FXR or PXR) or Egfl5-pERK/pJNK signalling in iron
depletion-mediated induction of Cyp7al®’. On the other hand, Liang et al** recently discovered that
modulation of Cyp7al mRNA by iron is executed by iron-regulating proteins IRP1 and IRP2 in mice. In
general, when cells are iron-deficient, IRPs bind to iron-responsive elements (IREs) in untranslated
regions (UTRs) of target mRNAs such as divalent metal transporter 1 and transferrin receptor 1, and
increase their expression by stabilizing the mRNAs, while IRPs binding to UTRs of ferritin or
ferroportin 1 blocks the translation of these mRNAs. When iron is in excess, IRP1 acquires a 4Fe-4S
cluster and creates an aconitase, while IRP2 undergoes degradation so their binding to UTRs

1120 | jang et al'! demonstrated that Cyp7al has a non-canonical IRE structure in its

generally declines
3-UTR that can efficiently bind both IRP1 and IRP2 and increase transcription of this enzyme.
Increased liver iron content reduces IRP1 and IRP2 and consequently reduces Cyp7al expression,

while desferrioxamine, an iron chelator, has an inducing effect. Impairment of the IRE structure in

the UTR of Cyp7al gene abolishes the modulatini’el_ffect of iron. In the present study, reduced IRP2
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expression and variable changes in liver FXR-SHP and FGF15-pJNK/pERK axes (data not shown) in 10

rats imply iron-IRPs-Cyp7al regulation as a major mechanism of Cyp7al downregulation in 10 rats.

Transporting proteins mediating hepatocyte uptake and biliary secretion of BA and bilirubin
have not been previously studied in |0 animals despite the evidence of reduced biliary BA secretion’.
We demonstrate for the first time posttranscriptional down-regulation of Ntcp, Bsep and Mrp2
transporters for BA which resembles increased retrieval and degradation of these proteins during

liver inflammation?*°

. Data from immunohistochemistry indeed confirmed significantly reduced
intensity and canalicular localization of both Bsep and Mrp2 in 10 livers when compared with control
rats. This pattern of regulation may correspond with significant oxidative stress induced by 10. In
support, we detected upregulation of Mdrl, which is induced in the liver by binding of
phosphorylated NF-kB toMdr1 promotor®’. These changes may, together with reduced BA synthesis,
contribute to reduced biliary BA secretion in 10 rats, and may modify biliary excretion of numerous
compounds including drugs. Furthermore, reduced uptake of BA through reduced Ntcp, and their
increased output to blood through induced Mrp4 may contribute to unchanged BA plasma
concentrations and prevent intracellular BA accumulation due to impaired BA biliary excretion.
Downregulation of apical Mrp2, and upregulation of basoclateral Mrp3 transporters for bilirubin

conjugates together with induced Hmox-1 may explain increased bilirubin plasma concentration in IO

rats due to its increased synthesis and reversed transport to blood.

The impact of |10 on faecal excretion of BA has been unknown to date. Despite reduced
biliary BA secretion in the |0 rats, the net BA output by stool remained statistically unaffected. Abst,
and Osts, the major transporters for BA reuptake from the intestine, were not significantly changed
by 10. In contrast, analysis of BA spectra in stool displayed marked but inter-individually variable
intestinal conversion of BA into HDCA in the 10 rats. A previous study showed inefficient absorption
of HDCA from the intestinal tract in Wistar rats and proposed that HDCA formation might be an

important mechanism for controlling the body cholesterol pools®. In our study, statistically
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unchanged concentrations of HDCA in the portal blood confirms limited capacity for HDCA intestinal
reabsorption, which subsequently results in marked increase of HDCA in the stool of some 10
animals. Therefore, we suggest that the marked but variable metabolism of BA into HDCA by
intestinal bacteria®® of the 10 rats was the reason for statistically unchanged net stool BA excretion in
comparison with saline-administered animals. Potential changes in gut microbiome composition
caused by 10 must be further studied. Moreover, we have detected for the first time a reduction of
liver Cyp8b1l, the crucial enzyme for neutral pathway of BA synthesis, in 10 rats, and analysed BA
spectra in these animals. Combined downregulation of Cyp8bl and Cyp7al was associated with
significantly reduced content of faecal DCA, the major representative of neutral pathway of BA
synthesis, in 10 rats. Moreover, we have detected formation of HDCA, the metabolite of muricholic

acid, a typical product of the acidic pathway of BA synthesis.

In conclusion, our data showed that IO results in a complex effect on BA homeostasis
combining reduced liver BA synthesis, biliary secretion and reabsorption in the intestine, with
reduced uptake to hepatocytes and increased output from hepatocytes to the bloodstream. Complex
changes in transporting proteins indicate possibly dysfunctional elimination of numerous substrates
including drugs. We propose that these abnormalities developed in response to oxidative stress, and
IRP2 repression produced by excessive liver iron deposition. |0 markedly influenced faecal excretion
of BA, and our data emphasize the necessity for simultaneous evaluation of biliary BA excretion
together with their intestinal processing by transporters and the gut microbiome. The interaction
between iron and intestinal bacterial colonization requires further study. Finally, we further
elaborate the mechanisms responsible for increased plasma cholesterol and bilirubin concentrations

accompanying |0, which may serve as a potential therapeutic target.

154



20

Acknowledgement

We gratefully acknowledge the skilful technical assistance of Jitka Hajkova. This study was supported

by grants from the Grant Agency of Charles University Progres Q40/05, SVV 260397/2017, and GAUK

5562/18, and by the ERDF-Project PERSOE\T/IED No. (€Z.02.1.01/0.0/0.0/16_048/0007441.

References

10

i |

12

13

14

15

16

17

18

Boyer, J. L. Bile formation and secretion. Comprehensive Physiology 3, 1035-1078,
doi:10.1002/cphy.c120027 (2013).

Vitek, L. & Haluzik, M. The role of bile acids in metabolic regulation. J Endocrinol 228, R85-96,
d0i:10.1530/joe-15-0469 (2016).

Halilbasic, E., Fuchs, C., Traussnigg, S. & Trauner, M. Farnesoid X Receptor Agonists and Other
Bile Acid Signaling Strategies for Treatment of Liver Disease. Digestive diseases 34, 580-588,
doi:10.1159/000445268 (2016).

Zuo, L., Zhou, T., Pannell, B. K., Ziegler, A. C. & Best, T. M. Biological and physiological role of
reactive oxygen species--the good, the bad and the ugly. Acta physiologica 214, 329-348,
doi:10.1111/apha.12515 (2015).

Brunet, S. et al. Dietary iron overload and induced lipid peroxidation are associated with
impaired plasma lipid transport and hepatic sterol metabolism in rats. Hepatology 29, 1809-
1817, doi:10.1002/hep.510290612 (1999).

Philippe, M. A., Ruddell, R. G. & Ramm, G. A. Role of iron in hepatic fibrosis: one piece in the
puzzle. World J Gastroenterol 13, 4746-4754 (2007).

Fleming, R. E. & Ponka, P. Iron overload in human disease. N Engl J Med 366, 348-359,
d0i:10.1056/NEJMral004967 (2012).

Batts, K. P. Iron overload syndromes and the liver. Mod Pathol 20 Suppl 1, S31-39,
d0i:10.1038/modpathol.3800715 (2007).

Aigner, E., Weiss, G. & Datz, C. Dysregulation of iron and copper homeostasis in nonalcoholic
fatty liver. World Journal of Hepatology 7, 177-188, d0i:10.4254/wjh.v7.i2.177 (2015).
Neuschwander-Tetri, B. A. et al. Farnesoid X nuclear receptor ligand obeticholic acid for non-
cirrhotic, non-alcoholic steatohepatitis (FLINT): a multicentre, randomised, placebo-
controlled trial. Lancet 385, 956-965, doi:10.1016/s0140-6736(14)61933-4 (2015).

Liang, H. et al. Effect of iron on cholesterol 7alpha-hydroxylase expression in alcohol-induced
hepatic steatosis in mice. J Lipid Res 58, 1548-1560, doi:10.1194/jlr.M074534 (2017).
Coppin, H. et al. Gene expression profiling of Hfe-/- liver and duodenum in mouse strains
with differing susceptibilities to iron loading: identification of transcriptional regulatory
targets of Hfe and potential hemochromatosis modifiers. Genome Biol 8, R221,
d0i:10.1186/gb-2007-8-10-r221 (2007).

Graham, R. M. et al. Hepatic iron loading in mice increases cholesterol biosynthesis.
Hepatology 52, 462-471, doi:10.1002/hep.23712 (2010).

Silva, M. et al. Iron dextran increases hepatic oxidative stress and alters expression of genes
related to lipid metabolism contributing to hyperlipidaemia in murine model. BioMed
research international 2015, 272617, doi:10.1155/2015/272617 (2015).

Cunnane, S. C. & McAdoo, K. R. Iron intake influences essential fatty acid and lipid
composition of rat plasma and erythrocytes. J Nutr 117, 1514-1519 (1987).

Dabbagh, A. J., Mannion, T., Lynch, S. M. & Frei, B. The effect of iron overload on rat plasma
and liver oxidant status in vivo. Biochem J 300 ( Pt 3), 799-803 (1994).

Bristow-Craig, H. E., Strain, J. J. & Welch, R. W. Iron status, blood lipids and endogenous
antioxidants in response to dietary iron levels in male and female rats. International journal
for vitamin and nutrition research. Internationale Zeitschrift fur Vitamin- und
Ernahrungsforschung. Journal international de vitaminologie et de nutrition 64, 324-329
(1994).

Najafzadeh, H., Jalali, M. R., Morovvati, H. & Taravati, F. Comparison of the prophylactic
effect of silymarin and deferoxamine on iron overload-induced hepatotoxicity in rat. Journal
of medical toxicology : official journal of the American College of Medical Toxicology 6, 22-26,
d0i:10.1007/s13181-010-0030-9 (2010).

155



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

22

Gulec, S., Anderson, G. J. & Collins, J. F. Mechanistic and regulatory aspects of intestinal iron
absorption. American Journal of Physiology-Gastrointestinal and Liver Physiology 307, G397-
G409, doi:10.1152/ajpgi.00348.2013 (2014).

Anderson, C. P, Shen, M., Eisenstein, R. S. & Leibold, E. A. Mammalian iron metabolism and
its control by iron regulatory proteins. Biochim Biophys Acta 1823, 1468-1483,
doi:10.1016/j.bbamcr.2012.05.010 (2012).

Mehta, K. J. et al. Iron Enhances Hepatic Fibrogenesis and Activates Transforming Growth
Factor-beta Signaling in Murine Hepatic Stellate Cells. Am J Med Sci 355, 183-190,
doi:10.1016/j.amjms.2017.08.012 (2018).

Zinchuk, V., Zinchuk, O. & Okada, T. Experimental LPS-induced cholestasis alters subcellular
distribution and affects colocalization of Mrp2 and Bsep proteins: a quantitative
colocalization study. Microsc Res Tech 67, 65-70, d0i:10.1002/jemt.20184 (2005).
Cermanova, J. et al. Boldine enhances bile production in rats via osmotic and farnesoid X
receptor dependent mechanisms. Toxicol App! Pharmacol 285, 12-22,
doi:10.1016/j.taap.2015.03.004 (2015).

Padda, R. S. et al. A high-fat diet modulates iron metabolism but does not promote liver
fibrosis in hemochromatotic Hjv(-)/(-) mice. Am J Physiol Gastrointest Liver Physiol 308, G251-
261, doi:10.1152/ajpgi.00137.2014 (2015).

Dongiovanni, P., Fracanzani, A. L., Fargion, S. & Valenti, L. Iron in fatty liver and in the
metabolic syndrome: a promising therapeutic target. / Hepatol 55, 920-932,
doi:10.1016/j.jhep.2011.05.008 (2011).

Horton, J. D., Goldstein, J. L. & Brown, M. S. SREBPs: activators of the complete program of
cholesterol and fatty acid synthesis in the liver. J Clin Invest 109, 1125-1131,
doi:10.1172/JC115593 (2002).

Seo, K. & Shin, S. M. Induction of Lipinl by ROS-Dependent SREBP-2 Activation. Toxicological
research 33, 219-224, doi:10.5487/tr.2017.33.3.219 (2017).

Dongiovanni, P. et al. Statin use and non-alcoholic steatohepatitis in at risk individuals. J
Hepatol 63, 705-712, doi:10.1016/j.jhep.2015.05.006 (2015).

Prasnicka, A. et al. Iron depletion induces hepatic secretion of biliary lipids and glutathione in
rats. Biochim Biophys Acta, doi:10.1016/j.bbalip.2017.09.003 (2017).

Geier, A., Wagner, M., Dietrich, C. G. & Trauner, M. Principles of hepatic organic anion
transporter regulation during cholestasis, inflammation and liver regeneration. Biochim
Biophys Acta 1773, 283-308, d0i:10.1016/j.bbamcr.2006.04.014 (2007).

Nishanth, R. P. et al. C-Phycocyanin inhibits MDR1 through reactive oxygen species and
cyclooxygenase-2 mediated pathways in human hepatocellular carcinoma cell line. Eur J
Pharmacol 649, 74-83, doi:10.1016/j.ejphar.2010.09.011 (2010).

Madsen, D. C., Chang, L. & Wostmann, B. -Muricholate: a tertiary bile acid of the Wistar rat.
Proc. Indiana Acad. Sci 84, 416-420 (1975).

Eyssen, H. J., De Pauw, G. & Van Eldere, J. Formation of hyodeoxycholic acid from muricholic
acid and hyocholic acid by an unidentified gram-positive rod termed HDCA-1 isolated from
rat intestinal microflora. Appl Environ Microbiol 65, 3158-3163 (1999).

Yu, C. et al. Elevated cholesterol metabolism and bile acid synthesis in mice lacking
membrane tyrosine kinase receptor FGFR4. The Journal of biological chemistry 275, 15482-
15489 (2000).

Hirsova, P. et al. Cholestatic effect of epigallocatechin gallate in rats is mediated via
decreased expression of Mrp2. Toxicology 303, 9-15, doi:10.1016/j.tox.2012.10.018 (2013).

156



23

Author contributions: A.P., L.V, and S.M. analysed the data, and wrote the manuscript; A.P.,
H.L., F.FA., J.C.,, E.D., P.P., and S.M. performed the in vivo experiments and all molecular
analyses; J.M. performed the histology analyses; M.H. and K.Z. performed the LC-MS
analyses; P.N. performed immunohistochemistry analyses. All authors participated in the

revision and approved the final form of the manuscript.

Methods

Animals

Male Wistar rats (200-250 g) obtained from Velaz (Prague) were used for the experimentation. The
rats were fed a standard diet under controlled environmental conditions: 12-h light-dark cycle;
temperature 22 + 1°C with free access to food and water. The rats were randomly divideeén
groups (n=6). The control group (saline) was administrated i.p. with physiological saline (1 ml/kg) and
the 10 group was administrated i.p. with 8 doses of gleptoferron (iron-dextran heptonic acid
complex, 100 mg/kg) every other day as described previously'®. Excessive iron accumulation in this
model induces a marked increase in hepcidin production, thus significant suppression of ferroportin
1-mediated iron intestinal absorption can be expected™. Administration of the 7" dose was followed
by placement of the rats into metabolic cages where the stool was collected for 24 h. Collected stools
were dried for 72 h at room temperature and BA were isolated as described previously® with slight
modifications. One day after the final i.p. dose, the animals were fasted overnight and the next day
they were anaesthetized with sodium pentobarbital (50 mg/kg, i.p.). The common bile duct (for bile
collection) and carotid artery (for plasma collection) were cannulated. The bile was collected in pre-
weighted tubes for 120 min and a blood sample was taken in the middle of this period. Thereafter,
samples from portal vein were taken and the animals were sacrificed by exsanguination through
carotid artery, and the livers and ilea were harvested and weighed. Tissue samples, plasma, bile, and
extracted stool were snap frozen in liquid nitrogen and stored at -80°Cfor future analysis. All animals

received humane care in accordance with the guidelines set by the institutional Animal Use and Care
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Committee of Charles University, Faculty of Medicine in Hradec Kralove, Czech Republic. The protocol

of the experiment was approved by the same committee (No. 18293/2016-2).
Analytical methods

Plasma AST/ALT activities and concentrations of iron, ferritin, cholesterol and bilirubin were
measured by routine laboratory methods on a Cobas Integra 800 (Roche Diagnostics, Mannheim,
Germany). Biliary concentrations of phospholipids were determined by Phosphatidylcholine Assay kit
(Sigma-Aldrich, St.Louis, USA). Concentrations of reduced (GSH) and oxidized (GSSG) glutathione
were analysed separately using the validated HPLC method with fluorescence detection as described
previously®. The liver concentration of cholesterol was assayed by the commercial Cholesterol Assay
Kit (Cayman Chemical, Michigan, USA) and the concentration of cholesterol in bile was measured by
the commercial kit Cholesterol (Erba Lachema, Brno, Czech Republic). BA concentrations in plasma,

bile and stool were measured using the LC-MS method described previously™.
Quantitative real time RT-PCR

Gene expression analysis by mRNA quantification was performed by reverse transcription-
polymerase chain reaction (qRT-PCR) on a 7500 HT Fast Real-Time PCR System (Applied Biosystems,
Foster City, USA) as previously detailed”. The primers used for analysis are specified in
Supplementary Table S1. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) gene was used as a

reference for normalizing the data (Applied Biosystems, Foster City, USA).
Western blot

The procedure was performed as reported previously”. Briefly, liver lysates were prepared by
homogenization in an ice-cold buffer (25 mM TRIS.HCl, pH= 7.6, 0.1% w/w TRITON-X), containing 0.5
pa/ml benzamidine, aprotinine, leptine and 10 pl/ml phosphate iithits (Thermo Scientific Prague,
Czech Republic), and supernatant prepared by centrifugation of the lysate was separated using SDS-

PAGE. Proteins were blotted to PVDF membranesl,S\ghich were then blocked for 1 h with 5% non-fat
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dry milk in Tris-buffered saline containing 0.05% Tween 20, exposed to antibodies and
chemiluminescent reagent, followed by quantification of bands on X-ray films or directly on
membranes (Fusion Solo S, Vilber, France). Antibodies are described in the Supplementary Table S2.

Equal loading of proteins onto the gel was confirmed by immunodetection of Gapdh and [B-actin.

Histology

The livers were collected immediately after death, fixed in 10% neutral buffered formalin, embedded
in paraffin, and cut to 45 m thick sections. These were stained with haematoxylin-eosin for
assessment of liver morphological changes and with Prussian blue for the presence of iron. Sections
were assessed by the same person using a BX-51 light microscope (Olympus) at x100 of original

magnification. Ten visual fields were analysed per liver section from each animal.

Immunohistochemistry of Mrp2 and Bsep

Five slides from each animal from each group were taken for immunohistochemical analysis. Serial
cross-sections (7 pm) were cut on a cryostat and placed on gelatiated slides. Before antigen
detection, the slides were incubated with anti-avidin and anti-biotin solutions (Vector Laboratories,
USA). Thereafter, the slides were incubated with primary antibodies and after that biotinylated goat
anti-rabbit secondary (Jackson ImmunoResearch, USA) (diluted 1:100 in BSA) and ExtraAvidin red
fluorochrome 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 assessed the
specificity of the immunostaining. Primary antibodies included the following: mouse monoclonal
antibody anti-Mrp2 (dilution 1:20, 1 h at RT), purchased from Enzo Life Sciences (USA), and rabbit
polyclonal antibody anti-Bsep (dilution 1:50, 1 h at RT), purchased from Thermo Scientific (USA).
Photo documentation and image digitizing from the microscope were performed with the Olympus

AX 70, with a digital VDS Vosskuihler (GmbH, Germany) with Image Analysis Software NIS (Laboratory
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Imaging, Czech Republic). Canalicular localization of Mrp2 was verified in our previous studies ***°

using the same antibodies by co-localization with another canalicular protein, Zo-1.

Statistical analysis

Data are presented as mean = SD. Differences between the groups were assessed tyiladwo
test assuming unequal variance. Six animals per group were analysed. Differences were considered
significant at P-value less than 0.05. All analyses were performed using GraphPad Prism 6.0 software

(San Diego, USA).
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