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Abstrakt
Predkladand disertacni prace je zaméfena na studium glykosfingolipida v jaterni tkdni
potkana u riznych typt cholestatického onemocnéni a vlivu oxida¢niho stresu na zmény ve

slozeni a lokalizaci gangliosidi.

Nejprve byly optimalizovany metodické podminky pro imunochemickou detekci
GM1 gangliosidu (zastupce glykosfingolipidové rodiny). Zjistili jsme, Zze zcela klicovym
faktorem pii fixaci histologickych fezli je minimalizace obsahu vody ve fixa¢nim cinidle.
Optimalizovanou metodiku jsme poté vyuzili pti in vivo experimentech.

Na modelu cholestazy indukované estrogeny jsme prokdzali, Ze plsobenim vysoké
koncentrace zlucovych kyselin a oxida¢niho stresu dochdzi ke zménam v syntéze a distribuci
gangliosidli v jatrech. Pokud u experimentalnich zvifat indukujeme antioxida¢ni enzym
hemoxygenazu a snizime tak oxidacni stres, dojde k posunu glykosfingolipidového spektra
zpét ke kontrolnim hodnotam.

Analogickym experimentem na potkanech s mikrochirurgickym podvazem
segmentalnich jaternich zlucovodl jsme zjistili, Ze zmény v lokalizaci a syntéze gangliosidi
nejsou prisné specifické pro urcity typ cholestatického poSkozeni, ale pravdépodobné se jedna
0 obecnéj$i mechanismus hepatoprotekce. Rovnéz jsme potvrdili vyznamnou roli bilirubinu,
vznikajictho zhemu ucinkem hemoxygenazy, v ochrané¢ hepatocyti pred oxidacnim
poskozenim vysokymi koncentracemi Zlucovych kyselin pii obstrukéni cholestaze.

Vysledky pfedkladané disertani prace dokazuji, Ze za podminek retence zluCovych
kyselin a zvySeného oxidacniho stresu v jatrech dochdzi ke zméndm v syntéze a distribuci
glykosfingolipida, které hraji diky svym fyzikdlné-chemickym vlastnostem dulezitou roli
v ochran¢ hepatocytl. Indukci HMOX lze docilit sniZzeni oxida¢niho stresu a ovlivnit tak

metabolismus gangliosidu.

Klicova slova: GM1 gangliosid, hemoxygenaza, cholestaza, oxida¢ni stres



Abstract

This thesis is focused on the study of glycosphingolipids in the rat liver in different
types of cholestasis and the effect of oxidative stress on changes in the composition and
localization of gangliosides.

First, it was necessary to optimize the immunochemical detection of
glycosphingolipids. GM1 ganglioside was selected as a representative of a large glycolipid
family. We found that minimum water content in the fixing solution was a key condition for
fixation of histological sections. Optimized method of GM1 detection was subsequently used
in in vivo experiments.

We have demonstrated that estrogen-induced cholestasis characterized by high
concentrations of bile acids and increased oxidative stress caused changes in the synthesis and
distribution of liver gangliosides. HMOX induction is associated with a reduction in oxidative
stress level and accompanied by normalization in GSL content.

In experiments with obstructive cholestasis, we found that changes in the distribution
and synthesis of gangliosides were not strictly specific to a particular type of cholestasis. We
assume that it represents a general mechanism of hepatoprotection. We also confirmed the
important role of bilirubin, product of HMOX reaction, in protection of hepatocytes against
oxidative damage caused by high concentrations of bile acids in obstructive cholestasis.

The results of the thesis demonstrate that accumulated bile acids and increased
oxidative stress in the liver result in changes in the synthesis and distribution of
glycosphingolipids. These molecules play important role in hepatoprotection due to their
physical-chemical properties. HMOX induction may reduce oxidative stress and affect

metabolism of gangliosides.

Key words: GM1 ganglioside, Heme oxygenase, Cholestasis, Oxidative stress
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1. SOUCASNY STAV PROBLEMATIKY

1.1. Uvod

Gangliosidy, patfici do skupiny glykosfingolipidi (GSL), jsou komponenty zakotvené
v bunécnych membranéach eukaryotickych bunék, které ve své struktufe obsahuji jeden nebo
vice zbytkd kyseliny sialové. Hydrofobni ceramidovéd slozka je v membrané zanotfena do
vngjsi ¢asti fosfolipidové dvojvrstvy, zatimco hydrofilni oligosacharidova ¢ast je situovana do
extracelularniho prostoru. Zde zprostfedkovava interakce s exogennimi ligandy a funguje tak
jako jejich receptorovda doména (napt. GM1 pro choleratoxin ¢i GTlb pro tetanotoxin
(Schengrund 2003)). Gangliosidy rovnéz funguji jako dulezité markery nadorové
transformace (Hakomori 1992), maji nezastupitelnou tlohu v mezibunééné adhezi (Hakomori
1994) a dulezitou funkci pti zpeviiovani fluidni fosfolipidové dvojvrstvy (Jirkovska et al.
2007).

Pokles membranové fluidity je popisovan naptiklad u cholestatického onemocnéni jater, které
je doprovizeno vys§imi sérovymi hodnotami Zlucovych kyselin (ZK), konjugovaného
bilirubinu a zaroven zvySenou aktivitou alkalické fosfatazy (ALP) a y—glutamyltransferazy
(GGT). Divodem elevace popsanych analyti je snizeni odtoku zlu¢i zjater a retence
zlu¢ovych komponent v cirkulaci (Boyer 2007). Popsané stavy jsou Casto vyvolany zanétem
zpusobenym lipopolysacharidem (LPS) gramnegativnich bakterii (Trauner et al. 1999) a
poruchou motility zlu¢ovodl s moznym ascendentnim ptfechodem infekce do jater. Prevalence
cholestatického poskozeni jater v poslednich letech vyznamné stoupa, a to predevSim v
disledku zvySeného uZzivani nckterych 1€kt (napf. cyklosporin A, nebo rifampicin),
hormonalni antikoncepce, vyssi incidence nadorovych onemocnéni Zluovych cest,
cholestatickych forem virovych hepatitid, apod. Cholestaza miize bez v€asné zahajené 1écby

ptejit v bilidrni cirhdzu a takto postiZeni nemocni jsou Casto indikovani k jaterni transplantaci
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(Green R. M 1995). Poskozeni hepatocyti ziejmé souvisi s akumulaci hydrofobnich
zlucovych kyselin, které se podileji na vzniku volnych kyslikovych radikali (ROS), rozvoji
oxida¢niho stresu a nekrézy jaternich bunc¢k (Sherlock S. 2004). Vlastni cholestaticka
onemocnéni mohou byt rozdélena napt. dle lokalizace poskozeni na:

1) intrahepatalni (poskozeni je na trovni hepatocytt ¢i drobnych intrahepatalnich zlu¢ovodi);

2) extrahepatdlni (poskozeni je na tUrovni segmentdlnich zluCovodl, ductus hepaticus

communis ¢i hlavniho zlu¢ovodu).

V experimentech s intrahepatalni cholestazou indukovanou estrogeny bylo popsano zmnozeni
gangliosidl biosyntetické b- vétve: GD3, GD1b a GT1b (Jirkovska et al. 2007; Majer et al.
2007) v jatrech cholestatickych potkanii. V ramci této studie byl rovnéz sledovan presun GM 1
gangliosidu do sinusoidalni membrany cholestatickych hepatocytti s vysvétlenim, ze se timto
zpusobem hepatocyty brani detergentnim ucinkiim vysokych koncentraci akumulovanych
zlucovych kyselin.

Hemoxygendza (HMOX, EC 1.14.99.3), klicovy enzym v katabolické draze hemu, ma
prokazatelné hepatoprotektivni ucinky. Zejména prostfednictvim svych metabolickych
produktt (oxid uhelnaty, biliverdin a Zzelezo) chrani jaterni buniky pied zanétlivymi a
cytotoxickymi inzulty a oxidacnim stresem, spousténym napi. ROS, tézkymi kovy,
bakteridlnim lipopolysacharidem, peroxidem vodiku, hemem, hemovymi derivaty nebo
ultrafialovym zafenim (Sardana et al. 1981; Keyse et al. 1989; Shibahara S 1993; Takeda et
al. 1994; Takahashi et al. 1996; Hara et al. 1999; Maines et al. 2005; Wu 2005; Vitek et al.
2007; Xue et al. 2007).

Oxid uhelnaty (CO) byl dlouhd 1éta povazovan za pouhy toxicky produkt nedokonalého
spalovani fosilnich paliv. Studiem jeho metabolismu v organismu bylo zjisténo, ze CO ma

-----

(Motterlini et al. 1998; Ryter et al. 2002; Liu et al. 2003; Vanova et al. 2014; Muchova et al.
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2015) a tadi se také mezi dilezité signalni molekuly. V neposledni fad¢ byl rovnéZ popsan
jeho pozitivni vliv na produkci a tok zluc¢i (Sano et al. 1997). Vyse popsané u¢inky mohou
souhrnné ovliviiovat cholestatickd onemocnéni jater (Motterlini 2005; Muchova et al. 2011;
Vanova et al. 2014; Muchova et al. 2015).

Bilirubin chrani buiiky pfed volnymi kyslikovymi radikaly (ROS) prostfednictvim redoxniho
cyklu, ktery spociva v redukci biliverdinu na bilirubin se silnymi antioxidacnimi a
protizanétlivymi Gc¢inky a jeho zpétnou oxidaci na biliverdin (Baranano et al. 2002). Bilirubin
rovnéz funguje jako ,odstraiiovac” (scavenger) singletového kysliku, reaguje se
superoxidovymi radikaly a slouzi jako substrat pro peroxidazy v pritomnosti peroxidu vodiku
a organickych hydroperoxida (Stocker et al. 1987; Vitek et al. 2007).

Volné¢ dvojmocné Zzelezo plisobi na organismus silné toxicky, nicméné je v organismu
skladovéano ve formé ferritinu, ktery ma naopak cytoprotektivni u¢inky. Zaroven dochazi ke
zvySeni aktivity ATPazové pumpy, coz ma za nasledek eliminaci intracelularniho zeleza
z organismu (Ferris et al. 1999). Na rozdil od Zeleza piisobi ferritin protektivné, avSak pfima
korelace mezi expresi ferritinu a HMOX prokéazana doposud nebyla (Otterbein et al. 1997;
Jeney et al. 2002).

Dnes jiz neni pochyb o tom, ze estrogeny indukovand cholestaza je doprovadzena
kvantitativnimi 1 kvalitativnimi zménami jaternich gangliosiddi, nicméné otdzkou zlstava,
jakou roli zde hraje oxidac¢ni stres. Tato problematika nebyla doposud uspokojivé feSena, a
proto cilem disertatni prace bylo nejprve optimalizovat fixaéni a detekéni podminky
gangliosidl v jaterni tkani potkana a nasledné zjistit, zda zvySeni ¢i snizeni trovné oxidac¢niho
stresu prostiednictvim modulace aktivity HMOX muze ovlivnit syntézu a distribuci

gangliosidll v cholestatickych jatrech.
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1.2. Glykosfingolipidy

1.2.1. Struktura a nazvoslovi

Glykosfingolipidy jsou pfedevsim membranové komponenty, které nachazime u obratlovcil,
rostlin, hub, n¢kterych prokaryotickych organismii a vir. Svoji strukturou odpovidaji
slozenym lipidiim s amfifilnim charakterem. Obsahuji lipofilni ¢ast zvanou ceramid, ktera je
vazana glykosidovou vazbou k hydrofilni oligosacharidové casti. Variabilita lipofilni
struktury je zptusobena riiznymi sfingoidnimi basemi ¢i acyly mastnych kyselin a je zanofena
do vnéjsi vrstvy plasmatické membrany. Ceramid je tvofen sfingosinem a vys§i mastnou
kyselinou, kterd je k nému pfipojena amidovou vazbou (Obr. 1). Hydrofilni ¢ast je sloZena
z razného poc¢tu monosacharidovych jednotek a je situovdna do extracelularniho prostoru

(Obr. 1) (Tettamanti et al. 1988; Sonnino et al. 2007).

oligosacharidovy zbytek

zbytek
mastné
kyseliny

sfingosin ceramid gangliosid

Obr. 1: Struktury sfingosinu, ceramidu a gangliosidu.
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Déleni glykosfingolipidu dle sacharidové ¢asti:

1) Neutralni: mono-,  oligo-,  polyglykosfingolipidy = tvofené  neutrdlnimi
monosacharidovymi jednotkami (glukéza, galaktéza, fukdza, N-acetylglukosamin ¢i
N-acetylgalaktosamin)

2) Kyselé: obsahuji monosacharidové jednotky s kyselymi skupinami, které jsou
pfipojené na oligosacharidovy fetézec

a. Sialoglykosfingolipidy- gangliosidy obsahujici jeden nebo vice zbytki
sialovych kyselin
b. Sulfoglykosfingolipidy- sulfamidy s estericky vazanou sulfo skupinou

c. Fosfoglykosfingolipidy- obsahuji fosfatovou skupinu

Nazvoslovi glykosfingolipidi podle IUPAC/IUB

Komise pro nazvoslovi [UPAC (The Biological Nomenclature Commision of I[UPAC, The
Commision of Editor sof Biochemical Journals of IUB) vytvofila semisystematické
nazvoslovi, které s ohledem na sacharidovou ¢ast a vysokou miru variability lipidové ¢asti
vyuziva pravidel pro nazvoslovi oligosacharidu a lipidova ¢ast byva nazyvana jako ceramid.
Témét vSechny GSL vychdazeji z laktosylceramidu a tfeti ¢i Ctvrta sacharidova jednotka
ukazuje zaclenéni oligosacharidii do sérii. Jednotlivé série se oznacuji pfedponou ganglio-,
globo-, lakto-, neolakto-, atd. a jsou odliSeny dle struktury a biogenetické ptibuznosti (Obr. 2).
S ohledem na izolaci a charakterizaci novych glykolipidi je nadzvoslovi stale dopliiovano a
revidovano. V této praci je vychazeno z doporuceni z roku 1997, které vyslo nasledujici rok
(Chester 1998). Pocet monosacharidovych jednotek v oligosacharidovém fetézci se ozacuje:
diosa, -triaosa, -tetraosa, atd. D- a L- konfigurace sacharidi se vynechavaji, protoZe veskeré
sacharidy jsou v D- konfiguraci. Vyjimku tvoii pouze fukdéza a ramnodza, které jsou

v konfiguraci L-. Pro popis oligosacharidii se uZzivaji symboly a glykosidické vazby ci
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anomerni konfigurace se piSi do zdvorek mezi monosacharidovymi jednotkami (pi.: a-D-
Galp-(1—3)a-D-Galp-, zkracena forma zapisu: Gal(al—3)Gal(a), jeste kratsi forma: Gala-
3Gala. Z divodu neménné pozice anomerniho uhliku pii kratké formé ptipojovaného
monosacharidu pro kazdy monosacharid Ize zapis jesté zkratit na Gala3Galo.
Pouzivani zkracenych nazvli, oznaceni polohy substituenti a mista vétveni na
oligosacharidovém fetézci glykosfingolipidii se tidi opét pravidly [UPAC-IUBMB/JCBN
(Tab. 1).
e Zkratka série + poc¢et monosacharidl + osylceramid (napt. gangliotriaosylceramid,...)
e Rimska ¢&islice oznaduje pozici monosacharidu po&itaného od ceramidu, ke kterému je
substituent pfipojen
e Arabskd Ccislice v hornimindexu vypovidd o poloze uhlikového atomu v
monosacharidové jednotce, ke kterému je piipojen substituent (napf. IV2-a-fukosyl-
IV3-a-galaktosylneolaktotetraosylceramid). Piipojeni dvou sialylovych skupin za
sebou se zapisuje pomoci dolniho indexu (NeuSAc»).

GaINAc -31,3-Gal-a1,4
Globo-

Gal-f1,3-GalNAc-B1,4-
Ganglio-

J

oOH

Laktosvlceramid
HO&L cﬂ’\L Oy (Gal-1,4-Glc-B1,1'-Cer)

OH H \/\‘/\/(CHz)mCHs

Gal- B1,3 GIcNAc-B1 3-‘Gal -pB1,4-GlcNAc-B1,3-| GalNAc-B1,3-Gal-a1,3-|  Gal-B1,3-Gal-B1,3-
Lakto- 1 Neolakto- Isoglobo- Mukeo- 1

Obr. 2: Schéma jednotlivych sérii glykosfingolipidd. Upraveno dle (Kolter et al. 2002).
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Struktura Trivialni nazev Symbol (zkr. symbol)
Gal(a1—4)Gal(p1—4)GlcCer | globotriaosylceramid GbOsasCer (GbsCer)
GalNAc(B1—3) Gal(al—4)Gal(p1—4)GlcCer | globotetraosylceramid GbOsasCer (GbsCer)
Gal(a1—3)Gal(p1—4)GlcCer | isoglobotriaosylceramid | iGbOsas;Cer (iGbsCer)
GalNAc(B1—3) Gal(a1—3)Gal(B1—4)GlcCer | isoglobotetraosylceramid | iGbOsasCer (iGbsCer)
Gal(B1—4)Gal(p1—4)GlcCer | mukotriaosylceramid McOsasCer (Mc;Cer)
Gal(B1—3)Gal(B1—4)Gal(p1—4)GlcCer | mukotetraosylceramid McOsasCer (McsCer)
GlcNAc(B1—3)Gal(p1—4)GlcCer | laktotriaosylceramid LcOsasCer (LcsCer)
Gal(B1—3) GIcNAc(p1—3)Gal(p1—4)GlcCer | laktotetraosylceramid LcOsasCer (LcsCer)
Gal(B1—4) GIcNAc(p1—3)Gal(p1—4)GlcCer | neolaktotetraosylceramid | nL.cOsasCer (nLcsCer)
GalNAc(B1—4)Gal(p1—4)GlcCer | gangliotriaosylceramid GgOsasCer (GgzCer)
Gal(B1—3) GalNAc(P1—4)Gal(p1—4)GlcCer | gangliotetraosylceramid | GgOsasCer (GgsCer)
Gal(al—4)GalCer | galabiosylceramid GaOsaCer (Ga,Cer)
Gal(B1—4)Gal(al1—4)GalCer galatriaosylceramid GaOsasCer (GasCer)

Tab. 1: Struktura, trividlni ndzvy, symboly a zkracené symboly GSL doporucené dle [IUPAC -

IUBMB/JCBN. Ganglio- Gg, Lakto- Lc, Neolakto- nLc, Globo- Gb, Isoglobo- iGb.

Pro svou jednoduchost se po celém svété rozsifilo nesystematické znaceni gangliosidl podle
Svennerholma (Svennerholm 1963; Svennerholm 1994). Gangliosidy jsou oznaceny
pismenem G, dalSi pismenko rozclenuje gangliosidy dle poctu skupin kyseliny sialové
v molekule na M mono- , D di-, T tri- , Q tetra- a P pentasialogangliosidy. Nasledné ¢lenéni
gangliosidli vyuziva jejich vlastnosti pii separaci na tenké vrstvé (TLC) a nevychazi jiz
z popisu chemické struktury. Cisla 1, 2, 3 a 4 odkazuji na pofadi zén monosialogangliosidi
pocitanych od startu chromatogramu a jednotlivé zony odpovidaji obracenému poméru
k poctu monosacharidovych jednotek v zakladnim oligosacharidovém fetézci (Obr. 3A).
Ptiklad strukturniho uspotadani nékterych gangliosidii je na Obr. 3B. Oznaceni a— , b— ¢i c—

slouzi pro odliSeni polohovych izomera (Tab. 2).
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poctem sacharidovych jednotek, maji od startu mensi vzdalenost. B) Strukturni uspotadani

jednotlivych gangliosidd. Upraveno dle (Farwanah, 2012).
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Struktura gangliosida Zkratka dle
Svennerholma

NeuSAcGalCer GM4
NeuSAca3Galp4GleCer GM3
GalNAcB4(NeuSAca3)GalB4GlcCer GM2
Galp3GalNAcB4(NeuSAca3)Galp4GlcCer GMla
NeuSAca3Galp3GalNAcB4Galp4GlcCer GM1b
NeuSAca8NeuSAca3Galp4GlcCer GD3
GalNAcP4(NeuSAca8NeuSAca3)Galp4GlcCer GD2
NeuSAca3GalB3GalNAcB4(NeuSAca3)Galp4GleCer GDl1a
Galp3GalNAcB4(NeuSAca8NeuSAca3)Galp4GlcCer GD1b
NeuSAca8NeuSAca3Galp3GalNAcB4(NeuSAca3)Galp4GlcCer GTla
NeuSAca3Galp3GalNAcB4(NeuSAca8NeuSAca3)Galp4GlcCer GT1b
Galp3GalNAcB4(NeuSAca8NeuSAca8NeuSAca3)Galp4GlcCer GTlc
NeuSAca8NeuSAca3Galp3GalNAcB4(NeuSAca8NeuSAca3)Galp4GlcCer GQl1b

Tab. 2: Struktura gangliosidi a jejich zkratky podle Svennerholma (Svennerholm 1994).

1.2.2. Biosyntéza a katabolismus

Kli¢ovou molekulou biosyntézy GSL je ceramid. Pocatecnim krokem syntézy ceramidu je
kondenzace serinu a palmitoyl-CoA na cytosoloveé strané¢ endoplasmatického retikula (ER).
(SPT, EC 2.3.1.50) za vzniku 3-ketosfinganinu. Keton je dale redukovian NADPH-
dependentni ketosfinganinreduktazou (EC 1.1.1.102) na sfinganin a z n&j vznika reakci s acyl-
CoA (katalyzovdno dihydroceramidsyntazou, EC 2.3.1.24) dihydroceramid (DHCer).
Dihydroceramiddesaturdaza (EC 3.4.24.81) odstépi dva vodikové atomy za vzniku cis dvojné
vazby, a tim vznikd samotny ceramid. Jak dlouhé budou jeho mastné kyseliny, rozhoduji
bunécné a tkanoveé specifické ceramidsyntazy (Gault et al. 2010). Ceramid se miize tvorit

v lysosomech degradacni cestou ze sfingomyelinu (EC 3.1.4.12) nebo na plasmatické
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membrané prostfednictvim metabolické cesty zahrnujici kyselou (aSMasa, EC 3.1.4.12) a
neutralni sfingomyelindzu (nSMasa, EC 3.1.4.12), (Jenkins RW 2009). Ceramid nasledné
podléha riznym metabolickym pochodiim (Hanada et al. 2003): a) v lumen ER dochazi
k premén¢ na galaktosylceramid (GalCer) a pozdé€ji v Golgiho aparatu na sulfatid (3-sulfo-
GalCer) (Burkart et al. 1977); b) pomoci vesikul je ceramid pfenesen na cytosolovou stranu
cis-Golgiho aparatu, kde dochazi k ptipravé vzniku glukosylceramidu (GlcCer) a ¢) ceramid
je transportovan do Golgiho aparatu pomoci transportniho proteinu (CERT), kde je pfeménén
na sfingomyelin (Fukasawa et al. 1999). Také po vzniku GlcCer miize dochéazet k nékolika
moznym dé&jim (van Meer et al. 2003; D'Angelo et al. 2007): a) za ucasti adaptorového
proteinu FAPP2 s funkci flipazy je GlcCer transportovan do endoplasmatického retikula ¢i
trans-Golgiho aparatu, kde dochézi k pfeméné na laktosylceramid (LacCer), kmenovy
prekurzor pro vétSinu GSL (Lannert et al. 1994; D'Angelo et al. 2007; Halter et al. 2007;
Neumann et al. 2008; Yamaji et al. 2008). Pfipojeni zbytkli kyseliny sialové a dalSich
monosacharidi (prostfednictvim membranové vazanych glykosyltransferaz) na LacCer je
pocatkem biosyntézy gangliosidi (Kolter et al. 2002); b) dochazi k transportu na
plasmatickou membranu doposud ne zcela zndmym mechanismem; ¢) pomoci exocytosy
dochazi k pfenosu do extracelularni matrix. GSL wvznikajici v bunice ji mohou opustit
exocytosou a extracelularni GSL mohou byt transportovany opacnym smérem endocytosou
s naslednou degradaci lysosomalnimi hydrolazami na sfingosin a mastné kyseliny (Kolter et

al. 2005; Jenkins RW 2009). VySe popsané cesty GSL jsou naznaceny v Obr. 4.
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Obr. 4: Biosyntéza, transport a degradace glykosfingolipidi. Ceramid, prekurzor syntézy
GSL, muze vznikat n€kolika cestami: de novo, degradaci sfingomyelinu ¢i prostfednictvim
sfingomyelindz. Ceramid se nasledné¢ mize ménit na GalCer, GlcCer ¢i sfingomyelin. Schéma
také zachycuje jednotlivé vesikularni pochody a mozné lysosomalni Stépeni GSL na sfingosin
a mastné kyseliny (Hanada et al. 2003). Upraveno dle (Xu et al. 2010).

SM- sfingomyelin, aSMasa— kyseld sfingomyelindza, nSMasa— neutralni sfingomyelinaza,
AC- kysela ceramidaza, S1P— sfingosin-1-fosfat, ER— endoplasmatické retikulum, GalCer-
galaktosylceramid, DHCer- dihydroceramid, GlcCer- glukosylceramid, CERT— transportni

protein pro ceramid, FAPP2— transportni protein pro glukosylceramid, GSL-

glykosfingolipidy, LacCer— laktosylceramid
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Biosyntéza gangliosidu z ganglioserie

Vychozi slouCeninou pro biosyntézu gangliosidi je LacCer, ktery vznika reakci
glukosylceramidu s UDP-galaktézou za soucasné katalyzy galaktosyltransferazy I (EC
2.4.1.22). LacCer dale podstupuje reakce katalyzované vice (sialyltransferaza— SAT I a IT (EC
2.4.99.9, 2.4.99.8) ¢i méné (N-acylgalaktosamintransferaza— GalNACT,
galaktosyltransferaza— GalT, sialyltransferaza III, IV a V (EC 2.4.1.92, 2.4.1.62, 2.4.99. -,
2.4.99.4, 2.4.99. -) specifickymi enzymy. SAT I-III transportuji zbytek kyseliny sialové na
LacCer (SAT-I), gangliosid GM3 (SAT-II) a GD3 (SAT-II) (Carey et al. 1981). Enzymy jsou
lokalizovany v lumen Golgiho aparatu (Schwarzmann et al. 1990), vlastni sialylace probiha
v cis Casti a nasledna glykosylace v trans ¢asti Golgiho komplexu. GM3, GD3 a GT3
gangliosidy jsou pocate¢nimi misty biosyntézy tii zakladnich vétvi GSL, a—, b— a c— vétve
(Iber et al. 1992). a— a b— vétve jsou pozorovany u teplokrevnych zivocichd, jako jsou savci ¢i
ptaci, c— vétev se vyskytuje pirevazné u ryb. Dalsi osud LacCer miize byt uréen piipojenim N-
acetylgalaktosaminu pomoci N-acylgalaktosaminltransferazy za vzniku GA2 (= asialo GM2),
coz je zakladem pro 0— vétev nachézenou u Zabi populace, Obr. 5.

Jelikoz nékteré kroky biosyntézy gangliosidi vznikaji v cis a jiné v trans Golgiho aparatu,
vyuzivaji vznikajici GSL pro sviij transport vesikularni cestu. Stejné transportni drahy je
vyuzivano také pti pfenosu jiz hotového glykolipidu do plasmatické membrany (Tettamanti et
al. 1993; Sandhoff et al. 1994; Xu et al. 2010).

Z hlediska lokalizace biosyntézy jsou GSL z gangliosérie tvofeny predev§im v mozkové tkani
a GSL z lakto- ¢1 neolaktosérie ve zlazovych epitelidlnich bunikach a pravdépodobné také
bunikdch endotelu. Praveé tyto GSL, konkrétné jejich oligosacharidova ¢ast, urcuji antigenni
specificitu krevnich skupin (ABH, Lewis, I a 1). Biosyntéza lako- a neolaktosérie je zajimava i
tim, ze se odliSuje v normalnich epitelidlnich bunikdch od bun€k nadorovych a fetalnich.

Zatimco u normalnich bunék vznikaji rozvétvené polylaktosaminové struktury, u nddorovych
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a fetdlnich bunék dochazi k prodluzovani oligosacharidového fetézce laktosaminli vlivem
zvySené aktivity P1—3GIcNAc transferazy (EC 2.4.1.147) a potlaceni aktivity
B1—6GIlcNActransferazy (EC 2.4.1.148). Takové struktury jsou 2—3 nebo 2—6 sialylovany,
nebo 2—3 fukosylovany za vzniku rGznych antigenii spojenych s nadorovym procesem.
Popsana byla rovnéz skutecnost, ze se terminalni glykosylace méni s vyvojem, diferenciaci a

onkogenni transformaci (Hakomori 1984).

GlcCer «=——— Cer

GleT
l GalT 1

LacCer ——» GM3—>» GD3—» GT3

SATI SATO SATIN
GalNAcT
L
GA2 GM2 GD2 GT2
GalT II
A\ v
GAl GMla GDI1b GTlc
l SATIV
Y L\ J Y
GM1b GDla GTIb GQlc
SATV,
SAT x
A 4 Y 4
GDlc GTla GQlb GPlc
0-veétev a-vetev b-vétev c-vetev

Obr. 5: Biosyntetické vétve GSL. Prisn€ specifické enzymy SAT-I, SAT-II a SAT-II
piipojuji kyselinu sialovou na LacCer, GM3 a GD3 gangliosidy. Vysledkem jsou gangliosidy
GM3, GD3 a GT3 (Schwarzmann et al. 1990), které¢ jsou zdkladem pro jednotlivé vétve

(Pohlentz et al. 1988; Iber et al. 1992).

Degradace glykosfingolipidii probihd v lysosomech prostfednictvim kyselych exohydrolaz.

Nejprve je degradovana oligosacharidova slozka a nésledné je ceramid ceramidazou
(EC 3.5.1.23) rozstépen na sfingosin a mastné kyseliny. Katabolickd drdha béznych GSL

spadajicich do globo- a gangliosérie je spolecné s vyznacenim kliCovych enzyml a
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metabolickych blokad u dédicnych metabolickych chorob uvedena na Obr. 6. Komponenty a
fragmenty plasmatické membrany jsou transportovany do nitra lysosomili zejména
endocytosou. Nasleduje recyklace a syntéza chybé¢jicich membranovych komponent tak, aby
nedoslo k poruseni dynamické integrity na povrchu buiiky. Membranoveé vazané GSL jsou
transportovany pomoci ¢asnych endosomu: 1) zpét do plasmatické membrany, avSak na jiné
misto= retroendocytosa, 2) do Golgiho aparatu k ,,pfemodelovani“ molekuly GSL a 3) do
pozdnich endosomil a nasledné do lysosomu k degradaci a produkty jsou vyuzity opétovné
jako stavebni kameny biosyntézy GSL (Pagano 1990). Pro degradaci je také dilezitd délka
oligosacharidového fetézce, protoze jestlize fetézec obsahuje vice nez 4 monosacharidové
jednotky, je pro degradaci in vivo dostacujici pfitomnost exohydrolaz. Pro odbourdvani
kratSich oligosacharidii jsou nutné navic malé¢ glykoproteinové kofaktory, sfingolipidni
aktivatorové proteiny, saponiny (SAP). Existuje pét znamych saponinti kdédovanych dvéma
geny. Jeden gen nese genetickou informaci pro GM2 aktivator a druhy pro SAP pro-aktivator
(ProSAP), ktery je néasledné proteolyticky Stépen na Ctyii aktivatory SAP (A— D) (O'Brien et

al. 1991).
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Obr. 6: Katabolickd draha GSL s vyznaCenim moznych chorob souvisejicich s jejich
metabolismem. Kfizkem jsou vyznacena mista poruchy odbourdvani GSL, kurzivou deficitni
enzymy a ¢ervené piislusnd sttddava onemocnéni. Naptiklad onemocnéni GM1 gangliosiddza

vznika pfi deficitu enzymu f—galaktosidazy (EC 3.2.1.23).
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1.2.3. Vlastnosti
Amfifilni vlastnosti

Glykosfingolipidy maji z podstaty své struktury amfifilni vlastnosti, které¢ je dano pritomnosti
hydrofilni a hydrofobni slozky. Narozdil od fosfolipidii nevytvéaieji dvojvrstevné uspotadani,
ale skladaji se do miceldrnich struktur jiz pti velice nizkych koncentracich. Takové struktury,
které se skladaji z gangliosidi, vznikaji jiz pfi koncentraci 10° — 102 M a v rozmezi 102 — 10
I'M tvoii hexagonaln& uspoiadané cylindrické utvary, Obr. 7A. Vyse popsand vlastnost je
vyuzivana zejména pii dialyze nebo gelové filtraci, tj. technikach piecisténi GSL od
kontaminujicich nizkomolekularnich latek. Pokud za¢ne v micelarnim usporadéani pievazovat
koncentrace fosfolipidi nad gangliosidy, dochazi k pteskupeni do dvojvrstevného uspotadani,
nasledované vytvorenim liposomalni struktury a GSL prechézeji do vnéjsi fosfolipidové
dvojvrstvy, Obr. 7B.

A.

9 2 A Koncentrace
10 10 - 10 M = gangliosidi

Monomery = Micelakulovittho ——= Cylindrické uspofadani
gangliosidu = tvaru -— gangliosid

!

Kriticka micelarni
koncentrace
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Obr. 7: Uspofadani gangliosidi a fosfolipidii ve vodném prostfedi. A) Vysoké koncentrace
gangliosidll vytvafeji ve vodném prostiedi makromolekularni micely, zatimco pii koncentraci
102 — 107" M davaji vzniknout cylindrickym Gtvartm. B) Pfi vys§i koncentraci gangliosidi
nad fosfolipidy vznikaji liposomy. Hydrofobni ceramidové ¢asti jsou zanotfeny smérem do
sttedu a hydrofilni oligosacharidové slozky sméfuji vné micel ¢i cylindrickych struktur.

Upraveno dle (Tettamanti et al. 1988).

Vliv na rigiditu membrany

GSL pfispivaji k vétsi pevnosti membrany z divodi pfitomnych nasycenych mastnych
kyselin v molekule, vy$§iho bodu tani ve srovnani s fosfolipidy a v neposledni fad¢ také

tvorbou interakci s okolnimi molekulami (Kuikka et al. 2001). Na zpevnéni membrany ma
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vliv jak ceramidov4, tak oligosacharidova slozka GSL. Ceramidova ¢ast zaujima konformaci,
kterd vychdzi zrigidity planarni amidové vazby mezi sfingoidni bazi a acylem mastné
kyseliny a oba uhlikaté fetézce jsou ve vzajemné paralelni poloze (Pascher 1976; Harris et al.
1978; Sonnino et al. 2007). K tomuto jevu pfispiva rovnéz trans dvojné vazba mezi C4 a C5
ve sfingosinu a solvata¢ni uc¢inek v C4-C5-C6 sfingoidu. Tato ¢ast obsahuje jak akceptor, tak
i donor vodiku, a tudiz mtize dochazet k formovani stabilnich vodikovych vazeb (napi. mezi
hydroxylovou a karbamidovou skupinou). Pfispévek oligosacharidové casi zahrnuje vliv
intramolekulovych vodikovych vazeb a pfitomnost stabilizujicich sialovych skupin (Bertoli et
al. 1981; Tettamanti et al. 1988). Mezimolekulové vodikové vazby doprovazeji interakci se

sousednimi molekulami za ¢astého vyuzivani vapenatych ionta.

Mezibunééné interakce

Je popsano, ze glykosfingolipidy funguji na buiikach jako receptory pro nékteré bakterie ¢i
toxiny (Schengrund 2003). Téchto vyznamnych vlastnosti miize byt vyuzito napf. pii cilené
detekci gangliosidu GM1 (zastupce gangliosidové rodiny) choleratoxinem.

Choleratoxin se sklad4d se dvou podjednotek A a B, kde A podjednotka ma molekulovou
hmotnost cca 28000 g/mol a je slozena ze dvou disulfidicky vazanych casti oznacovanych
jako Al a A2 fragment. Prvné zminény fragment s enzymatickou 1 toxickou aktivitou
prostupuje do cytosolu enterocyti a zptisobuje sekreci chloridii, coz je spojeno s vyraznymi
priajmovymi stavy. Dochdzi k zablokovani adenylatcyklazy v aktivnim stavu, a tim padem
k akumulaci cAMP a nasledné k vyplavovani chloridovych ionti z enterocyti. Vysledkem
fragmentu je pfipojeni A podjednotky jako celku k pentamerni netoxické B podjednotce, kde
kazda z péti proteinovych ¢asti ma molekulovou hmotnost cca 11600 g/mol. Ve své podstaté

se jedna o péticlenny kruhovy lektin, ktery je schopen vazat pét oligosacharidovych casti
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GM1 gangliosidi, slouzicich jako receptory. Vazba choleratoxinu ke GM1 je povazovana za

velice pevnou, rychlou a pomérné specifickou.

Choleratoxin (a)

._-_.C:_:‘ Vibrio cholerae
il
B

/ MNa+

Cl H;:D

F' 3

(b) (d)

GM1 CFTR

Retrogriadni
endocytosa

GB{r. /
-
AC

G, Epitelidlni

QD & buiika

Obr. 8: U¢inek choleratoxinu v organismu. Choleratoxin produkovén bakterii Vibrio cholerae
je sloZzen z A a B podjednotky. B podjednotka obsahuje 5 identickych peptidovych domén ve
tvaru prstence a asociuje se s péti molekulami gangliosidu GM1 na stfevnich enterocytech.
Enzymatickd a toxicka A podjednotka vstupuje do cytosolu retrogradni endocytosou a
dochazi k ptipojeni ADP-ribosy (z hydrolyzovaného NAD) na a podjednotku G proteinu
adenylatcyklazy (ACy), kterd se nachazi na vnitfni strané membrany epitelidlni buiky.
Aktivovanad adenylatcyklaza produkuje intracelularni cAMP, coz zplsobuje sekreci
chloridovych iontl (pfes cysticko-fibroticky transmembranovy regulator, CFTR) na apikalni

stran¢ plasmatické membrany enterocytu. Lécba prijmovych stavii pii cholefe miize byt
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zalozena na bazi: a) eliminace bakterie prostfednictvim imunitniho systému a/nebo antibiotik;
b) inhibice interakce mezi choleratoxinem a GMI; ¢) inhibice cAMP ucinkem napf.
enkefalinu vézajiciho se na opioidni receptor; d) inhibice sekrece CI™ iontl prostfednictvim

regulace CFTR. Upraveno dle (Thiagarajah et al. 2005).

1.3. Cholestaza

Cholestaza je definovana jako defekt tvorby nebo odtoku zluce z jater do duodena s lokalizaci
kdekoliv mezi sinusoidalni membranou a Vaterskou papilou (Trauner et al. 1999). Snizeny
odtok zluce je spojen s akumulaci zlucovych slozek v krvi, jako jsou zlu¢ové kyseliny c¢i
bilirubin. V séru mizeme prokazat zvySené koncentrace zlu¢ovych kyselin, konjugovaného
bilirubinu a vyssi aktivity alkalické fosfatazy a y—glutamyltransferdzy (ALP a GGT), (Boyer
2007). Cholestaticky stav se mize vyskytnout bud’ samostatné nebo v navaznosti na jina
jaterni onemocnéni (Trauner et al. 1999). Poskozeni hepatocytli pii cholestdze je zptisobeno
zejména vlivem hydrofobnich zlu¢ovych kyselin, které vyvolavaji produkci volnych
kyslikovych radikalti (ROS), rozvoj oxida¢niho stresu spousti signalni kaskady vedouci az
k nekréze bunck (Sherlock S. 2004). Obecné lze tento typ onemocnéni rozdélit na chronické a
akutni, nebo je lze specifikovat dle mista postiZeni na intra- a extrahepatélni.

Intrahepatdlni cholestiza (IHC) je zplUsobena piekaZkou na Urovni hepatocytu (napf.
defektem membranovych transportérit) nebo drobnych intrahepatalnich Zlucovodi. PfiCiny
jsou znacné riiznorodé a fadi se sem naptiklad Uc¢inky nékterych 1€kt (cyklosporin A,
chlorpromazin), hormontll (napf. estrogeny) nebo souviseji s jinymi chorobami, jako jsou

primarni bilidrni cholangitida, primarni sklerozujici cholangitida, alkoholova hepatitida atd.
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Cholestaza indukovana estrogeny

Estrogeny mohou u geneticky predisponovanych zen zapfiCinit vznik intrahepatalni
cholestazy tehotnych, cholestdzy po terapii perordlnimi kontraceptivy ¢i substitucni 1é¢bé
hormony po menopauze (Schreiber et al. 1983). Studie zabyvajici se roli estrogent u jaternich
onemocnéni dokdzaly schopnost modulace proliferacnich a sekrecnich vlastnosti epitelidlnich
bunck, které vystylaji ZluCovody (Alvaro et al. 2006). Rovnéz byla pozorovana snizena
fluidita sinusoidalni membrany a aktivita Na'-K'-ATPazové pumpy, coz byva casto
doprovodnym jevem intrahepatalni cholestdzy téhotnych ¢i cholestdzy zen uzivajicich
hormonalni antikoncepci (Vore 1987; Reyes et al. 1993). Ptirozené se vyskytujici estrogeny
mohou zpusobit cholestazu zejména jako konjugaty s kyselinou glukuronovou (napft.
estradiol-17p-glukuronid) (Meyers et al. 1980). Mechanismus uc¢inku estrogenli na rozvoj
cholestazy neni zcela objasnén, ale pravdépodobné k nému dochézi zejména u zen s urcitou
preexistujici genovou mutaci vedouci k poruse funkce nékterych membranovych transportéru.
K popsanym zméndm dochdzi bud’ na sinusoidalni nebo kanalikularni membrané jaterni
buiiky. Na sinusoidalni membrané se zmény tykaji hlavné pienase¢t NTCP (Na'-
taurocholate co-transporting polypeptide) a OATP1B1 zrodiny OATP (organic anion
transporting polypeptides). Na kanalikularni membrané jsou modifikovany zvlasté
transportéry BSEP (bile salt export pump) a MRP2 (multidrug resistence — associated
protein). Konkrétni funkce jednotlivych membranovych transportnich proteinli jsou popsany
dale v textu, Obr. 9.

Vliv estrogeni na rozvoj cholestizy doklada i1 skuteCnost, ze se cholestatické piiznaky
objevuji nejcastéji ve 3. trimestru t€¢hotenstvi, pfi viceCetném téhotenstvi nebo pii podavani
progesteronu. Zeny s timto typem cholestdzy maji béhem téhotenstvi nékolikanasobné vyssi
riziko poskozeni plodu. Akumulované ZK v krvi matky mohou pronikat placentou a maji

arytmogenni efekt s rizikem srdecni zastavy plodu. Zarovei se zvysuje stfevni motilita plodu
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s moznosti odchodu mekonia do plodové vody. Aspirace zkalené plodové vody muze mit
nasledné pro plod fatalni disledky.

Laboratorni hodnoty aktivit transamindz jsou az 20 ndsobn¢ a koncentrace zlu¢ovych kyselin
az 100 nasobné vyssi oproti referenénim hodnotam. Pozorovana je také vySsi aktivita ALP a
GGT. T¢hotenstvi Casto provazi pruritus rizného stupné, ktery se objevi mezi 25. a 32.
tydnem tehotenstvi. Po porodu, ktery je nutné Casto predcasné indukovat (cca 60%), dochazi
vétSinou k normalizaci vSech klinickych ptfiznaki i laboratornich parametrti cholestazy (Vitek
2009). Z histologického hlediska jsou pozorovany izolované infiltrace portalnich poli ¢i
destrukce zluCovodi. Mozny je také imunohistologicky prikkaz absence klicovych
transportnich proteini (napi. BSEP ¢i MRP2). Pii estrogenovém cholestatickém poskozeni je
mikroskopicky pozorovana hepatocelularni nebo kanalikularni cholestaza v zon€ 3 jaterniho

acinu, poSkozeni duktulti a minimalni znamky zanétu.

Transportni proteiny v jaterni tkani

Vsobecné je znamo, ze se lipofilni latky pfenédseji pfes membrany vétSinou prostou nebo
facilitovanou difGizi. Naproti tomu polarni latky vyuzivaji transportniho systému
na sinusoidalni i1 kanalikuldrni membrané. Obecné lze transportni proteiny rozdélit do dvou
velkych skupin. SLC transportéry (solute carrier), které¢ se vyskytuji na sinusoidalni
membrané a zajist'uji prenos latek z krevniho ob¢hu do cytosolu a ABC transportni proteiny
(ATP-binding cassette), které jsou lokalizovany na sinusoidalni (pfendseji latky z cytosolu do

krve) 1 kanalikularni (pfenaseji latky z cytosolu do zZlu¢e) membrané hepatocytu (Funk 2008).

Transportni proteiny na sinusoidalni membrané hepatocytu

NTCP (Na'- taurocholate co-transporting polypeptide)
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Pienasi taurinové ¢&i glycinové konjugaty ZK, anionty ZK, bilirubin a dalii organické
anionty z krve do jaterni buiiky. Nezbytnou soucasti transportniho procesu je prenos

taurocholatu a sodnych ionti (Chandra et al. 2004).

OATP (organic anion transporting polypeptides)

Siroka skupina transportéril, ktera se podili na vychytavani ZK z krevniho fegisté a
ucastni se prenosu Sirokého spektra farmak (napf. atorvastatin, pravastatin,
rifampicin). Tyto transportni proteiny dovoluji obousmérny pienos latek pies
sinusoidalni membranu v disledku antiportu glutationu, bikarbonatu (transportovany
z hepatocytu do krve) proti organickym latkdm (pfenaseny z krevniho fecisté¢ do

jaterni buiky) (Funk 2008).

OAT (organic anion transporters)

Obousmérnné transportni proteiny pro organické anionty (napf. pro prostaglandiny),

(Sekine et al. 20006).

OCT (organic cation transporters)

Obousmérné prenasece pro organické kationty (napf. pro acetylcholin), (Chandra et al.

2004).

MRP (multidrug resistence-associated protein)

Skupina transportnich prenaSecli pro latky sméfujici z jaternich bun¢k do krevniho
feCisté. Popsano je celkem 9 ¢lent a nejdalezitéjSim prenaSeCem této rodiny je
pravdépodobné MRP3, ktery transportuje konjugovany bilirubin a jiné organické
anionty. Pfi cholestaze je na sinusoiddlni membrané pozorovana zvySena exprese

tohoto transportéru (Chandra et al. 2004).

OSToa/p (organic solute transporter o/f3)
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- Transportéry, které se podileji na exkreci ZluCovych kyselin a organickych aniontl do
krevniho fecisté. Kromé vyskytu v hepatocytech je také nalézén v termindlni ¢ésti ilea,

kde se podili na enterohepatalni cirkulaci Zlu¢ovych kyselin (Dawson et al. 2009).

Transportni proteiny na kanalikuldrni membrdné hepatocytu— transportuji latky proti

koncentra¢nimu gradientu do Zluce
BSEP (bile salt export pump)

- Transportér pro konjugované i nekonjugované zlucové kyseliny z jaterni buiiky do
zluCe. Snizena exprese tohoto transportéru je nalézana napt. pifi progresivni familiarni
intrahepatalni cholestaze 2. typu (PFIC2) (Funk 2008).

MRP2 (multidrug resistence — associated protein, cMOAT)

- Pfenasi konjugaty glutathionu, kyseliny glukuronové, bilirubin glukuronid ¢i estradiol-
17B-glukuronid (Chandra et al. 2004; Alrefai et al. 2007; Funk 2008). Defekt tohoto
transportniho proteinu je spojovan s Dubinovym-Johnsonovym syndromem, ktery je
diagnosticky provéazen konjugovanou hyperbilirubinémii.

MDR1 (multidrug resistence protein 1)

- P-glykoprotein, ktery transportuje zejména hydrofobni organické kationty a ncktera

chemoterapeutika (doxorubicin) (Chandra et al. 2004).
MDR2 (multidrug resistence protein 2)

- Transportuje ptfedevSim fosfolipidy (napft. fosfatidylcholin) do Zluce. Defekt proteinu
MDR?2 je popisovan u Siroké fady onemocnéni, jako je intrahepatalni cholestaza
téhotnych, progresivni intrahepatalni familiarni cholestaza 3. typu (PFIC3) nebo

bilidrni cirhdza (Trauner et al. 2003).
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Extrahepatdlni cholestiza (EHC)(oznacovana také jako obstrukéni) byva zplisobena uplnou
nebo casteCnou mechanickou blokddou prutoku zlu¢i na urovni hlavnich Zlucovodi
(konkrementem, malignim ¢i benignim tumorem, strikturami). Pokud neni piekazka vcas
odstranéna, dochézi Casto k nevratnym zméndm jaterniho parenchymu s rozvinutim fibréozy a
cirh6zy. Zmény v expresi transportéru BSEP byvaji minimalni, ale dochazi ke zvySené
expresi MRP3 (Rodriguez-Garay 2003). Rovnéz byva na kanalikularni membrané nachézena
nizs§i aktivita transportérti pro ZK a organické anionty, coz ma za nasledek hromadéni

toxickych latek v jaterni buiice, Obr. 9.

MRP3 MRP3 Na+ K+-ATF'a'za
0A” 0A” 2Na*

¢—pl

b
L 1 T T
NTCP T~ ~- 1 . f . =% + NTCP
. 1 ~._ -7 §Bser Pl - 1Na
E. .--—- -____BDL
E- 1MRP2 ® -
OA” BS” I OA” BS"
OATPS ! IOASE.S Bs-
OA” BS ;
GSH HCO; K GSH HCo;
3
2Na’

Na K-ATPaza

Obr. 9: Hepatobiliarni transportni systémy pii cholestatickych stavech.

Vlevé Casti obrazku je znazornéna cholestdza indukovand estrogeny (E) a v pravé casti
cholestdza zpiisobena podvazem Zzlu€ovodi (BDL). V obou piipadech jsou zobrazeny
transportéry na sinusoidélni i kanalikularni membrané hepatocytu spole¢né s jejich zvysenou
nebo sniZzenou expresi.

Estrogeny indukovana cholestiaza (zastupce intrahepatdlni cholestdzy, IHC)— dochazi k
redukci exkrece zlu¢ovych soli, bilirubinu, fosfolipidd, cholesterolu a HCO3™ prostfednictvim
snizeni exprese NTCP (pro konjugované zlucové kyseliny) i OATPs (nekonjugované zlucové
kyseliny a bilirubin) a MRP2 (pfenasi glukuronid, diglukuronid bilirubinu, glutation a

bivalentni konjugéty Zlu€ovych kyselin). Snizena exprese BSEP nebyla prokdzana.
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Cholestaza vyvolana podvazem Zluovych cest (zastupce extrahepatalni cholestazy, EHC)—
dochazi ke snizené expresi NTCP, OATPs a MRP2 a naopak ke zvysené expresi MRP3 a
MDR1)

NTCP- Na+-taurocholatovy transportér, OATPs— polypeptid transportujici organické anionty,
MRP3- basolateralni multidrug rezistentni protein 3, BSEP— pumpa exportujici zlucové soli,
MDRI1 a 2— multidrug rezistentni P-glykoprotein 1 a 2, MRP2— kanalikuldrni multidrug
rezistentni protein 2, AE2— méni¢ aniontd, BS- soli ZluCovych kyselin, OA- organické
anionty, OC- organické kationty, PC— fosfatidylcholin, GSH— glutathion. Upraveno dle

(Rodriguez-Garay 2003).

Cholestaza a GSL

V roce 2007 byly poprvé publikovany zmény ve slozeni a lokalizaci jaternich gangliosidi pii
cholestaze. Vlivem estrogeny indukované cholestazy dochéazi v jaterni tkani ke zméné
lokalizace GM1 gangliosidu smérem do centrdlni zoény jaterniho lalicku. Tento jev byl
vysvétlen tim, ze zvySend pfitomnost membranovych glykosfingolipidi zvySuje
membranovou rigiditu. Pfesun GM1 gangliosidu smérem k centralni zoén¢ jaterniho acinu je
pravdépodobné diisledkem $kodlivych u¢inki akumulovanych ZK pii estrogenové cholestaze.
Zaroven byla pozorovdna korelace mezi presunem GMI1 z cytoplasmy do sinusoiddlnich
membran a sérovou koncentraci zlucovych kyselin. Akumulace gangliosidi v membranéach
muze slouzit k ochran¢ hepatocytti proti detergentnim ucinkim vysokych koncentraci
zluCovych kyselin (Jirkovska et al. 2007), podobné protektivni ti€¢inek ma ziejmeé zmnozeni

biosyntetické b- vétve gangliosidii (Majer et al. 2007).
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1.4. Fixace kryostatovych rezii

Zasadnim tkolem této denaturani procedury je zachovani histologické struktury tkané,
protoze v dasledku smrti ¢1 odebrani biologického materidlu dochazi k rychlé autolyze bunek.
Tomuto stavu je branéno fixaci chemickymi reagenciemi (chemicka fixace) nebo rychlym
zamrazenim tkané (fyzikalni fixace). Vysledkem je inaktivace pfitomnych katabolickych
enzymli a koagulace protoplazmy se zvyraznénim vnitfnich struktur. Fixa¢ni metody
vyuzivaji riiznych teplotnich profili, rychlosti fixace ¢i chemickych reagencii, jako napf.
formaldehydu, ethanolu, methanolu, acetonu, kyseliny octové ¢i kyseliny pikrové. Navic
dochézi ke zvySeni permeability bunéénych membran s vyuzitim pfi histochemickém barveni
tkanovych preparatii.

V literatufe se uvadi, ze fixace gangliosidii je pomérné obtizny proces s protichidnymi
argumenty pro zvoleni idealni fixa¢ni techniky. Casto popisovanymi komplikacemi jsou ztrata
gangliosidii zapii¢inéna jejich extrakci do fixaéniho média (Smid 1991) nebo slaba
vizualizace zpusobend napiiklad ,zastinénim® vétSimi molekulami glykoproteinii a
cholesterolu, Obr. 10 (Schwarz et al. 2000).

Gangliosidy jsou dnes nejcastéji detegovany pomoci piimych anti-gangliosidovych protilatek
a bakteridlnimi toxiny (napft. choleratoxin, tetanotoxin apod.) (Schwarz et al. 1996). Interakce
choleratoxinu s GM1 gangliosidem je velice pevnd, rychla a pomérné specifickd. Pevnost
vazby je urCena zejména pentavalentni reakci jedné B podjednotky choleratoxinu k péti
molekuldm gangliosidu GM1. Velkou vyhodou této detekce GM1 oproti monoklondlnim
protilaitkdm je vyrazné lepSi komercni dostupnost a niZ§i pofizovaci cena. Naopak jako
nevyhoda byva oznadovéna slabé ,,zk¥izena* reaktivita s jinymi gangliosidy (Smid F 2011).
Dle dostupnych publikaci je pii experimentech s kryostatovymi mozkovymi fezy doporucena
fixace acetonem pii teploté -20°C po dobu 5 minut. Toto doporuceni bylo ud€leno po detekci

gangliosidl monoklonalnimi protilatkami tfidy IgM. Popsana fixac¢ni technika poskytuje dle
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literatury vyraznéjsi barveni nez uziti samotného formaldehydu ¢i detekce protilatkami bez
fixace. Aceton ma navic schopnost permeabilizovat bunééné membrany, a tim pomdha
,odmaskovat“ glykolipidy na povrchu bunck (Kotani et al. 1993). Pfistupnost anti-
gangliosidovych protilatek (napi. IgG) a menSich gangliosid-véazajicich komponent je

graficky zndzornéna na Obr. 10.
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Obr. 10: Detekce glykolipidii pomoci protilatek a choleratoxinu. Glykoproteiny a jiné
membranové komponenty mohou stericky branit ptistupu protilatek (napt. IgG s molekulovou
hmotnosti kolem 150000 g/mol) ke glykolipidim. Mensi molekuly vézajici glykolipidy-
(napt. choleratoxin s molekulovou hmotnosti okolo 86000 g/mol) nemaji naopak pfistup ke

glykolipidiim tolik omezen. Upraveno dle (Schwarz et al. 2000).

Z experimenti zaloZenych na interakci monoklonalnich protilatek reagujicich se Sirokym
spektrem polysialogangliosidi u kultur hipokampalnich neuront vyplyva, ze nejlepsi fixacni
technika je pfi uziti formaldehydu a nasledné acetonu. Timto procesem bylo pozorovano

vyrazné projasnéni bunécnych tél axonl a dendriti nervovych bunék (Schwarz et al. 1997).

42



Stejny tym autord zkoumal také pomoci [4,5-°H]-dihydrosfinganinu tnik nervovych
gangliosidl do riznych fixativ. Hladina gangliosidl po fixaci samotnym formaldehydem byla
pouze o 10% nizs$i nez u nefixovanych kontrolnich bun€k. V kombinaci formaldehydu
s acetonem byla koncentrace gangliosidii snizena o 46% a po samotném acetonu dokonce o
56%. Vyznamny extrakéni ucinek fixace formaldehydem a acetonem na gangliosidy byl vSak
v rozporu s predchozim imunohistochemickym pozorovanim, kdy tento typ fixace vykazoval
po navazani protilatky na glykolipidy nejvyssi projasnéni neuronovych axont a dendritt.
Autofi tento rozdil pfipisuji ,,odmaskovani* glykolipidii acetonem od membranovych proteinti
a sacharidovych c¢asti glykoproteint. Nejveétsi, témét 100% extrakéni efekt na gangliosidy mél

v popsaném experimentu methanol, Obr. 11 (Schwarz et al. 1996; Schwarz et al. 1997).
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Obr. 11: Analyza [*H]-GSL na tenké vrstvé po riiznych fixacich. Horni denzitometricky
zdaznam zobrazuje glykolipidy v nefixovanych preparatech, které tvoii kontrolu. Vlivem
samotného formaldehydu, formaldehydu a acetonu a samotného acetonu dochézi ke snizeni
hladiny gangliosidi o 10, 46 a 56%. U¢inkem methanolu gangliosidy témé&f ze 100 % vymizi

(Schwarz et al. 1997).
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Jiné préace poukazuji na to, Ze monoklonalni protilatky mohou byt pii vazbé na GSL stericky
blokovany cholesterolem, ktery je tieba odstranit uzitim acetonu nebo methyl--
cyklodextrinu. Vyhodu acetonu spatfuji autofi vtom, ze v ném nejsou glykolipidy a
membranové fosfolipidy téméf rozpustné, a toto tvrzeni dokumentuji reakci napf.
choleratoxinu a GM1 gangliosidu (Lingwood C, 2005). Podobné zavéry o vyhodnéjsi
pfistupnosti protiladtek ke glykolipidim po acetonové fixaci byly publikovany v praci S.
Kusunokiho (Kusunoki et al. 1994). Provedeny byly experimenty na mozkovych fezech, kdy
byla po odstranéni cholesterolu také pozorovana lepsi ptistupnost protilatek k fukosyl-GM1
gangliosidu.

Jelikoz zavéry o doporucenych fixacnich technikach byly v publikovanych pracech znaéné
rozporuplné (Schwarz et al. 1996; Schwarz et al. 1997; Chark et al. 2004), bylo nutné provést
optimalizaci detekce gangliosidi pomoci B podjednotky choleratoxinu in situ. Ve vétSing
popsanych experimentl bylo navic vyuzivano mozkové nebo neuronalni tkané, ale pro nase

ucely bylo tfeba optimalizovat metodu rovnéZz pro jaterni tkan.

1.5. Katabolicka draha hemu

Hemoxygenaza (HMOX, E.C.1.14.99.3) je klicovy mikrozomalni enzym katabolické drahy
hemu lokalizovany primarné v endoplazmatickém retikulu. Produkty této enzymatické reakce
jsou oxid uhelnaty (CO), dvojmocné zelezo a biliverdin (Tenhunen et al. 1968; Tenhunen et
al. 1969; Yoshida et al. 1978), ktery je nasledné prostfednictvim biliverdinreduktazy (BLVR,
E.C.1.3.1.24) pteménén na bilirubin (Tenhunen et al. 1970). V organismu se vyskytuje ve
dvou isoforméch, a to HMOX1 a HMOX2. Prvné jmenovand isoforma pfispiva k ochrané
vici oxida¢nimu stresu a ma inducibilni charakter. Vyznamnymi induktory HMOX1 jsou
napiiklad t€zké kovy, volné kyslikové radikaly, lipopolysacharid, UV zéfeni ¢i peroxid

vodiku. Kromé toho mize byt HMOX1 indukovéana rliznymi 1éky, jako naptiklad kyselinou
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acetylsalicylovou, statiny nebo imunosupresivy. Tato isoforma byva zafazovdna mezi
proteiny teplotniho Soku (HSP) a také oznacovana dle své molekulové hmotnosti 32 kDa jako
HSP32. Mistem nejvyssi bazdlni exprese tohoto isoenzymu jsou piedevsim slezina a jaterni
Kupfferovy buiiky (Goda et al. 1998).
Druhé isoforma HMOX2 je povazovana za konstitutivni formu s majoritni expresi v mozkové
tkani, varlatech a cévnim fecisti (Maines 1988; Goda et al. 1998). Homologie s HMOXI1 ve
slozeni aminokyselin je pfiblizné¢ 45% a hlavni vyznam této isoformy je zejména regulace
mikrovaskularniho tonu. Popsan byl i gen pro tieti isoformu HMOX3, avsSak jeji existence
nebyla spolehlivé prokdzéna a nejspise se jedna o pseudogen, ktery ma 90% homologii
s HMOX2 (Wunder et al. 2003). Mechanismus ucinku tohoto enzymu tkvi v rozstépeni o-
methinového miistku hemu, oxidaci uhliku na oxid uhelnaty a otevieni tetrapyrolového
kruhu. Vysledkem je Zlutozeleny linearni tetrapyrol biliverdin, ktery je v cytosolu redukovan
biliverdinreduktdzou na zlutooranzovy bilirubin. Konkrétné dochazi k redukci B-metinového
mustku na metylenovy. Dal§im dilezitym krokem je uvolnéni iontu Zeleza a jeho nasledna
vazba na ferritin a transferin a v této podob¢ putuje krevnim feciStém k mistu biosyntézy
metaloporfyrind, Obr. 12. VSechny popsané produkty hemové degradacni drahy maji dilezité
biologické vlastnosti. JelikoZ je tato prace zaméfena na problematiku hemoxygenazy a
gangliosidu v jatrech, budu se nadale vénovat metabolickym pochodiim a zméndm zejména v
této tkani.
Vyse zminéné metabolické produkty hemoxygenazového systému jsou biologicky aktivni a
maji v organismu fadu dulezitych funkci:
e Navzdory tomu, ze je bilirubin je ve vysokych koncentracich (>25 mg/dl, 430 umol/l)
pro organismus toxicky (Vandborg et al. 2012), dochéazi prostfednictvim redukce
biliverdinu k jeho produkci. Diivod je takovy, Ze narozdil od polarniho biliverdinu je

bilirubin schopny prostou difuzi ¢i specifickym transportnim systémem prostupovat
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placentarni bariérou a nedochédzi tak béhem tcéhotenstvi k akumulaci biliverdinu u
plodu (Lester et al. 1963; Schenker et al. 1964; Schmid 1976). Dalsi velice dulezitou
funkci plni bilirubin v ochrané pied volnymi kyslikovymi radikaly prostiednictvim
redoxniho cyklu zahrnujici oxidaci bilirubinu na biliverdin a zpétnou redukci
biliverdinu na bilirubin (Baranano et al. 2002). Popsany cyklus vytvari z bilirubinu, i
pfes nizkou mikromolarni koncentraci, velice ucinnou endogenni antioxidacné
pusobici latku. Kyselina mocova jako dal§i endogenni antioxidant ma plazmatickou
koncentraci cca 20x vyssi, avSak rychlost reakce s peroxylovymi radikaly je pfiblizné
tretinova. Navic denni produkce bilirubinu (250-300 mg/den) cca 4x prevysuje
doporucenou denni davku vitaminu C (60 mg/den) a 20-30x vitaminu E (10 mg/den).
Bilirubin ptisobi konkrétné jako ,,odstranovac“ (scavenger) singletového kysliku,
reaguje se superoxidovymi radikdly ¢i je substratem pro peroxidazy v pritomnosti
peroxidu vodiku a organickych hydroperoxida (Stocker et al. 1987; Wu et al. 1991;
Vitek et al. 2007).

Podobné¢ jako bilirubin je_oxid uhelnaty ve vysokych koncentracich zna¢né jedovaty a
ochotné reaguje s bilkovinami, které obsahuji hem, jako napiiklad hemoglobin,
myoglobin, katalaza ¢i peroxidéza. Diky vysoké afinit¢ CO k hemoglobinu dochazi k
vytvofeni karbonylhemoglobinu, ¢imZ je zabranéno potfebnému transportu kysliku
z plic do okolnich tkéni. Naopak pii niz§ich koncentracich plisobi CO jako signalni
molekula. Jednd se o malou hydrofobni molekulu, ktera dobie difunduje pftes
bunéénou membranu a vdze se na receptory uvniti bunck (Motterlini 1998; Ryter et al.
2002). Timto mechanismem je aktivovadna napf. syntdza oxidu dusnatého (EC
1.14.13.39) snaslednou produkci oxidu dusnatého (NO) nebo solubilni
guanylatcyklaza (EC 4.6.1.2) a vznik cyklické formy guanosinmonofosfatu (cGMP).

Tato forma inhibuje vstup Ca®* do buiiky a naopak podporuje jeho vychytavéni
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v mitochondriich. Vysledkem je sniZeni cytoplasmatické koncentrace Ca’** a buiika
hladkého svalu na tento stav odpovida relaxaci (Liu et al. 2003). Na tomto principu
dochazi naptiklad k regulaci krevniho tlaku (Marek J. 2010) nebo podpote produkce a
toku Zluci (Sano et al. 1997). Jina dilezitd signalni cesta, ktera je zasadni pro signalni
transdukci stresové a zanétlivé odpovédi, je aktivovana prostiednictvim mitogen-
aktivovanych proteinkindz (MAPKs). Rovnéz biliverdin, a prostfednictvim BLVR
také bilirubin, se podili na regulaci jedné zhlavni MAPK signalni cesty
(MEK/ERK/EIKk), ktera je dulezita pro kontrolu genové transkripce po ptisobeni napf.
oxida¢niho stresu (Lerner-Marmarosh et al. 2005; Gibbs et al. 2012). Prostfednictvim
vySe popsanych ucinkii mize CO vyznamnym zpusobem ovlivnit §iroké spektrum
chorob, jako jsou onemocnéni obéhové soustavy, cholestatické stavy, nemoci jater ¢i
zlucovych cest (Motterlini 1998; Motterlini 2005; Vanova et al. 2014).

e Ttetim produktem je Zelezo, které ve volné formé piisobi na organismus toxicky a jako
silny prooxidant ma za nasledek poskozeni organii. Podstatou je ucast Fe*' ve
Fentonové reakci, kdy se rozkladd peroxid vodiku za produkce reaktivniho
hydroxylového radikéalu, ktery mize poSkozovat membrany, proteiny nebo DNA
bunék. Cast Fe’* je vychytivéna ferritinem a diky feroxidizové aktivité H
podjednotky je dale oxidovana na zasobni formu Zeleza, Fe*". Dalsi ¢4st se navaZe na
transportni protein transferin a touto formou putuje krevnim feciSt€ém k mistim s
potfebnymi transferinovymi receptory. Po vazbé na receptory nasleduje bud’
zabudovani do hemu, nebo uloZeni do zasobni formy. Vazba na transportni protein a
vznik ferritinu dodavaji Zelezu cytoprotektivni vlastnosti, kterymi na organismus
pusobi. Dal§im cytoprotektivnim aspektem je zvySeni aktivity ATPazové pumpy, jez
podporuje eliminaci intraceluldrniho zeleza (Ferris et al. 1999).

Vlastnosti produktl katabolické drahy hemu jsou pfehledné zndzornény na Obr. 13.
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Obr. 12: Katabolickda drdha hemu. Pocatek degrada¢ni drahy hemu je v
buiikach retikuloendotelového systému (piedevsim jatra a slezina), kde se §tépi a-methinovy
mustek hemu za souCasné oxidace uhliku na oxid uhelnaty, vzniku Zzeleznatych iontl a
biliverdinu. Biliverdin je cytosolickou biliverdinreduktdzou (BLVR) redukovan na bilirubin,
ktery se v krevnim feciSti vdZe na albumin. Bilirubin je nasledné transportovan pomoci
proteinil Y a Z do hepatocyti, kde dochézi ke konjugaci s kyselinou glukuronovou za vzniku
bisglukuronozyl bilirubinu. Tato konjugovana forma ptechazi zlu¢i do stieva a vznikaji

barevné urobiliny. Upraveno dle (Briiha et al. 2014).
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Obr. 13: Degrada¢ni draha hemu a vlastnosti jejich biologicky aktivnich produkti. Hem
prostfednictvim svého rychlost limitujiciho degrada¢niho enzymu, hemoxygendzy, vytvari
biologicky aktivni produkty CO, Zelezo a bilirubin. Oxid uhelnaty mé& vyznamné
antiapoptotické, protizanétlivé a vasodilatacni vlastnosti. Ferritin se podili na

antiapoptotickych a antioxidac¢nich vlastnostech, stejné jako bilirubin.

Biologicky vyznam HMOX je dana piedevsim jeji enzymovou aktivitou, ale 1 plisobenim jako
signalni molekuly aktivujici napt. MAPKs.
Vsechny vyse popsané mechanismy jsou ve vysledku odpovédé za cytoprotektivni ucinky

HMOXI.

49



2. CILE

2.1. Optimalizace podminek detekce jaterniho GM1 gangliosidu pomoci B

podjednotky choleratoxinu in situ

Tato C¢ast prace meéla za kol nalézt co nejlepsi metodické podminky pro
imunohistochemickou detekci gangliosidu GM1, ktery je povazovan za zastupce GSL rodiny.
Publikovana data tykajici se vhodnosti riznych fixa¢nich technik a nezddouci extrakce
gangliosidl z tkani do fixacnich roztokd jsou Casto protichiidna. Dilezité je proto porovnani
jak riznych roztoki, casi a teplot fixace, tak uCinnosti extrakce glykolipidii ze tkani
s odliSnym slozenim polarnich lipid, jako jsou naptiklad jatra a mozkova tkan, ktera
obsahuje vétsi mnozstvi glykosfingolipida.

Cilem této ¢asti prace bylo najit fixacni Cinidlo, které bude ze zpracovavanych tkani
minimalizovat extrakci glykosfingolipidl a potvrdit ¢i vyvratit hypotézu, ze cholesterol mtze

stericky blokovat detekci glykolipidd, a proto je ho tfeba z preparati odstranit.

2.2. Vliv modulace HMOX na obsah a sloZeni glykosfingolipidi v jaterni

tkani pri cholestaze indukované estrogeny

Glykolipidy v odpovédi na cholestatické Gc€inky estrogenli méni v hepatocytu své sloZeni a
distribuci. Pozorovndno bylo vyznamné zvyseni celkovych jaternich GSL a zmnozZeni jejich
biosyntetické b- vétve. Tento d¢&j byl zaroven doprovazen zvySenym piesunem GSL
z cytoplasmy do sinusoiddlni membrany, coZz mimo jiné zplsobi zvySeni membranové
rigidity. Cholest4za je doprovazena poklesem membranové fluidity, na coz hepatocyty reaguji
zvySenym presunem glykolipida z cytoplasmy do sinusoidalni membrany.

Vysledky této ¢asti mely odpoveédét na otdzku, zda se na téchto zmeénach podili 1 oxidaéni

stres. Nasi hypotézou bylo, Ze indukce HMOX u cholestatickych zvifat vede ke snizeni
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oxida¢niho stresu a tim i redukci zmén v distribuci nebo syntéze GSL vyvolanych timto

mechanismem.

2.3. Zmény ve sloZeni a distribuci glykolipidii u obstrukéni cholestazy

Extrahepatdlniho modelu cholestazy bylo docileno mikrochirurgickym podvazanim
segmentalnich jaternich Zlu¢ovodi. Dle naSich pfedpokladii by mélo byt cholestatické jaterni
poskozeni mnohem véEtsi nez u intrahepatalni cholestazy indukované estrogeny. Protoze se
jedné o odlisné typy cholestdzy, byla data mezi sebou porovnana.

Cilem této Casti prace bylo potvrzeni ¢i vyvraceni hypotézy, Ze vlivem obstrukéni
cholestdzy dochédzi k vyraznéj$im zméndm ve slozeni a distribuci glykosfingolipidii. Na
zékladé¢ ziskanych dat by mélo byt mozné rozhodnout, zda jsou pozorované zmény specifické

pro néktery typ cholestazy, nebo se jedna o obecnéjsi mechanismus.

2.4. Vliv modulace HMOX na obstrukéni cholestazu

Pti obstrukéni cholestaze dochazi v jaternich buiikach k akumulaci prooxida¢né a detergentné
pusobicich zlucovych kyselin s naslednym rozvojem oxidacniho stresu, vznikem volnych
kyslikovych radikali a spusténim signalni kaskady vedouci k nekréze bunék.

Cilem této ¢asti prace bylo zjistit, zda hromadéni bilirubinu, endogenniho antioxidantu a
zaroven produktu katabolické drdhy hemu, miZze do urcité miry chranit jatra pred
prooxidacnim u¢inkem nahromadénych Zluovych kyselin a zda se tento Uc¢inek (podobné

jako u estrogeny indukované cholestazy) promitne do obsahu jaternich gangliosida.
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3. METODICKA CAST

3.1. Material

K experimentim byly vyuzity samice potkana kmene Wistar (200-250g) ziskané od firmy
Anlab (Praha, CR) a zpracovdvanym materidlem byla zejména krev a jaterni tkan. Zvifata
méla volny pfistup k potravé i vodé po celou dobu experimentu a byla chovana za
standardnich podminek (kontrolovand teplota v mistnosti 22°C, stfidajici se cykly 12h
svétlo/12h tma). VSechny protokoly pro praci s experimentalnimi zvifaty byly schvéleny
etickou komisi pro praci s laboratornimi zvitaty 1. lékarské fakulty Univerzity Karlovy.
Cholestdza byla indukovana kazdodenni subkutdnni aplikaci 17a-etinylestradiolu (EE, 5
mg/kg) rozpusténém v 1,2-propandiolu po dobu 18 dnti (skupina byla oznacena jako E),
zatimco kontrolni skupiné (C) byl podavan pouze 1,2-propandiol. Modulace HMOX bylo
navic u cholestatickych zvitfat dosazeno intraperitonealni aplikaci hemu ve formé netoxického
methemalbuminu (aktivace HMOX- skupina aE) nebo SnMP (inhibice HMOX- skupina iE)
v koncentraci 15 umol/kg ve 4 davkach, a to ve dnech 0, 5, 10 a 15. Minimalni pocet zvitat
v kazdé experimentalni skupin¢ byl n= 6.

Po intramuskularni anestezii ketaminem (90 mg/kg) a xylazinem (10 mg/kg) byla odebrana
krev z dolni duté Zily pro biochemické analyzy. Nasledovalo odebrani jater, ktera byla
zvazena a okamzit¢ pfipravena pro histochemické zpracovani, izolaci celkovych i
jednotlivych gangliosidi, izolaci RNA a stanoveni HMOX aktivity.

Jako zviteci model pro cholestizu indukovanou podvazem segmentalnich zluCovodla byly
opét zvoleny samice potkanti kmene Wistar (200—250 g) ziskané od firmy Anlab (Praha, CR).
Cholestatického efektu bylo docileno mikrochirurgickym podvazanim segmentalnich
jaternich zlucovodua (skupina BDL) po dobu 5 dnti. Tento typ podvazii umoziuje rozlozeni
tlakli ve Zlu¢ovodech a stim souvisejici minimalizaci rizika ruptury intrahepatalnich

zlu€ovodt a vzniku peritonitidy. Kontrolni skupiné byla provedena laparotomie (skupina SO),
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aktivace HMOX bylo dosaZeno intraperitonedlni aplikaci hemu ve formé methemalbuminu
(aBDL: 30 pmol/kg ve 2 davkach, a to ve dnech 0 a 3) a inhibice HMOX podanim SnMP
(iBDL: 15 pmol/kg, intraperitonedlné¢ poddn 1. den). Minimalni pocet zvifat v kazdé
experimentalni skupiné byl n= 6.

Néslednd manipulace se zvifaty a ziskanym materidlem byla shodnd jako u cholestazy
indukované estrogeny. Rovnéz byly dodrzeny veskeré aspekty prace s laboratornimi zviraty a
protokoly byly schvéleny etickou komisi pro praci s laboratornimi zvitaty 1. 1ékatrské fakulty

Univerzity Karlovy.

3.2. Pristrojové vybaveni

ABI Prism 7900 pro qPCR (AME Bioscience A/S, Norsko)

Analytické vahy GR 202 (A&D Instruments, Japonsko)

Centrifuga Beckman GPR (Beckman, Fullerton, CA, USA)

Densitometr Camag TLC Scanner II (Muttenz, Switzerland)

Fotoaparat Canon A620 (Canon Inc, Tokyo, Japonsko)

Lyofilizator Christ a1-4 (B. Braun Biotech. International, Melsungen, SRN)
Magnetick4 michacka Variomag MONO (Sigma Aldrich, St. Louis, MO, USA)
Mikroskop Leitz Diaplan (Wild Leitz GmbH, Wetzlar, SRN)

Modular analyzer (Roche Diagnostics GmbH, Mannheim, SRN)

Odparka RVO 200A (Ingos, Praha, CR)

Orbitralni tftepacka KM3 (Edmund Bohler, UK)

PH metr TetraCon 325 (Thomas Scientific, SRN)

Predvazky Kern 572 (Balingen, SRN)

Sonikator XL (Microsonix incorporated, Farmingdale, NY, USA)

Spektrofotometr Lambda 20 (Perkin Elmer, Waltham, MA, USA)

53



Spektrofotometr ND-1000, NanoDrop® (Thermo Scientific, Wilmington, DE, USA)
Spektrofotometr Specol 11 (Carl Zeiss, Jena, SRN)

Susarna HS 61A (SDT Technika, Praha, CR)

Termocykler TC-512 (Techne, Burlington, NJ, USA)

Termostat (Lab. Systém, Praha, CR)

Trepacka KM3 (Edmund Biihler, Hechingen, SRN)

Ultrazvukovy homogenizator Miccroson XL 2000 (Misonix, Farmingdale, USA)

Vortex Genie-2 (Scientific Industries, USA)

Obrazova analyza byla vyhodnocovana programy ACC od firmy SOFO, Praha, CR a

Olympus Cue 2 (Tokio, Japonsko)

3.3. Chemikalie

17a-ethinylestradiol (EE) (Sigma Aldrich, St. Louis, MO, USA)
2,2-azobis(2-amidinopropan) (Sigma Aldrich, St. Louis, MO, USA)
4-Chloro-1-naphtol (Sigma Aldrich, St. Louis, MO, USA)
Albumin (Sigma Aldrich, St. Louis, MO, USA)

Avidin (Fluka, Buchs, Svycarsko)

Bile Acid Controls (Trinity Biotech, Jamestown, NY, USA)

Bile Acid reagent A (Trinity Biotech, Jamestown, NY, USA)

Bile Acid reagent B (Trinity Biotech, Jamestown, NY, USA)

Bile Acids Calibrator Set (Trinity Biotech, Jamestown, NY, USA)
Biotin (Sigma Aldrich, St. Louis, MO, USA)

Cyklohexan (Penta, Praha, CR)

D7-cholesterol (Sigma Aldrich, St. Louis, MO, USA)

DEAE Sephadex A-50 (Pharmacia, Stockholm, Svédsko)
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Diaminobenzidin tetrahydrochlorid (DAB) (Sigma Aldrich, St. Louis, MO, USA)
Dihydrogenfosfore¢nan draselny (Penta, Praha, CR)

GM1 standard (Sigma Aldrich, St. Louis, MO, USA)

Hemin (Sigma Aldrich, St. Louis, MO, USA)

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, MA,
USA)

Hovézi sérovy albumin (BSA) (Sigma Aldrich, St. Louis, MO, USA)

HPTLC desky (Merck, Darmstadt, SRN)

Hydroxid draselny (Penta, Praha, CR)

Hydroxid sodny (Penta, Praha, CR)

Chlorid draselny (Penta, Praha, CR)

Chlorid sodny (Penta, Praha, CR)

Chlorid vapenaty (Penta, Praha, CR)

Chloroform (Penta, Praha, CR)

Chloroform (Penta, Praha, CR)

Choleratoxin B znac¢ena biotinem (Sigma Aldrich, St. Louis, MO, USA)
Choleratoxin B zna¢eny peroxidazou (List laboratories, Campbell, CA, USA)
Kyselina N-acetylneuraminové kyselina (Sigma Aldrich, St. Louis, MO, USA)
Kyselina octova (Penta, Praha, CR)

Mesoporfyrin cinu (SnMP) (Frontier Scientific, Newark, DE, USA)

Methanol (Penta, Praha, CR)

Methyl-B-cyclodextrin (Sigma Aldrich, St. Louis, MO, USA)

Montovaci médium Faramount (Dako, Glostrup, Dansko)

N, N-dimethylformamid (Fluka, Buchs, Svycarsko)

N, O bis(trimethylsilyl)acetamid (Merck, Darmstadt, SRN)
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Octan amonny (Sigma Aldrich, St. Louis, MO, USA)

Orcinol (Sigma Aldrich, St. Louis, MO, USA)

PAP pen pro imunostanoveni (Sigma Aldrich, St. Louis, MO, USA)
Paraformaldehyd (Sigma Aldrich, St. Louis, MO, USA)

Peroxid vodiku 30% (Penta, Praha, CR)

Petrolether (Penta, Praha, CR)

Poly(isobutyl methacrylate) (Sigma Aldrich, St. Louis, MO, USA)
Propan-1,2-diol (Penta, Praha, CR)

Resorcinol (Merck, Darmstadt, SRN)

RNA later (Sigma Aldrich, St. Louis, MO, USA)

Silikagel (Merck, Darmstadt, SRN)

STOP reagent (Trinity Biotech, Jamestown, NY, USA)

Streptavidin peroxiddzovy polymer (Sigma Aldrich, St. Louis, MO, USA)
TagMan Gene Expression Master Mix (Applied Biosystems, Foster City, MA, USA)
Total RNA Purification Kit (Norgen Biotek Corporation, Thorold, Kanada)
Tris base (Sigma Aldrich, St. Louis, MO, USA)

Trolox (Sigma Aldrich, St. Louis, MO, USA)

3.4. Priprava pouzivanych roztoki

. 4% formaldehyd- vzdy Cerstveé pfipraven depolymerizaci 4 g paraformaldehydu, ktery
byl rozpustén v 80 ml vody. Suspenze byla za stdlého michani zahtata k bodu varu a do
uplného rozpusténi paraformaldehydu byl ptikapavan 1M NaOH. Nakonec bylo ptidano
20 ml 10x PBS. Vznikly roztok byl ptfed pouzitim ptefiltrovan a pH bylo upraveno na

hodnotu 7,4.
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10x PBS (40 mM)— v 800 ml destilované vody bylo rozpusténo 80 g NaCl,2 gKCl, 2 g
KH>PO4 a 15,4 g Na,HPO4.12H>0. Po uplném rozpusténi byl roztok doplnén do 1 1
vodou a pH bylo upraveno na hodnotu 7,2-7,4.

ABAP= 2,2-azobis(2-amidinopropan) (400 mM)— 108 mg bylo rozpusténo v 1 ml 40
mM PBS a pfed méfenim se roztok 4x fedi.

Bakeriiv roztok— ve 225 ml vody byl rozpustén 1 g CaCl, a dale bylo pfidano 25 ml
neutralniho formolu.

Bezvody aceton— do 1 1 acetonu bylo ptidano 100-150g bezvodého CaCl; a suspenze se
nechala stat v uzaviené nadobé za obcasného promichéni. Dale byla kapalina
dekantovéana a piredestilovana pod zpétnym chladi¢em. Diky trubici s CaCl, dochéazelo
k odstranéni vzdusné vlhkosti.

Dipyridamol (5 mM)- 5 mg latky bylo rozpusténo ve 2 ml ethanolu.

EDTA- 73 mg latky bylo rozpusténo v 50 ml 10 mM PBS.

Resorcinolové ¢inidlo— 5 ml 2% resorcinolového roztoku bylo smichano se 40 ml
koncentrované HCI a 0,125 ml 0,1 M CuSOs. Roztok byl doplnén do 50 ml
destilovanou vodou a vysledné ¢inidlo bylo uskladnéno pti 8°C v tmavé lahvi.
Orcinolové ¢inidlo— smichano bylo 22,2 ml ethanolu, 2,9 ml konc. H>SO4 a 125 mg
orcinolu. Cinidlo bylo skladovano v tmavé lahvi pii 8°C.

Mesoporfyrin cinu— 101,6 mg mesoporfyrinu cinu bylo rozpusténo v 1,521 ml 0,1 M
NaOH, 1,673 ml H3PO4 a 16,224 ml zdsobniho roztoku BSA (250 mg BSA+20 ml
H>0). Roztok byl dale doplnén vodou na 26 ml a pH bylo upraveno na hodnotu 7.4.
Methemalbumin— 9,9 mg heminu bylo rozpusténo ve 2,5 ml 0,4 M Na3;PO4. Dale byla
piidana voda do celkového objemu 8 ml, 100 mg BSA a pH bylo upraveno na hodnotu

7,4. Nakonec byla ptfidana destilovana voda na konecny objem 10 ml. (Vreman et al.
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1988). Hem byl vzdy podavéan ve form¢ methemalbuminu (1,5 mM hemu na 0,15 mM
albuminu).

4-chloro-1-naftol- 5 mg chloro-1-naphtolu bylo smichéno se 1,5 ml methanolu, 7,5 ml
0,2 M Tris-HCI pufru o pH 7,4 a 4 ul 30% peroxidu vodiku.

Sephadex DEAE A-50— 15 g anexu bylo smichdno s500 ml smési B
(chloroform:methanol:0,8 M octan amonny, 30:60:80). Supernatan byl odlit a sediment
byl smichan s novou smési B. Proces byl jesté jednou opakovan a nakonec se nechala
sm¢s pies noc ekvilibrovat.

Silikagel 60— k 5 g silikagelu se pfidalo 20ml smési D a centrifugaci po dobu 10 minut
(2500 ot/min) se smés zbavi necistot. Tento proces se opakuje 4x a nasledné byl
silikagel za stejnych podminek promyt smési A, centrifugovan a uskladnén v lednici.
Smés A— chloroform:methanol:voda 30:60:8.

Smés B— chloroform:methanol:0,8 M octan amonny 30:60:8.

Smés C— 0,2 M octan amonny v methanolu.

Smés D— chloroform:methanol:2,5 M hydroxid amonny 30:60:8.

Trolox (10 mM)- 5 mg latky se rozpustilo ve 2 ml ethanolu.

3.5. Metodické postupy
3.5.1. Optimalizace podminek detekce jaterniho GM1 gangliosidu pomoci B

podjednotky choleratoxinu in situ

3.5.1.1. Kvantifikace ztrat GM1 gangliosidu béhem acetonové fixace

Z jaterni tkan€ kazdého potkana bylo nakrajeno 12 kryostatovych fezl o tloustce 6 pm a tyto

fezy byly pfeneseny na laboratorni sklicko, kde byl imunochemicky testovan tcinek fixacnich

roztoki za rtiznych podminek. Celkem bylo vyclenéno 16 kontrolnich laboratornich zvifat (n=



16), ktera byla rozdélena do nasledujicich skupin pro testovani extrahovatelnosti GM1 z fezil,
Obr. 14:
A) kontrolni skupina, ve které byl vlivem chloroform:methanol:vody (C:M:V) v poméru

10:10:1 GM1 ze 100% vyextrahovan, n= 4

B) testovani vlivu acetonu pfi teploté 25°C, n=6

C) po predeslié extrakci (skupina B) byly fezy re-extrahovany C:M:V, n=6

D) testovani ledového acetonu pfi teploté -20°C, n=3

E) po predeslé extrakci (skupina D) byly fezy re-extrahovany C:M:V, n=3

F) testovani 10% vodné slozky v acetonu pfi teploté -20°C, n=3

G) po predeslé extrakci (skupina F) byly fezy re-extrahovany C:M:V, n=3
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Obr. 14: Vliv extrakénich cCinidel na gangliosid GM1. Pisobenim C:M:V a acetonu za
riznych podminek byly z kryostatovych jaternich fezl ziskany extrakty A-G, ve kterych se

nasledné pomoci imunochemické detekce kvantifikoval GM1.
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VSechny ziskané extrakty byly odpafeny pii 45°C pod dusikem, rozpustény
v chloroform:methanolu 1:1 (C:M) a spolecné se standardem GMI1 naneseny na HPTLC
alufolie silikagelu. Jako mobilni faze byla zvolena smés chloroform:methanol:0,2% CaCl,
v poméru 50:45:11 a ziskany chromatogram byl nasledné rozsttizen na dve ¢asti. Prvni ¢ast
podstoupila reakci s orcinolovym c¢inidlem pro detekci standardu GM1 (105°C, 5 minut).
Informace slouzila pouze pro orienta¢ni pfedstavu o rozlozeni gangliosidii v nanesenych
vzorcich. Druhd c¢ast chromatogramu byla z diivodu uspory protilatek zmensena a 75 vtefin
impregnovana  0,1%  polyisobutylmetakryldtem v cyklohexanu. Aby nedochazelo
k odlupovani silikagelové vrstvy, byly okraje navic zpevnény 1% polyisobutylmetakrylatem.
Nespecifické vazebné interakce byly 15 minut blokovany 1% BSA v PBS. TLC folie byla pii
pokojové teplot¢ po dobu 30 minut pienesena do roztoku B podjednotky choleratoxinu
znacen¢ biotinem (fedéno 1% BSA v poméru 1:300). Nasledovalo intenzivni Skrat opakované
promyvani chromatogramu v PBS po dobu 5 minut a na biotin se navazal komeréni komplex
streptavidin-polymer-peroxiddzy (fedéno 1% BSA v poméru 1:400). Po 60 minutach byl
chromatogram opé&t promyt v PBS. GM1 gangliosid byl detegovan roztokem 1-chlornaftolu,
H>0O; acitratového pufru o pH= 7,2. Cely proces imunodetekce byl proveden za vyuziti
orbitalni tfepacky (100 cykli za minutu). Denzitometricka analyza chromatogramu byla
uskutecnéna pii reflektanci 580 nm a vysledky byly vyuZzity k vypoctu procentudlniho

zastoupeni GM1 jak v acetonovych, tak v C:M:V re-extraktech.

3.5.1.2. Stanoveni gangliosidii po acetonové extrakci z lyofilizovanych homogenati

Homogenaty byly pfipraveny nastfihdnim a sonikovanim 1 g jaterni nebo 0,5 g mozkové
tkan¢€ v 3 ml smési C:M:V o poméru 4:8:3, 2 dny lyofilizovany a poté rychle ptreneseny do
exsikatoru, aby se zabranilo kondenzaci vzdu$né vlhkosti. Ve vlastnim experimentu byly

vzorky rozdéleny do tti skupin:
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- vzorky (n= 6) byly 15 minut extrahovany pfi pokojové teplot¢ 5 ml smési C:M:V
v poméru 4:8:3, proces byl jesté¢ 2x zopakovan a jednotlivé extrakty byly spojeny do
jednoho, ktery reprezentoval 100% extrahované gangliosidy (= extrakt A).

- vzorky (n= 6) byly 15 minut extrahovany 5 ml bezvodého acetonu pti pokojové teploté
(= extrakt B).

- vzorky po acetové extrakci byly 15 minut re-extrahovany pii pokojové teplot¢ 5 ml
smési C:M:V (4:8:3) (n= 6), re-extrakt skupiny B). Proces byl opét 3x zopakovan a
jednotlivé extrakty byly spojeny do jednoho vysledného (= extrakt C).

Extrakty byly pod dusikem pfi teploté¢ 45°C odpareny a rozpustény v 500 ul smési C:M:V

(4:8:3). Gangliosidy byly z jednotlivych extrakti izolovany v nékolika krocich zahrnujici

ionexovou DEAE chromatografii, destrukci alkalilabilnich fosfolipid, dialyzu a ptecisténi na

kolon¢ silikagelu (Ledeen, 1973). Celkové gangliosidy, respektive celkova lipidni kyselina
sialovd, byly v extraktech fotometricky méfeny za vyuziti resorcinolového ¢inidla

(Svennerholm 1957).

3.5.1.3. Chromatografie gangliosidii na DEAE anexu

Za anex byl zvolen Sephadex DEAE A-50, ktery od sebe odd€luje kyselé (gangliosidy,
fosfolipidy, sulfamidy) a neutralni lipidy. Sklenéna kolona s fritou o priméru 1 cm byla
promyta smési A, naplnéna pfipravenym anexem do vySky 2,5 cm a na anex byl aplikovan
veskery ziskany vzorek. Po proteceni extraktl byly kolony promyty 20 ml smési A a 5 ml

methanolu. Gangliosidy byly nakonec eluovany 20 ml smési C.
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3.5.1.4. Destrukce alkalilabilnich fosfolipidi alkalickou metanolyzou, dialyza a
lyofilizace

K extraktu byly pfiddny 2 ml 1M NaOH v methanolu a extrakty byly 60 minut temperovany
pii 37°C. Smés byla poté neutralizovana 2 ml 1M kyseliny octové v methanolu, ktery byl
nasledné za pouziti vakuové odparky (60°C a 60 minut) odstranén. Vznikly odparek byl
rozpustén v 10 ml vody a tim pfipraven na dialyzu proti vod¢, kterd trvala 4 dny pii 4°C.
Béhem této doby byla voda né€kolikrdit vyménéna a vzorky byly nésledné pfes noc
lyofilizovany. Alkalickd metanolyza byla zvolena pro odstranéni zejména fosfolipidd, u
kterych dochézi vlivem alkalického prostfedi k hydrolyze esterové vazby. Gangliosidy jsou
vzhledem k pfitomné amidové vazbé stabilni. Néslednou dialyzou byly odstranény
hydrolyzované fosfolipidy, zatimco makromolekularni micely z gangliosidi dialyzaéni
membranou neprosly. Pirebytecna voda ve vzorku po dialyze byla odstranéna dlouhodobou
lyofilizaci.

3.5.1.5. Precisténi gangliosidii na koloné silikagelu

Silikagel byl nalit do kolonky do vysky 2,5 cm a promyt 10 ml chloroform:methanolu v
poméru 2:1 a redestilovanym chloroform:methanolem v poméru 95:5. Na takto pfipraveny
silikagel byl nansen 1 ml rozpuSténého vzorku ve smési chloroform:methanol o poméru 1:1 a
doplnén chloroformem na kone¢ny pomér chloroform:methanol 4:1. Precisténé gangliosidy

byly eluovany 20 ml chloroform:methanolu v poméru 2:1 a odpateny pod dusikem.

3.5.1.6. Fotometrické stanoveni celkovych gangliosidi
Do reakce bylo pouzito 20 pl vzorku ptecisténych gangliosidia, 200 pl vody a 200 pl
resorcinolového Cinidla. Smés byla inkubovéana pi1 100°C ve vodni 1azni a po 15 minutidch

byly vzorky ochlazeny ponoifenim do studené vody. Do kazdé zkumavky bylo ptidano 0,6 ml

62



smési butylacetat:butanol (85:15) a celkové gangliosidy byly méfeny fotometricky pii vinové

délce 580 nm.

3.5.1.7. Histochemicka detekce GM1 v jatrech

Kryostatové fezy potkanich jater byly nakrajeny na konstantni tloustku 6 pm, suseny pies noc
a dale fixovany cerstvé pripravenym 4% formaldehydem po dobu 5 minut pii pokojové
teploté¢ a acetonem za riiznych podminek. Vliv teploty a doby fixace na GMI1 extrakci
bezvodym acetonem byl zjistovan pii teploté -20°C a pokojové teploté¢ vzdy ve dvou
casovych intervalech 2 a 15 minut. Vliv obsahu vodné slozky v acetonu byl studovan
pouzitim smeési aceton:voda v poméru 9:1 pii -20°C po dobu 15 minut. Fixované fezy byly
rychle pfeneseny do exsikatoru, aby nedoslo ke kondenzaci vody ze vzdu$né vlhkosti na
vychlazend mikroskopicka sklicka s fezy. Histochemickd detekce GM1 byla provedena
modifikaci popsané¢ho postupu (Jirkovska M, 2007) pomoci B podjednotky choleratoxinu
znacené biotinem. Ve zminéné publikaci uzivali fedéni CHT-B v poméru 1:250 s dobou
reakce 60 minut pi1 pokojové teploté. Nase modifikace spocivala v ur€eni nového stupné
fedéni B podjednotky choleratoxinu a odlisné doby inkubace tezt (Petr et al. 2010). V
experimentech jsme, s ohledem na usporu reagencii, uzZili nové fedéni 1:300 s dobou inkubace
16,5 hod pii 8°C. Endogenni peroxidasova aktivita byla 15 minut blokovana inkubaci 1%
H>0; v PBS s rozpusténym 0,1% azidem sodnym. Endogenni biotin byl 10 minut blokovéan
0,1% avidinem v PBS a fezy byly nasledné¢ 3x po 5 minutach oplachnuty v PBS. Zbytkovy
avidin byl odstranén reakci pomoci 0,01% biotinu v PBS a fezy byly 3x oplachnuty opét
v PBS. Nespecifické vazebné interakce byly 15 minut blokovany 3% BSA v PBS. Popsany
proces probihal na orbitalni tiepacce pii otackach 100 cykla za minutu. Kryostatové fezy byly
nasledné inkubovany nafedénou B podjednotkou choleratoxinu v 3% BSA o fedéni 1:300 a

inkubovany pii 8°C po dobu 16,5 hod. Déle byly fezy 3x po 5 minutach proprany v PBS a 60
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minut inkubovany pii pokojové teploté komerénim streptavidin-peroxiddzovym polymerem
nafedénym PBS v pomeéru 1:400. Nasledovalo posledni oplachnuti PBS a vizualizace
peroxidazové aktivity pomoci tablet tetrahydrochloridu diaminobenzidinu (DAB). Uvedeny
reakéni krok probihal 20 minut ve tmé pii pokojové teploté. Vizualizované fezy byly 5 minut
proplachovény v destilované vodé¢ a zamontovany montovacim médiem, Obr. 15.

Vramci experimentu byly pfipraveny rovnéz dvé kontroly: 1) byl vynechdn krok
s choleratoxinem a 2) fezy byly pied detekci GM1 extrahovany pfi pokojové teploté po dobu
15 minut C:M (1:1) a C:M:V (1:1:0,3). Vysledky vySe popsanych experimenti byly
fotografovany pod mikroskopem za konstantnich podminek (svétlo 7, clona 4) a vyhodnoceny

pomoci analyzy obrazu s denzitometrickym programem Olympus Cue 2.

O — . 4) DAB — barevna reakce

u 3) Streptavidin s polymernim vlaknem
obsahujicim peroxidazy

2) Choleratoxin B podjednotka zna¢ena
biotinem

1) GM1 gangliosid
r e

——
Obr. 15: Schéma imunohistochemické detekce GM1 gangliosidu. Na membranovy GM1
se vaze B podjednotka choleratoxinu znafend biotinem, na kterou se pfipoji komplex
streptavidinu s polymernim vldknem obsahujici peroxidazy. Vlastni barevna reakce je

zakoncena pomoci diaminobenzidinu tetrahydrochloridu (DAB).
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3.5.1.8. Denzitometricka analyza GM1 gangliosidu

Nativni kryostatové jaterni fezy z 23 experimentalnich potkani kmene Wistar byly fixovany
bud’ 5 minut Cerstvym 4% formaldehydem, nebo 15 minut bezvodym ledovym acetonem.
Detekce GM1 byla provedena pomoci B podjednotky choleratoxinu znaceného biotinem a
vizualizace DAB, jak bylo popséano vyse. Primérna opticka denzita GM1 byla v kazdém tezu
proméiena za stejnych podminek vzdy v 70 oblastech pii 40 nasobném zvétSeni objektivu
(celkové zvétSeni v mikroskopu bylo 500x). Pro vybér vhodnych oblasti byla zvolena metoda
stratifikovaného ndhodného vybéru (Hamilton 1995) a pro métfeni byly vylouceny poskozené
oblasti, trhliny a lumen velkych cév. Kvantifikace ziskanych mikroskopickych dat byla
provedena pomoci denzitometrického programu Olympus Cue 2. Analyzovany byly
sinusoidalni membrany (sin) a prilehlé oblasti cytoplasmy (cyt) hepatocytu a optickd denzita

reakéniho produktu byla stanovena uZitim softwaru ACC 6.0 (SOFO, CR), Obr. 16.

Obr. 16: Analyza obrazu GM1 gangliosidu se zvyraznénim sinusoiddlni a subsinusoidalni

cytoplasmatické oblasti.
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3.5.1.9. Stanoveni GM1 v jaterni a mozkové tkani

Rezy z jaterni tkané potkana byly fixovany: 1) 4% formaldehydem; 2) bezvodym acetonem a
fezy mozkové tkané 1) 4% formaldehydem; 2) Bakerovym roztokem; 3) bezvodym acetonem
s naslednou extrakei formaldehydem; 4) bezvodym acetonem s néslednou fixaci Bakerovym
roztokem. Bakertiv roztok byl pro fixaci mozkové tkan¢ zvolen proto, ze redukuje rozpustnost
nepolérnich lipidi, které jsou v centralnim nervovém systému zastoupeny ve vétSim mnozstvi.
Po fixaci acetonem byly fezy vzdy suSeny v exsikatoru. Vlastni histochemickéa detekce GM1
byla provedena pomoci B podjednotky choleratoxinu znacené peroxidazou (fedéni 1:500
v PBS s 3% BSA, inkubace 16,5 hodiny pti 8°C). Bunécné jadra byla kontrastné znacena
hematoxylinem. Ostatni stupné¢ detekce byly provedeny dle protokolu popsaného vyse
s vyjimkou blokovani biotinu. Odstranéni cholesterolu z mozkovych tezi bylo dosazeno
inkubaci fezii s 20 mM methyl-B-cyklodextrinem v PBS pti pokojové teploté¢ po dobu 30

minut. Poté byly fezy omyty PBS a nésledné fixovany 4% formaldehydem (Petr et al. 2010).

3.5.1.10. Stanoveni cholesterolu

Cholesterol byl stanoven v lipidnich extraktech jaternich a mozkovych vzorki pomoci
plynové chromatografie s hmotnostni detekci (GC/MS), jako vnitini standard byl pouzit D7-
cholesterol.

K 20 pl jaternich a mozkovych extraktti bylo piidano 20 ul SmM vnitiniho standardu a estery
cholesterolu byly hydrolyzovany 3 ml ethanolu s 390 pl 8,9 M KOH po dobu 3 hodin pfi
37°C. Cholesterol se extrahoval 5 ml hexanu s 2,5 ml vody, hexanova vrstva byla odebrana a
odpafena pod dusikem pii 60 °C. Vznikly odparek se silyloval 50 ul N,O
bis(trimethylsilyl)acetamidem 30 min pii pokojové teploté. Vzniklé trimethylsilylderivaty
cholesterolu se odpaftily pti 60°C pod dusikem a rozpustily ve 300 pl hexanu. Vlastni detekce

byla provedena na GC/MS (Agilent Technologies) s nasledujicimi parametry: teplota nastiiku
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a spojeni 300°C, pritok helia jako nosného plynu 1 ml/min, split 1:75, nastfik vzorku 3 pl,
kolona ValcoBond VB-5, elektronova ionizace, m/z cholesterolu 458,4 a m/z D7-cholesterolu

465,4 (Cohen et al. 1980; Ellerbe et al. 1989).

3.5.2. Vlivu modulace aktivity HMOX na obsah a slozeni GSL v jaterni tkani

potkana po cholestaze indukované estrogeny

3.5.2.1. Stanoveni markeru jaterniho poSkozeni

Stanoveny byly nésledujici markery cholestdzy a hepatocelularniho poskozeni v séru: celkové
ZluGové kyseliny (ZK), celkovy bilirubin, aktivita alkalické fosfatizy (ALP),
aspartataminotransferazy (AST) a alaninaminotransferazy (ALT). ZK byly méfeny pomoci
komere¢niho kitu (Trinity Biotech, Jamestown, NY, USA). Principem metody je reakce
katalyzovana enzymem 3a-hydroxysteroid dehydrogenazou (EC 1.1.1.50), kdy dochéazi k
oxidaci zluCovych kyselin na 3-oxokyseliny a soucasné¢ k redukci nikotinamid adenin
dinukleotidu (NAD) na NADH. Vznikly NADH je opét oxidovan nitro blue tyrazoliem (NBT)
na NAD za katalyzy enzymem diaphorazou (EC 1.6.4.3). Vznikly formazan je méfeny
spektrofotometricky pfi 530 nm. Intenzita zabarveni formazanu je pfimo umérnd mnoZstvi
zlu€ovych kyselin v séru. Ostatni markery jaterniho poSkozeni byly stanoveny pomoci
automatického analyzitoru (Modular analyzer, Roche Diagnostics GmbH, Mannheim,

Germany).

3.5.2.2. Stanoveni aktivity HMOX
HMOX aktivita byla méfena metodou plynové chromatografie vyuzivajici detekci redukénich
plyni (RGA detektor) a UV detekci. Produkovany CO vznikajici rozkladem nadbytku

substratu (hemu) prostfednictvim HMOX byl vyjadien v jednotkach pikomoly CO/h/mg
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erstvé jaterni tkang. Cerstva jaterni tkafi byla v PBS rozstifhdna a pomoci ultrazvuku
sonikovana. Dvacet pl jaterniho sonikatu bylo spolecné s 20 pl methemalbuminu (150 uM) a
20 pul NADPH (4,5mM) inkubovano pfi teplot¢ 37°C po dobu 15 minut ve vzduchotésné
zkumavce zbavené CO (Vreman et al. 1988). Slepy vzorek obsahoval misto NADPH 0,1 M
fosfatovy pufr o pH= 7,4 a reakce byla ukoncena denaturaci 5 pl 30% kyseliny
sulfosalicylové. Vznikly CO byl od ostatnich redukujicich plynid separovan na koloné
s molekuldrnim sitem pomoci syntetického vzduchu. CO byl dale detegovan RGA
detektorem, jenz obsahuje pevny HgO s katalyzatorem ve form¢ MnO. V pribéhu oxidaéni
reakce CO na CO; je uvonovana plynna rtut’ a jeji koncentrace je detegovana UV detektorem
pti vinové délce 254 nm. Jelikoz plynna rtut’ velice dobie absorbuje v UV oblasti svételného

spektra, je tato metoda velmi citliva a vznikajici CO mize byt méfen v fadu pikomold, Obr.

17.
(/CH? s CH,
H,C /
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HiG CH;
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041\0,_' o ~oH
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HMOX
> H,0, NADP*
. _ BVR
Ferritin Fe2+ < = Biliverdin — - Biliverdin
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270°C |
HgQ+CO——— -~ CO, +Hg/

Obr. 17: Degrada¢ni drdha hemu a princip stanoveni aktivity HMOX. Ug&inkem HMOX
vznikd CO, ktery je nasledné oxidovan na CO; a z reakce se uvolnuje rtut’ detegovana UV
detektorem.
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3.5.2.3. Stanoveni antioxida¢ni kapacity séra

Antioxidacni kapacita v séru byla méfena fluorimetricky metodou LISAP (Lipoperoxide
Scavenging Activity of Plasma) jako podil ve spotiebé antioxidantu (vyjadieno lag time) a
referencniho a kalibra¢niho antioxidantu, Troloxu, Obr. 18. Metoda vyuzivd zhaSeni
fluorescence dipyridamolu, ktery obsahuje aromaticky kruh, jenz je odpovédny za silny
absorpcni pas v rozmezi 400 az 480 nm a za samotnou fluorescenci. Reakci dipyridamolu
s peroxylovymi radikaly vznikajicimi tepelnym rozkladem azo-indikatoru 2,2-azobis(2-
amidinopropan) (ABAP), dochéazi k linearnimu poklesu detegované fluorescence. Spotieba
dipyridamolu je blokovana v pfitomnosti antioxidantu (Iuliano et al. 2000).

Nejprve bylo tfeba 5 minut temperovat v kyveté 2 ml roztoku A (12,5 ml 40 mM PBS, 10 ml
5 mM EDTA, 27,5 ml vody, 200 pul 5SmM dipyridamol). Po dalSich 100 vtefinach se ptidalo
50 ul 100 mM roztoku ABAP a po dalsich 400 vtetinach se do kyvety ptidava 50 pl Troloxu,
nebo vzorku séra. Po celou dobu meéfeni bylo v kyveté umisténo malé michadlo, které

zajisSttovalo lepsi homogenitu stanovovaného vzorku.

CHq
HO 0

OH
HsC 0 CH,

Obr. 18: Strukturni vzorec Troloxu

3.5.2.4. Analyza jaternich gangliosidi
3 g jaterni tkdn€ byly homogenizovany sonikaci v 15 ml methanolu a nasledné bylo ptidano

15 ml chloroformu. Extrakce probihala po dobu 30 min na orbitalni tfepacce, suspenze byla
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prefiltrovana, zbytek tkané¢ byl re-extrahovan 50 ml C:M:V (30:60:8) a opét filtrovan. Spojené
filtraty byly doplnény 15 ml methanolu a 4 ml destilované vody, tj. na pomér extrakéni smési
C:M:V 30:60:8 (Ledeen et al. 1973; Ueno et al. 1978).

Chromatografie na DEAE anexu pro odd¢leni kyselych a neutralnich lipidd, alkalicka
metanolyza pro odstranéni fosfolipidii a konecné precisténi na Silikagelu byly provedeny
postupem popsanym vyse.

Jelikoz ma hem i SnMP podobnou pohyblivost pii TLC analyze jako gangliosidy, dochazelo
pfi denzitometrické kvantifikaci k interferenci, a proto bylo ptikroc¢eno k dalsimu precisténi
zalozenému na odli$né polarit¢ hydrofobnich necistot a hydrofilnich gangliosida (Folch et al.
1957). Vzorky byly rozpustény v 1 ml C:M (2:1) a 200 pl destilované vody. Po dikladném
promichani byla smés centrifugovana (10°C, 2500 ot/min a 5 min), vodnd faze byla
prepipetovana do nové zkumavy a k organické fazi bylo pfidano 0,4 ml M:V (1:1).
Nasledovala centrifugace za stejnych podminek, ke spojenym vodnym fazim byl pfidan 1 ml
chloroformu a smeés byla opét centrifugovana. K dalSimu zpracovani byla pouZzita vodna faze

gangliosidi, ktera byla odpatena pii 65°C pod dusikem a rozpusténa v 80 pul C:M (1:1).

3.5.2.5. TLC kvantifikace zakladnich jaternich gangliosidi

Vyvijeci komora byla nasycena parami smési C:M:0,2 % CaCl (50:45:11). Na HPTLC desku
bylo naneseno 5 pl precisteného vzorku (Folch et al. 1957) v Sifce 0,5 cm a 4 nmoly
standardu GM1 gangliosidu. Po vyvinuti byla HPTLC deska rovnomérné postiikana
resorcinolovym ¢inidlem a nésledné ptrikryta druhym sklem a zhtivana pti 105°C po dobu 30
min. Gangliosidy obsahujici kyselinu sialovou se barvi fialové, neutradlni lipidy a
sulfoglykosfingolipidy naopak hnéd€ (Svennerholm, 1957). K vlastnim detekci
analyzovanych gangliosidi se vyuziva skenovaci denzitometrie pfi 580 nm (software CATs3—

Camag, Svycarsko).
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3.5.2.6. Stanoveni exprese glykosyltransferaz

Celkovd RNA byla izolovana z 10 mg jaterni tkang, ktera byla skladovana pii -80°C v
konzervacnim roztoku (RNAlater tissue storage reagent), pomoci purifika¢niho kitu na izolaci
celkové RNA (Total RNA Purification Kit). Ziskand RNA byla pfevedena do cDNA za vyziti
kitu pro reverzni transkripci (High Capacity cDNA Reverse Transcription Kit).

Kvantitativni polymerdzova fetézova reakce v redlném cCase (RT-qPCR) byla provedena
pomoci kitu (TagMan® Gene Expression Assay Kit) pro sialyltransferazu II (St8Sial,
Rn00563093 ml), galaktosyltransferazu II (B4Galt2, Rn01417399 ml) a p-aktin (Actb,
Rn00667869 ml), ktery slouzil jako endogenni kontrola (house-keeping gen). SloZeni
reakéni smési bylo nasledujici: 5 pl cDNA (fedéna 1:4), 6 ul TagMan master mixu, 0,6 pl
smési primerti a fluorescenéné znacené sondy specifické pro jednotlivé geny a 0,4 pul
deionizované vody. Experimantalni podminky pro vlastni méfeni byly: 10 minut pti 90-95 °C
pro aktivaci TagMan enzymu, 15 sekund pii 95-99 °C pro denaturaci DNA a 1 minutu pii 60
°C pro hybridizaci primera. Ziskané Ct hodnoty (cycle threshold) amplifikaénich kiivek byly

vyuzity pro kvantifikaci miry exprese genu pro sialyltransferazu I1 a galaktosyltransferazu II.

3.5.5. Statisticka analyza

Normaln¢ distribuovand data jsou prezentovana jako primér + smérodatnd odchylka a byla
analyzovana Studentovym T-testem. Nenormdalné rozlozend data jsou prezentovéna jako
median (25%—75%) a analyzovana Mann-Whitney Rank Sum testem. Kruskal Wallisova
ANOVA spost hoc analyzou byla pouzita pro vicendsobné porovnavani. Vysledky byly
vyhodnoceny programem STATISTICA CZ software, v. 10. Rozdily s hodnotou P< 0,05 byly

povazovany za statisticky signifikantni.
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4. VYSLEDKY

4.1. Optimalizace podminek detekce jaterniho GM1 gangliosidu pomoci B
podjednotky choleratoxinu in situ

4.1.1. Vliv fixace na extrakci GM1 gangliosidu z jaternich Fezi

V tvodnich experimentech jsme optimalizovali fixaci jaternich kryostatovych fezli acetonem.
Zajimalo nés predevsim, jestli miize teplota fixace a obsah vodné slozky ve fixacnim ¢inidle
vést ke ztratdim GMI1 gangliosidu a tim i ovlivnit ndslednou detekci B podjednotkou
choleratoxinu dle popsané metodiky v kapitole 3.5.1.1. ,,Kvantifikace ztrat GM1 gangliosidu
béhem acetonové fixace*.

Ztraty GM1 byly studovany po riznych fixacich pii teplotach -20°C a 25°C. Nasledn¢ byly
fezy re-extrahovany chloroform:methanol:vodou (C:M:V) v poméru 10:10:1. Vliv vodné
slozky byl testovan zvySenim vodného zastoupeni v extrakéni smési na 10% vody. Vzorky
byly srovnavany s ,,kontrolni“ extrakci C:M:V 10:10:1, jez byla povazovana za 100% extrakci
GMI1. Vysledky ztrat gangliosidi byly denzitometricky vyhodnoceny po chromatografii na

tenké vrstvé (TLC), Obr. 19.

GM1

Obr. 19: Extrakce gangliosidu GM1: A) vliv teploty; B) vliv vodné slozky acetonu.
A) 1: ptima extrakce GM1 chloroform:methanol:vodou v poméru 10:10:1 (C:M:V)
2: extrakce acetonem pfi teploté -20°C

3: re-extrakce C:M:V po piedeslé extrakci acetonem pii teploté -20°C
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4: extrakce acetonem pii teploté 25°C
5: re-extrakce C:M:V po predeslé extrakci acetonem pii teploté 25°C

B) 6: pfima extrakce GM1 chloroform:methanol:vodou v poméru 10:10:1 (C:M:V)
7: extrakce smési aceton:voda v poméru 9:1 pfi teploté -20°C

8: re-extrakce C:M:V po predeslé extrakei smési acetonu a vody

Chromatogram dokumentuje, ze teplota ma na extrakci GM1 do bezvodého acetonu
minimalni vliv. Procentualni ztrata GM1 byla vypocitana jako rozdil mezi primérnou
denzitou GMI1 pifimo v kontrolnich extraktech ziskanych C:M:V (100% extrakce) a
pramérnou denzitou ziskanou re-extrakci C:M:V po pusobeni acetonu, Obr. 19. Obsah GM1
gangliosidu byl stanoven v re-extraktech po ptisobeni acetonu pfi teploté -20°C na 98,1% a
pti 25°C na 96,2%. Ztrata GM1 byla vypocitana na 1,9% pro acetonu pti -20°C a 3,8% pfi
25°C. Na rozdil od teploty je obsah vody v extrakénim ¢inidle pro ztraty gangliosidt kriticky.

10% vodna slozka v acetonu pii -20°C zvysila ztratu GM1 na 30,5%, Tab. 3.

% ztraty
Typ fixace (extrakce)
gangliosidi
Chloroform:methanol:voda (C:M:V), 10:10:1 100
Bezvody aceton pii teploté -20°C 1,9
Bezvody aceton pii 25°C 3.8
90% aceton pfi teploté -20°C 30,5

Tab. 3: Extrakce GM1 gangliosidu po riznych druzich fixace s naslednym denzitometrickym

vyhodnocenim.
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4.1.2. Vliv acetonové fixace na extrakci gangliosidii ze suchych jaternich

a mozkovych homogenati

Vzhledem k tomu, Ze denzitometrickd analyza chromatogramii po extrakci GM1 z jaternich
fezll je pouze semikvantitativni, ovéfili jsme si ziskana data na kvantitativni analyze ztrat
celkovych gangliosidli z lyofilizovanych jaternich a mozkovych homogenati. Vyuzito bylo
fotometrick¢é metody, ktera byla popsdna v kapitole 3.5.1.6. ,Fotometrické stanoveni
celkovych gangliosidi‘.

Primérna hodnota celkovych gangliosidll ziskana C:M:V (4:8:3) extrakci z homogenatl byla
povaZzovana za 100%. Ztrata gangliosidii do acetonu byla u jaterna tkan¢ 3,0+0,3% a u
mozkové tkdné¢ 9,5+1,1%. C:M:V re-extrakty zjaterni tkdné obsahovaly 97,0+0,3%

gangliosidll a z mozkové tkané€ 90,5+0,7% gangliosidu.

4.1.3. Histochemicka detekce GM1 gangliosidu na jaternich kryostatovych rezech
Porovnavany byly dvé nejcastéji uzivané fixace kryostatovych jaternich ftezl, 4%
formaldehyd a bezvody aceton, Obr. 20. Rovnéz bylo srovnavano stanoveni GMI1 pfi
standardnich podminkach fixace 4% formaldehydem pfi teploté 25°C a dob€ 5 minut s fixaci
bezvodym acetonem pii teplotach -20 °C a 25°C, Casech 2 a 15 min a zkouman byl také vliv
vodné slozky v acetonu. Casy byly zvoleny s ohledem na nase pilotni data, kde 2 minuty
znamenaly pfijatelné fixacni Uc¢inky, a 15 minut reprezentovalo dlouhy fixacni interval.
Metodou analyzy obrazu bylo zjisténo, ze neni rozdil v intenzité nebo lokalizaci reakéniho
produktu GMI1 u jednotlivych druhii fixace, Obr. 21. Naopak pouZiti smési aceton:voda
v poméru 9:1 vedlo za podminek 15 minutové fixace pii -20°C k difuzni lokalizaci GM1 na
paralelnich kryostatovych fezech. Zjisténa data nés utvrdila, Ze vlivem vodné slozky dochazi

ke zvySené extrakci glykolipida, Obr. 22.
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Obr. 20: Fixace kryostatovych fezi jaterni tkané: A) Bezvody aceton, 15 minut, -20°C. B) 4%

formaldehyd, 5 minut, 25 °C. Rezy s GM1 byly detegovany B podjednotkou choleratoxinu.

Obr. 21: Porovnani fixacnich ¢ast a teplot u acetonové a 4% formaldehydové fixace jaterni

Mefitko= 200 pm.

tkané. A) 4% formaldehyd, 5 min, 25°C; B) aceton, 2 min, -20°C; C) aceton 15 min, -20°C;
D) aceton 2 min; 25°C; E) aceton 15 min, 25°C. GM1 gangliosid byl imunohistochemicky
barven pomoci B podjednotky choleratoxinu a vizualizovan DAB. Métitko= 100 um.
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Obr. 22: Vliv vodné slozky na extrakci GMI1 gangliosidu do acetonu pii detekci
choleratoxinem. A) 4% formaldehyd, 5 min, 25°C; B) Bezvody aceton, 15 min, -20°C; C)

smés aceton:voda 9:1, 15 min, -20°C. M¢titko= 50 um.

4.1.4. Srovnani detekce GM1 gangliosidu v jaterni a mozkové tkani po odliSnych
fixacich

Z dat uvedenych vySe vyplyva, ze u jaternich kryostatovch fezil, které byly fixovany 4%
formaldehydem a bezvodym acetonem, nebyly pozorovany zadné vyznamné rozdily
v lokalizaci nebo intenzité barveni GM1. Kryostatové mozkové fezy, které byly fixovany 4%
formaldehydem, dokumentovaly difuzi GM1 v Sedé mozkové hmoté, av§ak bez ohniskového
zvyraznéni, Obr. 23 A, C. V bilé mozkové hmot¢ byla vidét mirna difuzni pozitivita GM1,
coz je pravdépodobné zplisobeno piitomnosti myelinu. Pokud byl misto 4% formaldehydu (F)
uzit Bakertiv roztok (4% formaldehyd s CaCly) vhodny pro fixaci lipidt (B), nebyl v pozitivité
GM1 shledan zadny rozdil. Pfi fixaci bezvodym acetonem a nasledné 4% formaldehydem

(A+F) bylo zaznamenano snizené celkové barveni GMI, avSak barveni bylo vice ostré
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a odhalovalo ptitomnost subcelularnich struktur, Obr. 23 B, D. Uzitim bezvodého acetonu a
Bakerova roztoku (A+B) dosSlo ke zméné zrnitosti v barveni GM1. Jemna zrnitost GM1
pozorovand pii fixaci acetonem a 4% formaldehydem byla nahrazena hrubou zrnitosti u
kombinace acetonu a Bakerova roztoku (data nejsou prezentovana).

Vlivem fixace roztokem 4% formaldehydu a methyl-B-cyklodextrinu, ktery ma za cil odstranit
membranovy cholesterol, dochazelo ke snizeni barveni GM1 oproti samotnému formaldehydu
(Obr. 23 G, H), avsak ke zvySeni obrazové ostrosti GM1 (Obr. 23 H, I). V jaterni tkani byla
zietelnd jemna zrnitost GM1 v membranach na sinusoidalnim 1 kanalikularnim poélu
hepatocytu a nebyly zaznamenany zmény mezi fixaci 4% formaldehydem a bezvodym

acetonem, Obr. 23 E, F.
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Obr. 23: Srovnani fixacnich roztokt pii detekci GM1 v jaterni a mozkové tkani.

A, C) Diflizni pozitivita GM1 po fixaci 4% formaldehydem. Sipky naznaduji rovnéz pohyb
nebarevnych myelinovych lipida.

B) Ohniskové zvyraznéni GM1 po fixaci bezvodym acetonem a nésledn¢ 4% formaldehydem.
D) Membranova zrnitost GM1 po fixaci acetonem a nasledné 4% formaldehydem. Lokalizace
GM1 v bunécnych membranach je ilustrovana v detailu obrazku.

E) GM1 pozitivita v jaterni tkani po fixaci 4% formaldehydem.

F) GMlIlpozitivita v jaterni tkani po fixaci bezvodym acetonem a nasledné 4%
formaldehydem. Jak ilustruji obrdzky E a F, neni jemnad zrnitost GM1 na bunécnych
membranach hepatocytu ovlivnéna typem fixace.

G) Fixace mozkové tkan¢ 4% formaldehydem.

H) Vliv methyl-B-cyklodextrinu a nasledné 4% formaldehydu na mozkovou tkan.

I) Pisobeni bezvodého acetonu a 4% formaldehydu na mozkové tezy.

Obrazky A, B, C, D, G, H a I dokumentuji GM1 gangliosid v mozkové tkéani a obrazky E a F
v jaterni tkani. Méfitka u obrazkd A a B jsou 50 um, u obrazk C, D, E a F jsou 25 pm a u

obrazkt G, H a I jsou 100 pm. Jadra u obrazkl A az F byla barvena hematoxylinem.

4.2. Vlivu modulace aktivity HMOX na obsah a sloZeni GSL v jaterni
tkani pri cholestaze indukované estrogeny

4.2.1. Stanoveni markeru jaterniho poSkozeni

Nejprve bylo nutné ovéfit, zda se ndm podarilo subkutdnni aplikaci ethinylestradiolu navodit
cholestazu. Analyzou séra experimentalnich zvitat jsme zjistili, ze aplikace estrogenu vedla ve
srovnani s kontrolami k vyznamnému zvySeni sérového celkového bilirubinu (3,2+£2,0 vs.
1,040,3 pmol/l, P=0,011), celkovych zlucovych kyselin (115,2+71,3 vs. 5,5+5,3 umol/l, P=

0,020) a aktivity alkalické fosfatazy (3,240,9 vs. 1,8+0,4 pkat/l, P=0,031), Tab. 4.
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C E aE iE
Celkovy bilirubin [umol/l] | 1,040,3 | 3,2+2,0* 54437 3,542,1
Zlu€ové kyseliny [umol/l] | 5,5+53 | 1152+71,3% | 135,6+84,6 | 134,7472,9

Alkalicka fosfatdza [pkat/l] | 1,840,4 | 3,2+0,9% 3,140,9 3,6+1,3

Tab. 4: Markery cholestdzy u experimentalnich zvifat. Podavani estrogent vedlo k
vyznamnému zvyseni celkového bilirubinu, zlucovych kyselin a alkalické fosfatazy, *P< 0,05
vs. C. Data jsou prezentovana jako primérné hodnoty+SD. C— kontrolni skupina; E— skupina
s aplikaci ethinylestradiolu; aE— skupina s aplikaci ethinylestradiolu a aktivovanou HMOX;

iE— skupina s aplikaci ethinylestradiolu a inhibovanou HMOX.

4.2.2. Stanoveni aktivity HMOX a antioxida¢ni kapacity séra

Nasledné bylo nutné zjistit, zda byla modulace HMOX Uspé&$né navozena. Méfeni aktivity
HMOX plynovou chromatografii dokazalo, ze uc¢inkem hemu (induktor HMOX) stoupla
aktivita HMOX v jatrech téméf na dvojnasobnou hodnotu, zatimco uc¢inkem mesoporfyrinu
cinu (inhibitor HMOX) se témét Sestkrat snizila (P< 0,05), Tab. 5. M¢feni celkové
antioxidacni kapacity séra potvrdilo predpokladané antioxidac¢ni ucinky indukce HMOX.
Antioxidacni kapacita séra byla oproti cholestatickym vzorkiim zvysSena o 68% (P= 0,016),
Obr. 24 a Tab. 5. Efekt inhibice HMOX na antioxida¢ni kapacitu pozorovan nebyl, Obr. 24 a

Tab. 5.
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C E aE iE

Aktivita HMOX 240,8+30,2 261,2+129,1 434,9+143,7" | 44,8+11,8"
[pmol CO/h/mg FW]
Antioxidaéni

241,2+44.5 100£22,7* 168+£21,7" 109+20,3

kapacita séra [%]

Tab. 5: Zména aktivity HMOX a celkové antioxidacni kapacity séra v odpovédi na modulaci
HMOX a podéavani estrogeni. Modulaci HMOX byly pozorovany vyznamné zmény v
jeji aktivité. U¢inkem indukce HMOX bylo rovnéz shleddno oproti cholestatické kontrole
zvySeni celkové antioxida¢ni kapacity séra, *P< 0,05 vs. C; "P< 0,05 vs. E. Data jsou
prezentovdna jako primérné hodnoty+SD. C- kontrolni skupina; E— skupina s aplikaci
ethinylestradiolu; aE— skupina s aplikaci ethinylestradiolu a aktivovanou HMOX; iE— skupina

s aplikaci ethinylestradiolu a inhibovanou HMOX. FW— vaha nativni jaterni tkan¢.

40 +
3,5
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Obr. 24: Efekt modulace HMOX na celkovou antioxidacni kapacitu séra cholestatickych

zvitat. Aktivace HMOX zvySuje antioxida¢ni aktivitu o 68%, inhibici nebyl pozorovan zadny
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vyznamny efekt. E— skupina saplikaci ethinylestradiolu; aE— skupina s aplikaci
ethinylestradiolu a aktivovanou HMOX; iE— skupina s aplikaci ethinylestradiolu

a inhibovanou HMOX.

4.2.3. Analyza jaternich gangliosidi

Obsah celkovych gangliosidu v jatrech byl vyznamné zvysen u cholestatickych vzorkt (E) a
vzorkl s inhibovanou HMOX (iE) oproti kontrolam (C): [C 17,0 (8,9-26,5); E 40,3 (27,4—
49.9) a iE 48,1 (33,0-60,3) nmol/g; P< 0,05], zatimco indukce HMOX nevedla

k signifikantnim zméndm, P= 0,274, Obr. 25.
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Obr. 25: U¢inek cholestazy indukované estrogeny a modulace HMOX na obsah celkovych
gangliosidt v jaterni tkani, *P= 0,02; "P< 0,01. C— kontrolni skupina; E— skupina s aplikaci
ethinylestradiolu; aE— skupina s aplikaci ethinylestradiolu a aktivovanou HMOX; iE— skupina

s aplikaci ethinylestradiolu a inhibovanou HMOX.

V dalsi ¢asti studie bylo rovnéz analyzovano zastoupeni jednotlivych jaternich gangliosidi.
Zmény v koncentraci gangliosidi GM1, GDla (biosyntetickd a— vétev) a GD3 (pocatek

biosyntetické b— vétve) nebyly vlivem estrogenil, ani modulace HMOX pozorovany. Naproti
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tomu gangliosidy GD1b a GTI1b (termindlni Cast biosyntetické b— vétve) byly vlivem

estrogenil zvyseny. Inhibice HMOX u cholestatickych zvitat vedla ke sniZzeni v zastoupeni

GT1b gangliosidu, Obr. 26.
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Obr. 26: Kvantifikace zmén ve sloZeni jaternich gangliosidi pfi cholestaze vyvolané

estrogeny a modulaci HMOX. Z uvedenych dat vyplyvd, ze navozenim cholestazy ani

modulaci HMOX nedochazi u gangliosidt GM1, GD1a a GD3 ke zménam. K tém dochézi az

u GD1b a GT1b gangliosidi, které reprezentuji koncovou ¢ast biosynetické b— vétve. Vlivem

estrogenti dochdzi u obou gangliosidi k vyznamnému zmnozeni. U GT1b gangliosidu byl
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navic pozorovan vlivem inhibice HMOX pokles v jeho zastoupeni. *P< 0,005 vs. C; "P= 0,01
vs. E. E- zvifata po aplikaci ethinylestradiolu; aE— zvitata po aplikaci ethinylestradiolu a

aktivaci HMOX; IE— zvifata po aplikaci ethinylestradiolu s inhibovanou HMOX.

4.2.4. Stanoveni exprese glykosyltransferaz

Ke stanoveni miry aktivace jednotlivych biosyntetickych vétvi gangliosidii byly v jaternich
homogenatech studovany relativni exprese galaktosyltransferazy II (nespecifickda GM1
syntazy) a sialyltransferazy II (specifickd GD3 syntdza). V porovnéni s kontrolnimi vzorky
nedoslo vlivem cholestazy ani modulace HMOX v expresi GalT II k rozdilim (C: 100+£36%;
E: 98+27%, aE: 113443% a iE: 89+23%). Exprese SAT II, dokumentujici biosyntézu
gangliosidli b— vétve, byla vlivem aplikace estrogent zvySena (C: 100+56%; E: 230+77%, P=
0,04), avsak ucinkem podané¢ho hemu pozorované zvyseni mizi (E: 230+77%; aE: 186£84%,
P> 0,05). Soucasné podédni estrogenli a mesoporfyrinu cinu inhibujici HMOX zpiisobilo
naopak oproti cholestatickym vzorkiim snizeni exprese SAT II (E: 230+£77%; iE: 60+48%, P=

0,008), Tab. 6.

Skupina | Relativni exprese SAT II [%] | Relativni exprese GalT II [%]
C 100+56 100+36
E 230+£77* 98+27
aE 186+84 113443
iE 60+48" 89+23

Tab. 6: Relativni exprese sialyltransferazy II a galaktosyltransferazy 11 po modulaci HMOX a
aplikaci estrogenti. Data jsou prezentovana jako % kontrol (C). C— kontrolni skupina; E—

skupina s aplikaci ethinylestradiolu; aE— skupina s aplikaci ethinylestradiolu a aktivovanou
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HMOX; iE- skupina s aplikaci ethinylestradiolu a inhibovanou HMOX. *P= 0,04 vs. C; 'P=

0,008 vs. E

4.2.5. Histochemicka detekce GM1 gangliosidu v jaterni tkani

Z histochemické analyzy kryostatovych fezl bylo zjisténo, Ze cholestaza i aktivace HMOX
ma vliv na distribuci GM1 gangliosidu v jaterni bunice. Ve srovnani s kontrolnim materidlem
byl u cholestatickych vzorkli pozorovan piesun GMI1 zcytoplasmy do sinusoidalni
membrany. Modulaci HMOX dochézi postupné k eliminaci GM1 pozitivity v sinusoiddlnich
membrandch a gangliosid se pfemistuje zpét do subsinusoidélni oblasti cytoplasmy, Tab. 7 a

Obr. 27 a 28.

Skupina | GM1 v sinusoidalnich membranach a cytoplasmé = sin/cyt
C 1,51+0,19
E 1,71£0,10
aE 1,31+0,04*
iE 1,43+0,06

Tab. 7: Zmény v distribuci GM1 gangliosidu v hepatocytech po aplikaci estrogenti a modulaci
HMOX. Vlivem estrogenti dochazi k presunu GM1 z cytoplasmy (cyt) do sinusoidalnich
membran (sin). Naslednym podanim hemu ¢i mesoporfyrinu cinu byla pozorovana eliminace
ze sinusoid a pfesun GM1 zpét do cytoplasmy, *P< 0,01 vs. E. Data jsou prezentovana jako
prumérné hodnoty+SD. C- kontrolni skupina; E— skupina s aplikaci ethinylestradiolu; aE—
skupina s aplikaci ethinylestradiolu a aktivovanou HMOX; iE— skupina s aplikaci

ethinylestradiolu a inhibovanou HMOX.
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Obr. 27: Utinek modulace HMOX na redistribuci GM1 gangliosidu v hepatocytu. GMI
gangliosid byl méfen v sinusoidalnich membranach (sin) a oblasti cytoplasmy (cyt)
hepytocytu. Data jsou prezentovana jako pomeér sin/cyt. Cholestdza indukovana estrogeny
vede k pfesunu GM1 gangliosidu do sinusoidalni membrany, zatimco vlivem aktivace HMOX
dochazi k presunu GM1 pozitivity ze sinusoid zpét do subsinusoidalniho prostoru cytoplasmy,
*P< 0,01. C— kontrolni skupina; E— skupina s aplikaci ethinylestradiolu; aE— skupina
s aplikaci ethinylestradiolu a aktivovanou HMOX; iE— skupina s aplikaci ethinylestradiolu

a inhibovanou HMOX.
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Obr. 28: Vliv modulace HMOX na lokalizaci GM1gangliosidu pfi cholestdze. GM1 byl na
jaternich fezech detegovan uzitim B podjednotky choleratoxinu a vizualizovan DAB. U
kontrolnich fezii (C) byla GM1 pozitivita shledana jak v sinusoidalnich, tak i kanalikularnich

membrandch (dokumentovano Sipkami). U cholestatickych fezli byl zjistén pfesun GM1
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z cytoplasmy do sinusoidalni oblasti (ilustrovano Sipkami). U¢inkem modulace HMOX bylo
pozorovano vymizeni GM1 pozitivity ze sinusoidalnich membran a jeho navrat zpét do
subsinusoidalniho prostoru hepatocytu. Métitko= 100 um. C— kontrolni skupina; E— skupina
s aplikaci ethinylestradiolu; aE— skupina s aplikaci ethinylestradiolu a aktivovanou HMOX;

iE— skupina s aplikaci ethinylestradiolu a inhibovanou HMOX.

4.3. Zmény ve sloZeni a distribuci glykolipidi u obstrukéni cholestazy

4.3.1. Stanoveni markert jaterniho poSkozeni

Analyzou sérovych markert cholestdzy jsme zhodnotili, zda se ndm podvazem segmentdlnich
zluovodli podafilo navodit cholestatické jaterni poSkozeni, Tab. 8. Pozorovano bylo
vyznamné zvySeni sérového celkového bilirubinu, celkovych zlucovych kyselin a aktivity

alkalické fosfatazy.

SO BDL

Celkovy bilirubin [pumol/l] 1,4+0,6 320,5+74,0*

Zluéové kyseliny [umol/l] 17,3£9,2 | 372,0+132,3%

Alkalicka fosfataza [ukat/1] 2,0+0,3 4,4+0,3%*

Tab. 8: Vliv podvazu Zluovyh cest na stupen cholestdzy. Podvaz segmentalnich Zlucovodi
oproti kontrolni skupiné€ s laparotomii zplsobil vyznamné zmény v celkovém bilirubinu,
celkovych zluCovych kyselinach a alkalické fosfataze, *P< 0,05 vs. SO. Data jsou
prezentovana jako primérné hodnoty+SD. SO- kontrolni skupina po laparotomii; BDL—

skupina s podvazem segmentalnich Zlu¢ovodu.
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4.3.2. Stanoveni aktivity HMOX a antioxidacni kapacity séra

Dale jsme zjistovali, jestli mé podvaz segmentalnich Zzlucovodd vliv na zmény v aktivité
HMOX a zda je ovlivnéna timto zédsahem také celkova antioxidacni kapacita séra. Ziskané
vysledky nam ukdézaly, ze podvaz ZluCovodi vyznamné snizuje aktivitu HMOX a naopak

signifikantné zvySuje antioxidacni kapacitu séra, Tab. 9.

SO BDL
Aktivita HMOX 327,7+48 199,4+36*
[pmol CO/h/mg FW]
Antioxida¢ni kapacita séra [%] 100+30 210+13*

Tab. 9: Vliv podvazu segmentalnich Zlucovodii na zmény v aktivit¢ HMOX a celkové
antioxidacni kapacité séra. U obstrukéni cholestazy je pozorovano vyznamné snizeni aktivity
HMOX a naopak zvySeni v antioxidac¢ni kapacité¢ séra, *P< 0,05 vs. SO. Data jsou
prezentovana jako primérné hodnoty+SD. SO- kontrolni skupina po laparotomii; BDL—

skupina s podvazem segmentalnich Zluc¢ovodu.

4.3.3. Analyza jaternich gangliosidi

Koncentrace celkovych gangliosidli byla fotometricky stanovena jako celkovy obsah lipidni
kyseliny sialové. U skupiny zvifat s obstrukéni cholestdzou (BDL) bylo pozorovano
vyznamné zvyseni celkovych gangliosidli ve srovnani s odpovidajicimi kontrolami (SO), Obr.

29.
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Obr. 29: Efekt obstrukéni cholestdzy na celkovy obsah gangliosidi v jatrech. Podvaz
segmentalnich zlu¢ovoda zplsobi u zvifat vyznamny nariist v obsahu celkovych jaternich
gangliosidi, *P< 0,001. SO- kontrolni skupina po laparotomii; BDL— skupina s obstrukéni

cholestazou.

Vramci experimentii byl studovan rovnéz vliv obstrukéni cholestdzy na spektrum
izolovanych jaternich gangliosidi s vyuzitim resorcinolové detekce a nasledné
denzitometrické analyzy. Vlivem obstrukéni cholestdzy (BDL) dochéazi k vyznamnému
zmnozeni gangliosidi GM1, GDla, GDIb a GTIlb, P< 0,05 v jatrech, zatimco obsah

gangliosidit GM3 a GD3 se neméni, Obr. 30.

89



GM3 GM1

4 25
= | 35 - T = | - *
= 0
2| 3 8
- -~
Z |28 = s
Bl 2 g T
= =]
Z | 15 = 1 l
0 =,
= = o5
£| 05 =]
) o) BOL - s0 BDL
*P =005
GD1a GD3
; . 25
= ° = | 2
3| -
=\ . = | s
E E
z2| 3 5 1
= 1 @ | 08
50 BOL £ =0 —
*P =005
GD1b GT1b
x®
4 - 2 —
2| 35 T — | 18
=z < .
g 25 = 12
= 2 £ 1
o k) n
|15 = | o8
200 Il = 08 i
ER 1 = | o4
E| os = 0,2
50 BOL = ) 50 BOL
*P =005 *P =005

Obr. 30: Uginek obstrukéni cholestazy na spektrum jaternich gangliosidd. Vlivem cholestazy
indukované podvazem bylo pozorovano vyznamné zvyseni gangliosidii u termindlnich ¢asti
biosyntetickych vétvi a— (GM1 a GDla) 1 b— (GDI1b a GTI1b), *P< 0,05. SO— kontrolni

skupina po laparotomii; BDL— skupina s podvazem segmentélnich zlu¢ovodu.

4.3.4. Stanoveni exprese glykosyltransferaz

Abychom zjistili, zda pozorované zmény ve spektru gangliosidii jsou podminény regulaci
klicovych enzymt syntézy glykolipidii, stanovili jsme relativni expresi mRNA pro
galaktosyltransferazu I (GalT II) a sialyltransferazu II (SAT II). Ze ziskanych dat vyplyva, Ze
ani u jednoho z enzymi nedochdzi k vyznamnym zménam vlivem obstrukéni cholestazy, Obr.

31.
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Tab. 31: Efekt obstrukéni cholestdzy na expresi mRNA klicovych enzymt syntézy jaternich
gangliosidii. Hodnoty jsou vyjadfeny jako % kontrol (SO). SO- kontrolni skupina po

laparotomii; BDL— skupina s obstrukéni cholestazou.

4.3.5. Histochemicka detekce GM1 gangliosidu v jaterni tkani

Histochemickou analyzou kryostatovych jaternich ftezli vyuZivajici B podjednotku
choleratoxinu a vizualizaci tetrahydrochloridem diaminobenzidinu bylo pozorovano, Zze
vlivem obstrukéni cholestazy (BDL) dochéazi oproti kontrolnim vzorkiim (SO) k pfesunu
gangliosidu GM1 z cytoplasmy do sinusoiddlni membrany hepatocytu (zvySeni poméru

sin/cyt), Obr. 32 a 33.

Obr. 32: Lokalizace GMI1 v kontrolnich a cholestatickych jaternich vzorcich. Vlivem

obstruk¢ni cholestazy dochazi k vyznamnému presunu GM1 z cytoplasmy do sinusoidalnich
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membran hepatocytu. Méfitko= 50 um. SO— kontrolni skupina po laparotomii; BDL— skupina

s obstruk¢éni cholestazou.

Sin‘cyt
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Obr. 33: Vliv obstrukéni cholestazy na presun GM1 gangliosidu. VySe uvedenou analyzou
obrazu bylo zjiSténo, ze u¢inkem obstrukéni cholestazy dochazi k vyznamnému piesunu GM1
z oblasti cytoplasmy (cyt) do sinusoidalnich membran (sin) hepatocytu. *P< 0,01. SO—

kontrolni skupina po laparotomii; BDL— skupina s obstrukéni cholestazou.

4.4. Vliv modulace HMOX na obstrukéni cholestazu

4.4.1. Vliv modulace HMOX na markery jaterniho poskozeni

V této casti studie jsme zhodnotili vliv modulace HMOX hemem (aktivace) a
mesoporfyrinem cinu (inhibice) na stupeni cholestatického poskozeni jater, Tab. 10. V obou
ptipadech bylo pozorovano vyznamné zvySeni sérovych hladin celkovych Zlu¢ovych kyselin a
pfi aktivaci HMOX navic sniZzeni aktivity alkalické fosfatazy. Zmény v koncentracich

celkovho bilirubinu v séru nebyly pozorovany.
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BDL aBDL iBDL
Celkovy bilirubin [pmol/1] 320,5+74,0 291,0+38,1 215,4+47,0
Zluéové Kyseliny [pmol/l] 372,0+£132,3 | 638,4+£188,2%* 612,6+164,1*
Alkalicka fosfataza [ukat/1] 4,4+0,3 3,3+0,5%* 3,5+0,9

Tab. 10: Vliv modulace HMOX na stupen cholestatického jaterniho poskozeni. *P< 0,05 vs.
BDL. Data jsou prezentovana jako primérné hodnoty = smérodatna odchylka. BDL— skupina
s podvazem segmentalnich zlucovodl; aBDL— skupina s podvazem segmentalnich zlu¢ovodi
a aktivovanou HMOX; iBDL- skupina s podvazem segmentalnich zlu¢ovodu a inhibovanou

HMOX.

4.4.2. Stanoveni aktivity HMOX a antioxida¢ni kapacity séra

V ramci tohoto experimentu jsme ovétili, Ze byla modulace HMOX tspé$né provedena. Podle
ofekavani vedla aplikace hemu k signifikantnimu zvySeni aktivity HMOX, zatimco
meosporfyrin cinu HMOX aktivitu vyznamné snizoval. Méfenim celkové antioxidacni
kapacity séra bylo zji$téno, Ze jak aktivace, tak inhibice HMOX vede k vyznamnému zvySeni

antioxidacni kapacity séra ve srovnani s kontrolni skupinou (BDL), Tab. 11.

BDL aBDL iBDL
HMOX [pmol CO/h/mg FW] 199,4+36,5 640,6+122,9* 59,3+7,0*
Antioxidac¢ni kapacita séra [%] 100,0+7,8 139,7+28,0* 165,2+37,3*

Tab. 11: Vliv modulace HMOX na celkovou antioxidacni kapacitu séra. *P< 0,05 vs. BDL.
Data vyjadiujici aktivitu HMOX jsou prezentovana jako primérné hodnoty + smérodatna

odchylka a data vypovidajici o antioxida¢ni kapacit¢ jsou vyjaddiena jako procenta
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z kontrolnich hodnot (BDL). BDL— skupina s podvazem segmentélnich zlucovodii; aBDL—
skupina s podvazem segmentalnich zluCovodii a aktivovanou HMOX; iBDL- skupina

s podvazem segmentalnich zlu¢ovodu a inhibovanou HMOX.

4.4.3. Analyza jaternich gangliosidi
Obsah gangliosidl byl stanoven fotometricky a bylo pozorovano, ze vlivem modulace HMOX
dochazi v jaterni cholestatické tkani k vyznamnému zvySeni koncentrace celkovych

gangliosidl, Tab. 12.

BDL aBDL iBDL

Celkové gangliosidy [nmol/g] | 26,5+3.,9 52,14£9,02* 51,6+6,2*

Tab. 12: Vliv modulace HMOX na celkovy obsah jaternich gangliosidi. *P< 0,05 vs. BDL.
Data jsou prezentovana jako primérné hodnoty + smérodatnd odchylka. BDL— skupina
s podvazem segmentalnich Zlu€ovodl; aBDL— skupina s podvazem segmentalnich Zlu¢ovoda
a aktivovanou HMOX; iBDL- skupina s podvazem segmentalnich Zlu€ovodl a inhibovanou

HMOX.

Podrobna analyza jaternich gangliosidl byla u jednotlivych skupin provedena tenkovrstevnou
chromatografii s naslednym denzitometrickym vyhodnocenim. Z vysledkii vyplynulo, Ze
k vyznamnym zméndm ve studovaném spektru gangliosidi dochazi pifi indukci HMOX.
Konkrétné se jedna o sniZeni koncentrace gangliosidi GD1b a GT1b reprezentujici terminalni

cast biosyntetické b- vétve gangliosidi, Obr. 34.
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Obr. 34: Vliv modulace HMOX pfi obstrukéni cholestaze na spektrum jaternich gangliosidu.
*P< 0,05 vs. BDL. BDL— skupina s podvazem segmentalnich zlu¢ovodl; aBDL— skupina
s podvazem segmentalnich Zlu¢ovodl a aktivovanou HMOX; iBDL- skupina s podvazem

segmentalnich Zlu¢ovodi a inhibovanou HMOX.

4.4.4. Stanoveni exprese glykosyltransferaz

Pro studium zmén ve spektru gangliosidli jsme rovnéz meéfili relativni expresi mRNA
klicovych enzymii biosyntetick¢ drahy gangliosidi galaktosyltransferazy II (GalT II) a
sialyltransferazy II (SAT II). Ze ziskanych dat vyplyv4, Ze inhibice HMOX vyznamné

zvySuje expresi SATII a naopak aktivace HMOX snizuje expresi GalTII, Tab. 13.
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Skupina | Relativni exprese SAT II [%] | Relativni exprese GalT II [%]
BDL 100+29,4 100+26,8
aBDL 95,6£25,7 64,3+10*
iBDL 242,6+58,8* 142,9+23,2

Tab. 13: Efekt modulace HMOX na expresi mRNA kliovych enzymt, biosyntetické drahy

jaternich gangliosidii. Hodnoty jsou prezentovany jako procenta kontrolnich hodnot (BDL).

*P< 0,05 vs. BDL. BDL— skupina s podvazem segmentalnich zluc¢ovodt; aBDL— skupina

s podvazem segmentalnich zlu¢ovodl a aktivovanou HMOX; iBDL- skupina s podvazem

segmentalnich Zlucovodii a inhibovanou HMOX.

4.4.5. Histochemicka detekce GM1 gangliosidu v jaterni tkani

Histochemickou analyzou jaternich fezl bylo zjisténo, ze indukci HMOX dochazi ve srovnani

s kontrolnimi vzorky s obstrukéni cholestazou ke zvySené akumulaci GM1 gangliosidu

v subsinusoidalni oblasti cytoplasmy. Naproti tomu inhibice HMOX zptsobi vyznamny

pfesun GM1 do sinusoidalnich membran hepatocytu, Obr. 35A.

Zmény v lokalizaci GM1 byly kvantifikovany analyzou obrazu a hodnoty optické denzity

v sinusoidalni a cytoplasmatické oblasti hepatocytu byly dany do poméru (sin/cyt) (Obr. 35).
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Obr. 35: Lokalizace gangliosidu GM1 v jaterni tkdni pii modulaci HMOX a obstrukéni
cholestaze.

A - u¢inkem inhibice HMOX byl pozorovan u cholestatickych vzorkli vyznamny piesun GM1
z cytoplasmy do sinusoidalni oblasti hepatocytu. Aktivace HMOX naopak zptlisobi vyraznou
detekci GMI1v oblasti cytoplasmy. Gangliosid GM1 byl detegovan B podjednotkou

choleratoxinu a vizualizovan pomoci DAB. Mé&fitko= 50 pm.
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B — Aplikace hemu zptsobila zvysenou detekci GM1 zejména v cytoplasmatické oblasti (cyt).
Naproti tomu mesoporfyrin cinu zpasobil zvyseny presun GM1 zejména do sinusoidalnich
membran hepatocytu (sin), *P< 0,05 vs. BDL. Data jsou vyjadiena jako procenta
z kontrolnich hodnot (BDL).

BDL- skupina spodvazem segmentdlnich ZzluCovodli; aBDL- skupina s podvazem
segmentalnich zlu¢ovodii a aktivovanou HMOX; iBDL- skupina s podvazem segmentalnich

zlu¢ovodu a inhibovanou HMOX.
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5. DISKUZE

Glykosfingolipidy jsou ze vSech tkani lidského organismu nejvice zastoupeny v centralnim
nervovém systému. Zde jsou v kazdé bunce a zejména pak neuronech, kde tvoii ptiblizné
10% membranovych lipidd, a v synaptickych membranach (Hansson et al. 1977). V 1 g vlhké
Sedé mozkové hmoty je obsazeno piiblizn¢ 880 pug a v bilé mozkové hmoté 275 pg lipidné
vazané kyseliny sialové. Jaterni tkan obsahuje GSL o poznani méné, pouze 66 ug, avSak
z naSeho pohledu se jedna o klicovou tkan. Hlavni uloha GSL v organismu tkvi v tom, ze
svoji oligosacharidovou ¢asti vytvaii na povrchu receptorova mista pro extracelularni agens
(Hakomori et al. 1983). Majoritné jsou GSL zapojeny do sloZitych metabolickych kaskad
v rdmci bunécné signalizace, coz z nich ¢ini potencidlni terapeuticky cil pro farmakologicky
primysl. Jiz nékolik let se vi, Ze spektrum nervovych gangliosidii se méni béhem vyvoje a
v zavislosti na diferenciaci nervového systému (Rahmann 1985). Nas v tomto kontextu
zajimalo, zda jsou zmény ve spektru a lokalizaci gangliosidii pozorované také v jaterni tkani
pfi cholestatickém onemocnéni a zda tyto zmény mohou mit hepatoprotektivni charakter.

V soucasné dobé se zvySuje zajem o studium glykosfingolipidii ¢i glykolipidovych
membranovych mikrodomén na buné¢né a subcelularni trovni. K tomuto tcelu se stle Castéji
vyuzivaji mikroskopické metody, protoZe techniky zaloZené na tucincich detergenti a
nasledné ultracentrifugaci méni celistvost builky ¢i jejich kompartment. Pii prikazu
gangliosidli byva Casto pouzivana acetonova fixace histologickych fezli, nebot’ tato metoda
nejlépe zachovava morfologii tkani (Kotani et al. 1993; Kusunoki et al. 1993; Furuya et al.
1994; Furuya et al. 1995). Nekteré prace poukazuji na to, Ze i presto, ze jsou glykolipidy
v acetonu velmi malo rozpustné, méla by byt interpretace jejich histologické detekce opatrna,
protoze i minimdalni extrakce GSL do acetonu milize mit za nésledek zna¢nou imunodifuzi

(Chark et al. 2004).
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Podle praci jinych autort (Schwarz et al. 1996; Schwarz et al. 1997) vSak mize dochazet k
nezédouci extrakci GSL do acetonového fixacniho média. V téchto studiich byly neurony
fixovany roztoky s riznym slozenim a autofi uzaviraji, ze vlivem acetonu dochazi k redukci
GSL az o 56%. Pokud byl uzit nejprve formaldehyd a teprve poté aceton, vedla tato
kombinace k redukci GSL o 46% a pii pouziti samotného formaldehydu dokonce pouze o
10%. S vySe popsanymi zavéry jsou vSak v rozporu jejich vlastni imunohistochemicka
pozorovani, kde byla nejvyraznéjsi detekce gangliosidii po uziti kombinace formaldehydu a
nasledné acetonu.

S ohledem na zna¢né kontroverze v publikovanych pracich jsme se nejprve ve studii
»Optimalizace podminek detekce jaterniho GMI1 gangliosidu uzitim B podjednotky
choleratoxinu in situ* zaméfili na nalezeni optimdlniho fixa¢niho roztoku pro GSL. Za
riznych podminek (rozdilné teploty fixativ a vliv vodné slozky) jsme studovali ucinky fixace
formaldehydem a acetonem na kryostatovych fezech a extraktech z tkanovych homogenata.
Zjistili jsme, ze k vyznamnym rozdiltim po fixaci jaternich fezii formaldehydem a bezvodym
acetonem nedochazi. Tuto skute¢nost nam potvrdila 1 data ziskand studiem extrakce GSL
z tkdnovych homogenatl. Pii analyze ucinkd acetonu na mozkovou tkan, obsahujici vice
myelinovych lipidi, byla pozorovana vyssi extrakce gangliosidd (9,5+1,1%), coz bylo
Vliv teploty acetonu na ztraty GSL se jevil jako zanedbatelny faktor, avSak efekt vodné
slozky je dle naseho pozorovani klicovou zélezitosti. Jiz 10% zastoupeni vody ve fixacnim
roztoku mé za nésledek vyznamnou a nezadouci extrakci GSL (30,5+4,8%). Tato skutecnost
muze vysvétlovat odliSné zavéry Schwarze a Futermana (Schwarz et al. 1997), kteti popsali
pfiblizné poloviéni redukci GSL v neuronech po acetonové fixaci. Neurondlni buiky se
vyznacuji vysokym nitrobunéénym obsahem vody a tak vyrazné zvySuji procento vodné

slozky v pouzitém acetonovém roztoku.
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V nasi préaci jsme zjistili, Ze pfi fixaci GSL acetonem v histologickych fezech je klicové
zachovani minimalniho obsahu vody v acetonu a suchych kryostatovych tezli. Rovnéz pii
aplikaci vychlazeného acetonu na podlozni skla s tkanovymi fezy je nutné jejich rychlé
preneseni do exsikatoru, z divodu zamezeni vysradzeni vzdusné vlhkosti.

Rovnéz jsme zjistili, Ze histologicky prukaz jaterntho GM1 gangliosidu detegovaného pomoci
B podjednotky choleratoxinu nevykazuje po fixaci acetonem a 4% formaldehydem vyznamné
rozdily. Odlisna situace nastdva u mozkové tkan€, kde uziti acetonu pravdépodobné vede
k extrakci cholesterolu a tim je detekce GM1 mnohem ostiej$i a vyraznéjsi. Uvedena data
jsou v souladu s hypotézou Schwarze a Futermana (Schwarz et al. 2000), kteti uvadi, ze v
disledku permeabilizace bunék acetonem dochazi k lepSimu pfistupu protilatek ke GSL. Ke
stejnym zavérim dospéla i skupina prof. Lingwooda (Lingwood 2005), ktera zminuje, Ze
vazbé choleratoxinu ke GM1 muze branit cholesterol. Tato tvrzeni jsou ve shod¢ s naSim
pozorovanim, ze GMI1 je po fixaci acetonem v mozkové tkéani 1épe zfetelny.

NaSe zavery ukazuji, ze odstranéni cholesterolu z jaterni tkan¢ neni pfi imunohistologické
detekci GM1 gangliosidu za vyuziti choleratoxinu nezbytné, avSak v mozkové tkani miize
cholesterol uvedené detekci stéricky branit. Z tohoto divodu je extrakce cholesterolu
z mozkové tkané vice nez Zadouci.

Po vyjasnéni metodické Casti jsme se zabyvali ulohou GSL v ochrané hepatocytl pfi
cholestatickém onemocnéni. Tato Cast prace si kladla za cil odhalit moZné zmény v syntéze a
distribuci jaternich gangliosidi, které nastavaji v odpoveédi na detergentni a prooxidaéni
Gginky akumulovanych ZK doprovézejicich cholestazu. V souladu s diive publikovanymi
pracemi z naseho pracovisté (Jirkovska et al. 2007; Majer et al. 2007; Petr et al. 2014) jsme
pozorovali zvySenou koncentraci jaternich gangliosidii a aktivaci biosyntetické b— vétve
gangliosidli u cholestatickych zvifat. GSL, vzhledem ke svym unikdtnim fyzikalnim a

chemickym vlastnostem, chrani buinky proti Skodlivym vnéjSim faktorim vytvafenim
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rigidnich domén odolnych proti detergentim ve vnéjsi vrstvé plasmatické membrany (Kanfer
1983; Hakomori 2003). Potlageni prooxidaénich t¢ink? akumulovanych ZK pii cholestaze za
pomoci aktivace HMOX vedlo k ¢aste¢nému navratu zmén smérem ke kontrolnim hodnotam.
Tato data jsou v souladu s dfive publikovanymi vysledky nasi pracovni skupiny, ze aktivace
HMOX ma prostfednictvim vzniku biologicky aktivnich produkti vyznamny cytoprotektivni
a antioxida¢ni efekt (Zelenka et al. 2012). Pokud vezeme v potaz to, Ze gangliosidy samy o
sobé mohou mit antioxidacni ucinky (Avrova et al. 1998; Gavella et al. 2007) a ovliviiovat
fluiditu membrany u primarnich hepatocytti (Sergent et al. 2005), mizeme se domnivat, ze
oxidac¢ni stres mize byt dulezitym faktorem v regulaci biosyntézy gangliosidii a membranové
stabilizaci béhem cholestdzy indukované estrogeny.

Cholestaza neni doprovazena pouhym zvySenim biosyntézy gangliosidl, ale také jejich
pfesunem z cytoplasmy do plasmatické membrany (Jirkovska et al. 2007). Ve shodé
s publikovanymi daty jsme v membranach cholestatickych hepatocyti pozorovali zvySeny
obsah GM1 gangliosidu. Kromé& toho jsme u experimentéalni skupiny s cholestazou a soucasné
indukovanou HMOX v membranach hepatocyti zaznamenali signifikantni pokles GM1
gangliosidu. O roli redistribuce GSL v ramci hepatocytu mizeme pouze spekulovat, protoze
GSL jsou soucasti dynamickych membranovych raftl, které nemaji pouze protektivni ucinky
proti detergentnimu vlivu ZK, ale jsou soulasti slozitych signalnich kaskad. Tato
problematika bude vyZadovat dalsi vyzkum.

Abychom ovéfili, Zze zmény ve sloZeni a redistribuci GSL u cholestdzy jsou obecnéjSim jevem
a nejsou specifické pouze pro jeden typ cholestazy, zvolili jsme pro dalSi ¢ast naSeho
vyzkumu model s mikrochirurgickym podvazem segmentalnich ZluCovodi. Pro tento typ
cholestazy je piiznacné poruseni toku zlu€e na urovni zluCovodl, coz ma za nasledek
mnohem vy3§i sérové hladiny ZK, bilirubinu a aktivity alkalické fosfatazy, nez je tomu u

cholestdzy indukované estrogeny. ZvySeny oxidacni stres, jenZ je doprovodnym jevem
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cholestazy, je jednim z vyznamnych faktord podilejicim se na poSkozeni hepatocyti. Pokud
snizime uroven oxidacniho stresu naptiklad aktivaci HMOX (Muchova et al. 2015), dochézi u
estrogeny indukované cholestazy ke snizeni jaterniho poskozeni. V naSem modelu obstrukéni
cholestazy jsme pozorovali pouze snizeni aktivity alkalické fosfatazy, zatimco sérové hladiny
7K byly zvysené. Nase pozorovani miize byt vysvétlovano jinym typem cholestazy, ktery je
kombinaci mechanické obstrukce zluCovych cest a zmén v expresi membranovych
transportért v jatrech (Smid et al. 2016)

Podrobné analyzy ukazaly, ze vlivem obstrukéni i EE cholestazy dochazi oproti
kontrolnimu materidlu k vyznamnému zvySeni koncentrace celkovych gangliosidi, a to
zejména GDI1b a GTIlb gangliosidu. Ziskana data jsou v souladu snasimi dfive
publikovanymi pracemi (Jirkovska et al. 2007; Majer et al. 2007). Protektivni efekt zmnozeni
gangliosidii mimo jiné spociva v tom, Ze jsou spolecné se sfingomyelinem a cholesterolem
soucasti membranovych lipidnich raftdi, které jsou rezistentni vic¢i detergentnim ucinkiim
nahromadénych ZK. Akumulované ZK mohou svym detergentnim u¢inkem porusit bundéné
membrany, zplsobit vznik a rozvoj oxida¢niho stresu s moznym vyusténim v apoptozu ¢i
nekrozu bunky (Perez et al. 2009). Rafty jsou umisténé jak na sinusoidalni (Zegers et al.
1998), tak na kanalikularni (Nourissat et al. 2008) stran¢ hepatocytu a pfispivaji tak z obou
stran k ochrané pred Skodlivymi vlivy vnéjSiho prostredi.

V nasi praci jsme dale potvrdili hypotézu, ze modulace HMOX zpiisobi u obou typti cholestaz
zmény ve spektru gangliosidii. U extrahepatilni cholestazy je vlivem aplikace heminu
pozorovano statisticky vyznamné sniZeni termindlni ¢asti syntetické b- vétve ganglisodd,
avSak vyznamné zmnozeni celkovych gangliosida ptetrvava. Stejny trend v redukci GD1b a
GTI1b byl pozorovan také u EE cholestazy, ale celkovy obsah gangliosidl jiz zvySeny nebyl.
Aplikace EE vede ve srovnani s kontrolami k poklesu antioxida¢ni kapacity séra

(nepublikovana data ziskand k praci Petr et al. 2014), avSak podvaz segmentalnich Zlu¢ovodi
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zpusobi naopak jeji zvySeni (Muchova et al. 2011). Po podani heminu je pozorovano
vyznamné navysSeni antioxidacni kapacity séra, coz muze byt pfipisovano zvySujici se
koncentraci antioxidacné pusobiciho bilirubinu. V obstruk¢nim modelu cholestdzy nebyla
v jaterni tkani, oproti slepé operované kontrole, nalezena vyznamna zména v antioxidacni
kapacité. Tento jev miZe byt vysvétlen silnym prooxidaénim pisobenim ZK a niz§im
obsahem nekonjugovaného bilirubinu, ktery je spotiebovavan jako substrat pifi eliminaci
ROS.

Vliv samotné aplikace EE zadné vyznamné zmény v distribuci GM1 oproti kontroldm
nepiinesl, avSak podvaz zlucovodli ma za nasledek vyznamny ptesun GMI1 z cytoplasmy do
sinusoidalnich membran hepatocytu. Indukce HMOX u zvifat s aplikovanym EE méla za
nasledek vyznamné zmény v lokalizaci GM1 smérem do subsinusoidalni oblasti cytoplasmy.
Tato redistribuce GSL je spole¢né se zvySenou tvorbou bilirubinu, zprostfedkovanou indukci
HMOX, odpovédna za signifikantni navySeni antioxidacni kapacitu séra. Popsané zmény byly
podpofeny imunologickou detekci GM1 a byly v souladu s nas§im ptedchozim pozorovanim.
Navic bylo pozorovano, ze aplikace heminu zvifatim s obstrukéni cholestdzou vede ke
zvySeni antioxidaéni kapacity séra, coz muze byt zptisobené kombinaci vyssiho obsahu
celkovych gangliosidi a indukované produkce bilirubinu. Zaroven byl u této skupiny
pozorovan vyznamny piesun GM1 gangliosidu do cytoplasmatické oblasti hepatocytu, avSak
aplikace SnMP méla za nasledek naopak zvySenou detekci GM1 v sinusoidalnich
membranach.

Na zakladé ziskanych vysledki mizeme spekulovat o tom, ze pozorované zmény v lokalizaci
a syntéze gangliosidli nejsou piisné specifické pro urcity typ cholestatického poskozeni, ale
pravdépodobné se jedna o obecné€jsi mechanismus hepatoprotekce. NaSe popsané zavéry
délaji z HMOX idedlni terapeuticky cil zejména pro onemocnéni, na kterém se podili oxidacni

stres, a tento kliCovy enzym katabolické drahy hemu si jisté zaslouzi dalsi podrobné studium.
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6. ZAVER

1) Optimalizace podminek detekce jaterniho GMI1 gangliosidu pomoci B

podjednotky choleratoxinu in situ

V této Casti prace jsme zjistili, ze nejdulezitéjSim kritériem pii fixaci glykosfingolipida
pomoci acetonu je docileni maximalniho vysuSeni acetonu a suchych kryostatovych fezii. Po
aplikaci vychlazeného acetonu na podlozni sklicka s fezy tkéni je nutné jejich nasledné rychlé
pieneseni do exsikatoru a zamezit tak vysrazeni vzdusné vlhkosti. Pokud je jako biologicky
materidl pouZita jaterni tkan, neni pfi imunodetekci GM1 gangliosidu rozdil mezi fixaci
acetonem a 4% formaldehydem. Naopak pii fixaci mozkové tkédné acetonem dochazi
k extrakci cholesterolu, ktery stericky brani reakci protilatky s gangliosidy a nasledné detekce

GM1 poskytuje (na rozdil od formaldehydu) vyrazngjsi a ostiejsi vysledek.

2) Vliv_modulace HMOX na obsah a sloZeni GSL v jaterni tkani pri cholestize

indukované estrogeny

Tato studie prokazala, zZe vlivem vysokych koncentraci Zlu€ovych kyselin a oxida¢niho stresu
dochazi ke zméndm v syntéze a distribuci jaternich gangliosidii. Jestlize u cholestatickych
zvitat indukujeme antioxidacné pisobici enzym HMOX, docilime sniZeni oxida¢niho stresu a
celkového obsahu gangliosidii smérem ke kontrolnim hodnotdm, které je doprovazeno

ptesunem GSL ze sinusoidalnich membréan do cytosolového prostoru hepatocytu.

3) Zmény ve sloZeni a distribuci glykolipidii u obstrukéni cholestazy

V této casti disertani prace jsme potvrdili pfedpoklad, Ze mikrochirurgickym podvazem
segmentalnich Zlu€ovodli dochazi k vyraznéj$im zménam ve spektru a distribuci

glykosfingolipidl. Dle ziskanych vysledki mizeme spekulovat o tom, Ze zmény ve spektru a
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slozeni glykosfingolipidii nejsou specifické pro jednotlivé cholestatické typy, ale jedna se o

obecnéj$i mechanismus.

4) Vliv modulace HMOX na obstrukéni cholestazu

V této ¢asti prace jsme se jako prvni zabyvali problematikou modulace HMOX pii obstrukéni
cholestaze. Prokazali jsme, ze biologicky aktivni produkty katabolické drahy hemu se podileji
na ochrang¢ jater pied prooxidacnimi uc¢inky akumulovanych zluc¢ovych kyselin. Zaroven jsme
zjistili, ze aplikace heminu u obstrukéniho typu cholestdzy vede k vyznamnému snizeni
termindlni Casti syntetické b- vétve ganglisodl, avSak zmnozeni celkovych gangliosidii
pretrvava. Ziskana data potvrzuji hypotézu o kombinaci hepatoprotektivnich ucinku produkta

katabolické drahy hemu a glykosfingolipida.
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to acetone pre-extraction
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Abstract

A comparisen of histechemical detection of
GM1 ganglioside in cryostat sections using
chalera toxin B-subunit after fixation with 4%
formaldehyde and dry acetone gave tissue-
dependent results. In the liver no pre-treat-
ment showed detectable differences related to
GMI reaction products, while studies in the
brain showed the supenority of acetone pre-
extraction (followed by formaldehyde), which
yielded sharper images compared with the dif-
fuse, blurred staining pattern associated with
formaldehyde. Therefore, the aim of our study
was fo define the optimal conditions for the
GM] detection using cholera toxin B-subunit.

Ganglioside extractability with acetone, the
ever neglected topic, was tested comparing
anhydrous acetone with acetone containing
admixure of water. TLC analysis of acetone
extractable GMI ganglioside from liver see-
tions did nof exceed 2% of the total GM] gan-
glioside content using anhydrous acetone at
-20°C, and 4% at room temperature. The loss
increased to 30.5% using %1 acetonefwater.
Similarly, photometric analysis of lipid sialic
acil. extracted from dried liver homogenates
with anhydrous acetone, showed the loss of
gangliosides into acetone 3.0:0.3% only. The
loss from dried brain homogenate was
9.5=1.1%.

Thus, anhydrous conditions (dry tissue
samples and anhydrows acetone) are crucial
factors for optimal fn =ity ganglioside detec-
tion using acetone pre-treatment. This
ensures effective physical fxation, especially
in tissues rich in polar lipids (precipitation,
prevention of i sitw diffusion), and removal of
cholesterol, which can act as a hydrophobic
bloecking barrier.
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Introduction

Gangliosides are charged glycosphingolipids
(GSLs) containing ome or more sialic acid
residues in their carbohydrate chains. They
are highly enriched in the cuter leaflet of the
plasma membrane and most of their functions
are associated with this bocation. In contrast o
glycerolipids, GSLs are more rigid molecules,
and therefore protect cells against harmful
environmental factors by keeping the outer
leaflet of the plasma membrane mechanically
stable and chemically resistant.'? Carbohy-
drate moieties of gangliosides function as sur-
face antigens, receptors for bacteria, bacterial
fowins, viruses, and other bioactive molecules.
Quantities and types change during develop-
ment, differentiation, fumorgenesis, cell
athesion, and signal transduction In sitw
detection of GSLs in tissue sections is impor-
tant for reliable information on their subeellu-
Lar distribution. GM] ganglioside is used as the
representative member of the GSL family. The
detection of GM] is based on its strong binding
affinity with cholera toxin B-subunit, which is
highly sensitive for GM1, thus detecting this
predominantly amang all ather gangliosides =
It ean occur an additional staining due to bind-
ing of the other gangliosides, mainly GD b, but
its resolution from GMI1 in histochemical
detection 15 not possible. TLC analysis of gan-
gliosides with resorcinol and cholera toxin
staining should bring attenfion fo unuswal
samples with high ratic of other gangliosides
to GMI. Comparison of GM1 detection wath
cholera toxin and with anti-GM] monoclonal
antibody was referred by Kotani ef al*

GMI detection is also widely used for detec-
tien of glyeolipid-enriched membrane micro
domains, called rafts. The fluctuations in cell
surface glycolipid signaling molecules, at
ultramicroscopic level, has been demonstrated
in connection with fluorescence-topographie
imaging af nano scale optical microscopy.”

The use of proper fixation technique is gen-
erally considered crucial for immunohistologi-
cal detection of G5Ls." Acetone foation of
cryostat sections is recommended and pre-
ferred to formaldehyde, as it provides beiter
accessibility of antibodies or bacterial ligands
to GSLs.®*= For this reason, acetone fixation
has been used in several studies "

The first report on the effect of water in ace-
tone on extraction of polar lipids was published
by an author of our group.™ In this report, it was
demaonstrated that the water content of acetone
used during the exraction procedure, and even
the water content of the treated samples,
affects the degres of polar lipid extraction.

Since then, acetone fixation has been used
in several studies.**® However, these studies
did not mention whether water was excluded
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fram the acetone step, as even whether the
water content of the studied sample might con-
tribute to significant extraction of highly polar
lipids * The aim of the present study was fo
define the optimal conditions for the detection
of GMI using cholera toxin B-subunit by com-
paring formaldehyde fixation, acetone pre-
extraction or a combination of both {acetone +
formaldehyde sequence) in tissues with differ-
ent polar lipid content; in this study liver and
brain were used as representative tissues with
significantly different polar lipid content.

Materials and Methods

Chemicals

Paraformaldehyde, cholera toxin B-subunit
biotin-labeled (ChT-B-biotin), streptavidin-
peroxidase-polymer, albumin, bictin, and
diaminchenzidine (DAR)-tetrabydrochloride
tablets ware supplied by Sigma (5t Louis, MO,
USA); avidin was obtained from Fluka (Buchs,
Switzerland); cholera toxin B-subunit conju-
gated with peroxidase (ChT-B-Px) came from
List laboratories (USA) and DEAE Sephadex
was supplied by GE (Healthcare, UK). All other
chemicals were purchased locally from Penta
{Czech Republic).

Experimental animals
Female Wistar rats (Anlah, Prague, Czech
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Republic) were housed under controlled tem-
perature and a natural light-dark eycle. Liver
and brain samples were taken from the Wistar
rats and snap frozen.

All aspects of the study met the accepted eri-
teria for the experimental use of laboratory
animals and all protocols were approved by the
Animal Research Commitiee of the 1* Faculty
of Medicine, Charles University, Prague, Czech
Republic.

Preparation of fixatives

Formaldehyde: 4% formaldehyde was freshly
prepared by depolymerization of paraformalde-
hyde.

Dy acetone: 1000 mL of acetone was dried
over 100-150 g of anhydrous calcium chlonde
in & closed glass bottle (with occasional mix-
ing) for several days, then decanted and dis-
tilled under elimination of air meisture. The
obtained dry acetone was stored in tightly
closed bottles.

Quantification of GM1 ganglioside
extraction with acetone from liver
sections

Twehe 6 um cryostat sections from normal
rat liver were cut and placed on the same
microscopic slide. One slide, containing 12
sections, represented one sample for TLC den-
sitometry. The samples (slides) used in each
extraction were in triplicates.

The loss of GMI ganglioside duning acetone
hixation was studied by comparison of the fol-
lowing extractions:

1} The samples (slides) were extracted
directly with chloroform-methanol-water (C-M-
W) 10:10:1 ww'v with shaking on an orbital
shaker at ream temperature (25°C) for 10 min.
These samples were used to measure the total
quantity of GM] in the tissue sections.

2) Other samples were extracted with i) dry
aretone al room temperature for 15 min, i)
dry acetone at -20°C for 15 min, and iii) a cold
acetone-water 3:1 wv mixure, at -20°C for 15
min.

The samples from the acetone extraction
were re-extracted with C-M-W 10:10:1 wwt by
shaking at room temperature for 10 min.

All extracts were evaporated under a stream
aof nitrogen, dissolved in chloroform-methanal
1:1 v, and then applied onto HFTLC alumini-
um sheets of silica gel (Merck; Darmstadt,
Germany). Chromatograms from the experi-
ments were developed in a solvent mixture
C-M:02% agueous Cally (50:45:11). After dry-
ing, the silica gel layer was impregnated with
0.1% polyischutylmethacrylate in cyclehexane.
Non-specific binding was blocked wsing 1%
BSA in PB3. Thereafter, the baotin-laheled
cholera toxin B-subunit (diluted 1:300) was
bound to the GM 1 ganglioside af room temper-

OPFUaAE(FF‘S
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ature for 30 min. Afler extensive washing,
streptavidin-peroxidase-pelymer  (diluted
1:400) was used for ultra-sensitive binding to
biotin and amplification of the peroxidase
enzyme signal. After washing, a blue reaction
product was formed by reaction of the perox-
dase with a solution of l-chloronaphiol and
Hills in a citrafe phosphate buffer (pH=7.2).

Densitometry of the chromatogram in
refleciance mode at 580 nm (CAMAG TLC
Scanner Il, Switzerland) was used for evalua-
tion of the percentage distribution of GMI, in
both the acetone and C-M-W extracts.

Quantification of acetone
extraction of gangliosides from
dried liver and brain homogenates

A wery fine-grained homogenates were pre-
pared from | g of liver and 0.5 g of brain, dried
using a two-day lvophilization and then rapidly
transferred into desiccator (fo eliminate con-
densation of air moisture on the cold samples).
One group of samples was extracted with C-M-
W (4:8:3) repeated extractions (3x) with shak-
ing (extracts A, n=£). The collected extracts
represented the total gangliosides in the sam-
ple. The second group was extracted with dry
acetone at room temperature for 15 min with
shaking (extracts B, n=6) and afterwards re-
extracted (3x) with C-M-W (4:3:3) using the
same extraction technique described for
extract A (extracts C, n=£6).

Ganglicsides from the extracts were isolated
with ion exchange chromatodraphy (DEAE
Sephadex), base treatment, dialysis and silica
gel column chromatography according to the
procedure described by Ledeen ef ol Total
gangliosides (total lipid sialic acid) in the
exiracts were determined using the resorcinal-
HCl method™

Histochemical detection of GM1
ganglioside in rat liver sections

Cryostat liver sections & pm thick were dried
overnight at mom temperature, and fixed with
freshly prepared 4% formaldehyde at room
temperature for 5 min. The parallel sections
were fixed in dry acetone at -20°C for 2 or 15
min, then briefly transferred into a desiccator
in order fo eliminate air moisture condensa-
tien on the cold micrescopic slides and thereby
dilution of the acetone with condensed water.
The influence of temperature on GMI extrac-
tion from liver sections was studied by compar-
ing fixation with dry acetone at -20°C for 2 or
15 min and fixation at room temperature for 2
or 15 min. The effect of the water content in
the acetone fixative was stedied in a further
experiment comparing fixation using dry ace-
tene with an acetone-water mixture (%1 wv),
both at -20°C for 15 min. Afer acefone fixa-
tion, liver sections were dried in desiccator at

[European Journal of Histochemistry 2010; 54:223]

roem temperature and then put into PBS.

Histochemical detection of GM | ganglioside
was performed with ChT-B-bictin, accerding to
the procedure described by Jirkovska e ol " In
brief, the endogenous peroxidase activity was
blocked by incubation in PES, supplemented by
1% H;04 and 0.1% sodium azide. Endogenons
biotin was blocked using a blocking kit
(DakoCytomation, Denmark). In order to block
non-specific binding, sections were treated
with 3% BSA in PBS for 15 min. Sections were
then incubated with ChT-B-biotin, diluted
1:300 with PBS plus 3% BSA, for 165 h at 8°C.
After washing with PBS, the sections were
incubated with streptavidin-peroxidase-poly-
mer diluted 1:400 with PES at room tempera-
ture for 60 min. Peroxidase activity was visual-
ized using DAR tetrahydrochloride in darkness
for 20 min.

In each series two control tests were includ-
ed. First, ChT-B-biotin was omitted in a nega-
tive test; second, fixed sections were extracted
with a C:M (I:] v} and C-M-W L1:0.3 whfv
mixtures at room temperature, both for 15 min
with shaking before detection of GML. In order
to obtain comparable results, corresponding
aress were selected on parallel liver sections
and photographed under constant exposure
conditions.

Densitometric analysis of GM1
ganglioside in tissue sections

Liver sections obtained from 23 Wistar rats
were analvzed. In each animal, the optical den-
sity of GMI staining in formaldehyde-fixed
samples represented 100% and the density of
GM] staining after acetone fixation was
expressed as a proportion.

The mean optical density of the GM] gan-
ghioside reaction product in liver parenchyma
was measured using an Olympus Cue 2 densit-
ometric program at 70 areas in each section, af
a magnification of 300x. Areas of sections con-
taining either large vessels or technical arti-
facts (disruptions. ete.) were excluded from
measurements.

Comparison of histochemical
detection of GM1 ganglioside in rat
liver and brain sections

Parallel cryostat sections from liver tissues
were treated with the following Fixatives: 1) 4%
formaldehyde; 2) anhydrous acetone. Sections
from brain tissue were fixed with: 1) formalde-
hyde; 2) Baker's solution (formaldehyde con-
taining calcium chloride); 3) acetone followed
by formaldehyde (A+F); and 4) acetone fol-
lowed by Baker's solution (A+B). Acetone fol-
lowed by formaldehyde gave better-preserved
momphology than acetone alone. After acetone
fixation, liver and brain sections were dried in
a desiccator, put into formaldehyde or Baker's
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Figure 1. TLC of ganglio

sides extracted under various conditions. (A) Effect of tempera-

ture on dry acetone extractability of GM1 %?ﬂ.buhd.e (1) direct extraction with C-M-%,

g;man with acetone at -20°C; (3

W extract after previous extraction with

acetone at -20° G“Et-ﬂ; a::‘:}trnnr exiract at room temperaiure; 51 C-M-W extract afiter

previous extraction

acetone 3t room tem
detecied with ChTE (GD1b ganglioside band was also detected with much

. Mote: GMI ioside

;en;d-

tivity). GM1 content in all acetone extracts was below the detection level of very sensitive
cholera toxin staining. (B) Comparison of GM1 extraction with dry acetone and with
ueous acetone, (6) Direct extraction with C-M-W; (7) extract with dry cold acetone at

- . (B): C-M-W extract after

previous extraction with

acetone at -20°C; (9)

exiracts with mixture acetone-water 91 shows significant loss of GM1; (10) C-M-W
extracts after previous extraction with acetone-water mixture.

Figure 2. Histochemical detection of GM1
ganglioside in liver cryostat sections after

various fixation conditions. Fixation with
(A) dry cold acetone for 15 min at -20°C and
with (B} 4% formaldehyde for 5 minutes at

room ture gave comparable results.

solution and then into PBS. Histochemical
detection of GMI ganglioside was performed
using cholera toxin B-subunit labeled with per-
oxidase (CHT-B-Px) diluted 1:500 with PBS
plus 3% BSA and incubated for 16.5 h at 8°C.
Cell nuclei were counterstained with hema-
toxylin. Other steps were applied according to
the previously mentioned staining protocel

[page 114]

(see abone), except for blacking of biotin.

Unmasking treatment {cholestercl remaoval)
with methyl-fi-cyclodextrin (MCD) was per-
formed on brain sections only. 12 mM MCD in
PBS was used for 30 min at room temperature
and for 45 min at 37°C. A 20 mM MCD concen-
tration was used for 20 min af room tempera-
ture. After MCD treatment, sections were
briefly washed in FBS and then fixed with
formaldehyde.

Determination of cholesterol

Cholesterol was determined in the lipid
extracts from both rat liver and brain samples
using gas chromatography, with isotope dilu-
tion mass spectrometry,” using D7-cholesterc]
as the internal standard.

Statistical analysis

SigmaStat software (Jandel Scientific) was
used for statistical analyses. Data are presented
as the median and I} range, and assessed using
the Mann Whitney rank sum test. & P<0.05 was
considered as statistically significant.

Results

Effect of different fixation
procedures on GM1 ganglicside
extraction from the liver sections

The loss of GM] ganglioside due to the fixa-
tien of dry cryostat liver sections with dry ace-
tone was studied and compared with those
samples extracted with chloroform-methanol-
water 1k10:] wviv (taken as 100% of GML).
First, the effect of the temperature of dry ace-
tone was studied at -20°C and 25°C; the sec-

[European Journal of Histochemistry 2010; 54:2273)
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tions extracted with acetone were re-extracted
with C-M-W 10:10:1. The results of the TLC of
ganglicsides in extracts stained with the
cholera toxin B-subunit are shown in Figure
lA. A similar procedure was used to demon-
strate the effect of water content in acetone on
the extraction of gangliosides (Figure 1B).
Bath chromatograms were evaluated using
densitometry. Figures 1A and 1B illusirate that
the GMI content from dry acetone extracts was
not detectable, even when the highly sensitive
cholera toxin method was used (Figure ). The
greatest part of GMI persisted after acetone
fixation and extraction; and it was extracted by
the C-M-W re-extraction. Therefore, the per-
centage of GM1 in the acetone extracts was
ceunted as the difference between the mean
density of GMI from samples extracted direct-
Iy with C-M-W 10:10:1 %Ay (taken as 100% of
GM1) minus the mean density detected in C-
M-W re-extracts. GM1 content in C-M-W re-
extracts was 98.1% after cold acetone, and
%6.2% after acetone at 25°C (ie., the loss of
GM] was 1.9% with dry acetone at -20°C and
38% at 25°C, respectively). On the other hand,
the acetone-water mixture (1) yielded a
remarkable 30.5% loss of GM1 (Figure 1B, line
5). The almost ten times higher extraction of
GM1 in acetonerwater (%:1) extract demon-
strates that the water content in acetone has a
significant effect on GMI extraction.

Effect of fixation procedures
studied on liver and brain dried
homogenates

The semi-quantitative resulis chiained from
the densitometry of chromatograms were sup-
ported by a quantitative determination (photo-
metric resorcinol-HCl methed) of the loss of
total gangliosides from dred lwver and brain
homogenate into acetone.

The mean value of the amount of total gan-
gliosides extracted with C-M-W (4:33) from
dried liver and brain homogenate (extract A)
was taken as 100% of total gangliosides. The
loss of gangliosides from liver into acetone at
room temperature (extract B) was 3.0+0.3%)
and from brain 9.5+ 1.1% and in the C-M-W re-
extract of liver (extract C) remained
57.0£0.3%), and in re-extracts from brain
about 90.5%.

Histochemical detection of GM1
ganglioside in liver cryostat
sections under various fixation
conditions

Comparable GM ] staining intensity and pat-
tern were observed in liver cryostat sections
after both fermaldehyde and anhydrous ace-

tene fixations (Figare 2). For dry acetone, the
effects of fixation temperature and time on

L‘lPENafoFSS
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Figure 3. Effect of acetone tem, on
hlmnimﬁcﬂchudinnnfﬂ!&lgmgh:—
side in liver cryostat sections. Fixation
with (A) 4% formaldehyde for 5 minutes
at room tem, (Fli (B) cold dry ace-
tone for 2 minutes and (C) 15 min, respec-
tively; (D) dry acetone at room tempera-
ture for 2 min and (E) 15 min, respective-
Iy. No differences between GM1

cryostat sections stained with cholera
toxin B-subunit. Bar 100 pm.

GM] stamning were also examined. Liver sec-
tions fixed with dry acetone at -20°C or 25°C,
both for 2 and 15 min, were compared with
those fixed with formaldehyde at reom temper-
ature for 5 min. No apparent difference in the
staining intensity and'or location of the reac-
tien product was observed in corresponding
areas of parallel sections (Figure 1). On the
contrary, fixation with an acetone-water mix-
ture caused apparent diffusion of the GMI
reaction product (Figure 4).

Densitometric analysis of GM1
staining in liver sections

Densitometry was used for evaluation, in
order o cbiain objective data regarding the
optical density of GMI staining in tissue sec-

tions. The differences in the optical density of

GMI staining in liver tissue from 23 normal
animals after formaldehyds and anhydrous
acefone fixation were not statistically signifi-

Original paper

cant (data not shown). Finally, neither
formaldehyde nor dry acetone fixation caused
diffusion of the reaction product in the liver

Figure 4. Effect of water content in ace-
tone on histochemical detection of GM1
in liver cryostat sections. (A)
fixation at room tempera-
anrinil,ﬂdrymldum 15
minutes, | acetone-water mixture
9 for 15 min. Diffusion of the GM1
reaction product after fivation with an
acetone-water miviure (C). Rat liver aryo-
stat sections stained with cholera toxin B-
subunit. Bar 50 pm.
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sections.

Comparison of histochemical
detection of GM1 ganglioside in
liver and brain eryostat sections
after different fixations

Unlike the liver samples, where formalde-
hyde and acetone fixations of cryostat see-
tions gave minimal differences_ different pre-
treatment of brain sections led to remarkably
different GM1 staining patterns. Cryostat
brain sections fixed with formaldehyde (F)
displayed a diffuse GM! stzining patiem in
the mewropil of cortical and subcortical grey
matter, without focal acceniuation of the
staining (Figure 3 AC). The slight and diffuse
positivity seen in the white matter probably
corresponds to myelin. Baker's solution (B}
used instead of formaldehyde (F) had no
apparent effect on the diffuse character of
GMI staining. After fixation with anhydrous
acetone followed by formaldehyde (A+F),
overall GM] staining was less intensive but
the staining pattern became much more dis-
tinct, revealing the presence of definable sub-
cellular structures (Figure 3B 1)), The finely
granular GM| staining changed for coarsely

granular with the anhyd acetone plus
Baker’s solution (A+B) sequence (nof
shown)

Treatment of brain sections with MCD led
to decreased GM staining intensity against
formaldehyde fixation (Figure 5 G.H).
However, the sharp, focally accented staining
pattern was less expressed than after acetone
(A+F) as demonstrated (Figure 5 HI).

In the liver, the distinct, finely granular
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GM]1 staining of hepatocyte membranes af
both sinusoidal and canalicular poles did not
display any substantial difference in sections
fixed either in formaldebyde or in anhydrous
acetone (Figure 5 EF).

Discussion

In general, there are bwo major issues
regarding the problem of optimal GMI and
ganglioside in sitw detection: i) relishility of

effect of different fixatives on histochemical detection of GM1 gan-
mhmﬂmmmmmmmmmnm

m& Com|

B]Bmhunrﬂ.ul matter; low power field microphotographs. (A) Diffuse p-cﬂ.l:h‘lt}rh
acetone + (As umhlu::inn.m] [C;Djlh'ljnmniml Il
m hotographs. in the nnmp
hﬂn?.ﬁn.g?i:'mﬁi m% Hz
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mm;kph . Finely granular staining on the cell
nmhnnm is minﬂlmmd type of fixation. Bars 25 pm. Cell nudei
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3 it inf
hm;!!lﬂlhl.‘plﬂlbd {anﬂl? staining pattern. Bars 100 pm.
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etone pre-freatment, which should ensure
effective retention of gangliosides in sifw, in
other words acetone pre-treatment should not
lead to a significant loss of the lipids; and it}
evaluation of all factors responsible for optimal
in sity demonstration.

As far as the relishility of acetone pre-treat-
ment is concerned, the quantitative analysis of
GMI ganglioside in extracts of liver sections
showed a negligible loss. Likewise, densito-
metric evaluation of the reaction product of
histochemical GM] detection in liver sections
carried cut in formaldehyde fixed sections and
sections pretreated with acetone did not show
stabistically significant differences. Loss of
gangliosides by acetone extraction of dried
liver homogenate at room temperature was
negligible (3.0+0.3%). An increased loss of
gangliosides in brain wp to 9.521.1% comre-
sponds to the less intensive GMI staining in
brain cryostat sections.

It might be possible to see an analogy with
the conclusions of llangumaran and Hoessli =
whao proposed that in rafts, the GSL-rich core of
the microdomains persists depletion of chales-
terol with methyl-f-cyclodextrin (MCIY), while
the cholesterol-rich annulus surrounding the
core, containing as well some GMI, seems to
be partially released by MCD. It might be that
acetone similarly extracts some GM1 from cho-
lesteral-rich areas. Further extensive studies
will be necessary to support this lypothesis.

Our study also confirmed the risk of pre-
treatment with acetone; extraction must be
caried out with anhydrous acetone; this
chservation was previously deseribed. It
should be stressed that anhydrous acetone and
dry cryostat sections are both essential for in
sitw preservation of gangliosides. Breaking of
any of these conditions leads to gangliaside
dislocation in sifw or directly to their extraction
extra sitw. This might explain the loss of gan-
gliosides described by Schwarz and Futer-
man,” who found an approximate 56% reduc-
tion of gangliosides after acetone fixation and
a 46% reduction afier formaldehyde-acetone
fxation of cultivated hippocampal newrons.

Acetone extraction is recommended for bet-
ter m sifu detection of gangliosides in many
studies.**

The enhanced staining intensity after ace-
tone pre-treatment is Euplnmed by the
improvement of permeabilization.® Glyco-
sphingolipid globotriaosylceramide was more
accessible to verotoxin in kidney sections after
acetone pre-treatment; an effect aseribed to
the removal of exceeding cholesterol Similar

effects were seen after methyl-fi-cyclodex-
trin.®* Schwarz and Futerman® also demaon-
strated brighter labeling of gangliosides in cul-
tvated hippocampal neurons after combined
fixation with formaldehyde and acetone,
despite significant gangliosides removal dur-
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ing pre-treatment (see also above).

The finely granular GMI positivity seen in
acetone (A+F) fixed sections could represent
the combined effect of unmasking, due to cho-
lesterol extraction and precipitation resulting
from the bow solubility of GSLs in acetone (dif-
ference from MCD). The increased granularity
and contrast seen when the combination of
anhydrous acefone plus Baker's sclution
(A+B) was used for fixation, could be
explained by the well known aggregation of
gangliosides in presence of Ca® ons 2

Dwr resulis in brain samples showed betier
outcomes in st detection of GMI after ace-
tone pre-extraction of dry cryostal sections
(Figure 5A-D) which alse inhibited the consid-
erable diffusion of myelin lipids inte the
mounting mediam in acetone unextracted sec-
tions.

This sugdests that the benefits of acetone,
as & process of physical fixation, are related to
precipitation of polar lipids generally (inhibi-
tion of their local diffusion), and to removal of
the passible masking effect of cholesteral.

However, we should be aware that cryostat
section technique is inherently influenced by
thawing and subsequent drying of the sections
that might influence in sty localization of
polar compounds, including gangliosides. The
current study offers the optimal way to cope
with this problem.

Conclusions

We present for the first time evidence that
bath pre-treatments (formaldehyde and ace-
tone) provide good information on GM local-
ization af the light microscopy level in liver
sections. In the brain, the quality of GMI
detection was found to be higher in acetone
preireated sections; oplimal conditions wary
based on the lipid composition of the tissue.
The benefits of acefone pre-treatment are
linked to the use of anhydrous conditions.
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Abstract

Cholera toxin is a heat labile enterotoxin produced by Vibrie cholerae. The toxin
consists of an A-subunit (with enzymatic activity) and B-subunit (CTB) which have very
high binding capacities to ganglioside GMI(Galfl-3GalNAchE 1-4(NewAco2-3)Galpl-
4GIc1-1Cer); the main receptor molecule on the surface of the target cells in a cholera
infection (e.g. epithelial cells of the small intestine). Several other cross-reactive
gangliosides have been described as CTB receptors (eg. GDIb ganglioside). however,
their affinity is low, and therefore high concentration of receptor ganglioside is necessary.
Additionally, other CTB-reactive gangliosides, e g Fucosyl GMI ganglioside (Fuc-

: Corresponding author: Institute of Clinical Biochemistry and Laboratory Dingnostics. First Faculty of Medicine.

Charles University in Prague, Na Bojisti 3, 128 08 Pragoe 2, Czech Republic., E-mail: smid @ cespet.ocx
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GM1), are usually present in negligible amounts in the tissues; however, producing very
little contribution towards the reaction.

The binding affinity of CTE to GMI is used for the detection of GM1 or the other
ganpliotetraose-type gangliosides, produced by Clestridium perfingens neuraminidase
treatment via the following methods: (a) the ELISA assay, with gangliosides adsorbed by
the ceramide portion of the polystyrene microwells, and (b) TLC overlay methods, with
or without pre-treatment with neuraminidase. Fluorochrome labeled CTB targeting of
GMI1 is widely used in the analyses of raft lipids using ELISA, TLC overlay, and flow
cytometry.

The subcellular distribution of GMI, as a representative of the ganglioside family,
can be done similarly; however. its binding affinity in histochemical or cytological
applications is not strictly specific for GMI and thus some cross-reactive gangliosides
(e.g. GIMb) can cause additional staining. Therefore, for critical analysis, TLC is
recommended as a complementary step for in sire detection of cells or tissue sections.

In our laboratory, CTH detection was applied, in order to study the changes of the
content and localization of GM1 ganglioside in both normal and cholestatic rat liver. In
normal rat liver, GMI was localized in the canalicular and sinusoidal hepatocyte
membranes, in both the peripheral and intermediate zones of the hepatic lobules; it was
nearly absent in the central zone. In rats with cholestasis, induced by 7o
ethinylestradiol, GM1 was also expressed in the central lobular zone, and a shift of GMI1
staining from intracellular to sinusoidal localization was observed. These changes were
correlated with the concentration of serum bile acid. The GM| content together with the
GM1-synthase mRNA expression remained unchanged. The redistribution of GM1 into
the sinusoidal membrane in a situation of limited biosynthesis could be responsible for
the protection of hepatocyte membranes against the strong detergent effects of bile acids,
accumulated during cholestasis.

Introduction

Gangliosides are complex glycosphingolipids (GSL) with a strong amphiphilic
characteristic; the molecules having a hydrophilic sialic acid-containing carbohydrate chain
and a double tailed hydrophobic moiety, called ceramide (Figure 1) [1]. The structures of
GSL used in this chapter are listed in Figure 2 together with Svennerholm’s nomenclature [2,
3] and the IUPAC-IUB nomenclature [4].

Gangliosides are expressed ubiquitously in all eukaryotic cells, in which they are mainly
localized in the outer leaflet of the cell membrane, and are particularly abundant in the plasma
membranes of neurons. Their membrane localization is connected to two basic functions:

First, they serve as receptors for bacterial toxins, bacteria, viruses [5], plus some other
bicactive molecules, tumor markers, mediators in cell-cell recognition and adhesion, as well
as modulators for signal transduction [6].

Second, gangliosides and other (glyco)sphingolipids (GSL) protect cells against harmful
factors in their environment by forming a mechanically stable and chemically resistant outer
leaflet of the lipid bilayer. This is accomplished by their rigid structure, with a much higher
melting point, when compared with the glycerophospholipids [7]. The rigidity of
glvcosphingolipid molecule is done by intramolecular interactions; stabilizing the structure in
the oligosaccharide, as well as in the ceramide. The ceramide portion has a rigid
conformation, with two closely packed usvally saturated alkyl chains [B. 9, 1]. The
oligosaccharide portion is stabilized by sialic acid [10]. as well as by other factors such as
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Ca™" ions [11]; all reviewed by Tettamanti er al. [12]. Complex G5SLs are supposed to self-
aggregate, to form less-liquid sphingolipidfcholesterol-based plasma membrane micro-
domains (also called “lipid rafts”), which segregate the protein receptors and provide a
mechanism for the compartmentalization of the signaling components in the plasma
membrane; concentrating certain components in the lipid rafts and excluding others [13].

Cholera toxin is a heat labile enterotoxin produced by Vibrie cholerae. The loxin consists
of an A-subunit {with enzymatic activity) plus a B-subunit, having a binding capacity to the
receplor molecules on the surfaces of target cells (e.g. epithelial cells of the small intestine).
The original observations of van Heyningen er al. [14]. that a crude ganglioside mixture could
inactivate cholera toxin, led to the recognition of specific reaction with single ganglioside
GMI by Holmgren er al. [15]. Similar results were described by Cuatrecasas [16], as well as
King and van Heyningen [17].

The affinity of CTB for GMI is remarkably high; the dissociation constant (Kp) was
determined by the surface plasmon resonance. and have been estimated to be in the range
from 4.6 x 1077 [18] to 7.3 x 107" [19]. Because of its high affinity, CTB is widely used for
the detection of GMI ganglioside in biochemical and cell biology studies, instead of using
anti-GM|1 antibodies.

1. Methods Used in Biochemical Studies:
Quantification of CTB Binding

The methods are based uwpon the evaluation of CTB (or other toxins, in general) in
different dilutions, being bound to constant amounts of purified or TLC-separated
glvcosphingolipids.
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Figure 1. Structure of ceramide and GM 1 ganglioside
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Svmbals of Sveanerholm; Structures of glyveosphingolipids:
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Figure 2. Structures of GSL wgether with Svennerholm’s nomenclature [2, 3] and the IUPAC-TUR

nomenclature [4]

1.1. Immunoassays Based on Absorption of Gangliosides on

a Polystyrene Surface

The enzyme-linked immunosorbent assay (ELISA), described by Engvall and Perlmann
in 1972 [20] was early adapted to cholera serology by Holmgren and Svennerholm [21].
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The method is based on the spontaneous adsorption of the amphipathic gangliosides onto
plastic surfaces via their ceramide moiety; leaving the oligosaccharide portion free to react
with specific ligands. Separation of the bound from the free ligand, and from untreated
materials, is done by a simple washing. After that, the bound ligand can be detected by
immunological technigues.

The original procedure consisted of several sequential steps: (1) binding of the cholera
toxin o the GMI1 gangliosides; (2) binding of the rabbit anti-CTE antibody o CTH: (3)
reaction with secondary anti-rabbit 1gG antibody coupled with alkaline phosphatase; and (4)
producing a color reaction with nitrophenylphosphate, a substrate of alkaline phosphatase.
The color change is measured spectrophotometrically, resulting from the amount of bound
ligand. The sensitivity of the method is high, 10 pmoles (100 pg) of cholera toxin
(corresponding to about 10° bound GM 1 molecules). The ranglioside ELISA also works well
with the tetanus toxin system [22], in which the strongest reaction is obtained with the GT1b,
GQIb, and GDMb gangliosides. The ganglioside-ligand reaction is a versalile procedure
applicable to different ligands, either purified or crude (e.g. cholera toxin); and to polyvalent,
instead of monospecific, antiserum.

1.2. CTB Binding Affinity and Specificity for Gangliosides Determined by
Surface Plasmon Resonance

The rapid immobilization of glyveoconjugates on solid surfaces (such as polystyrene
microplate or TLC layer) is not an ideal way of presenting them in their natural form. In
recent years, the rapid expansion of the application of surface plasmon resonance (SPR) to a
wide range of biomolecular interactions has been noted. For protein-carbohydrate
interactions, SPR techniques offer a means of presenting glycolipids in an environment that
closely resembles their situation in vive. SPR methods are technigues in which the proteins’
binding to glycolipids is captured in artificial membranes, and then is evaluated. Liposomes
incorporating glycolipids are captured on or fused to BIACORE sensor chip surfaces, and the
binding analytes, such as bacterial toxins or antibodies to oligosaccharide ligands (presented
on the membrane surfaces) can be characterized. Glycolipid presentation in a membrane
environment overcomes the problems associated with the conventional assays. Additionally,
monitoring interactions by surface plasmon resonance avoids the requirements for a labeled
ligand or analyte. and provides data from which the rate and affinity constants can be derived
[23, 24].

The SPR technique was used for CTB binding to gangliosides by Kuziemko er al. [18]
and by MacKenrie et al. [19]. The Kuziemko's method showed the strongest binding to
GMI: however, the ganglioside-CTB affinity order of GMI > GM2 > GDla > GM3 > GT1b
= GDb > asialoGMI is not in agreement with the results obtained by other methods. nor
with those predicted according to the crystal structure of the CTE-GM1 complex.

MacKenzie er al developed a method of glveolipid incorporation into  artificial
liposomes, containing a small amount of lipopolysacharide; allowing the capture of the
liposome on the SPR sensor chip surface, via immobilized anti-lipopolysachatide antibody.
This improved liposome technique provides a more restricted range of oligosaccharide
structures for toxin binding. As expected, the highest affinity for CTB corresponds to GMI
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eanglioside, with approximately a 10-fold lower affinity found for GD'Ib. The affinities of all
of the other gangliosides were negligible [19].

One possible explanation of the differences between the above-mentioned SPR
techniques might be from their different compositions, as well as the preparation of the
liposome-chip complex; therefore resulting in the presentation of different oligosaccharide
structures to the CTB [19].

1.3, Quantification of GM1 Ganglioside, or Gangliotetraose Gangliosides,
Bound to a Consistent Amount of CTB

Conversely, the methods of toxin-ganglioside binding were used for the quantification of
GMI ganglioside or gangliotetraose gangliosides to a consistent amount of CTB [25, 26].

1.3.1. Quantification of GM1 ganaglioside or gangliotetraose gangliosides
using the CTB-ELISA assay

Wu and Ledeen [25] elaborated the CTB binding assay as follows: individual
gangliosides (GMI, GDla, GDIb, and GT1b) and a mixture of bovine brain gangliosides
(BBG) are dissolved in 95% ethanol-water (1:1 w'v), and then diluted with the same solvent to
concentrations ranging from 0.5 to 3.0 pmol50 pl (the average MW of the
disialogangliosides was assumed for BBG). Adsorption of the gangliosides onto plastic
microwells was carried out according to that described by Blackburn er al. [27]. Aliquots of
50 pl were added to each microwell, and then the uncovered wells were placed in a small
closed plastic box for 100 min. The adsorption of the gangliosides onto the plastic microwells
was stopped before the meniscus of the slowly evaporating solution could contact the well
bottom. The termination was effected by the addition of 100 - 200 pl of cold 530 mM PBS,
pH=7.4, and finally by the removal of the fluid. The wells were rinsed three times with PBS
containing 2% BSA at 37°C for 1 h. After removal of the later, the wells were first incubated
with 100 ul of neuraminidase (Clestridium perfringens, type V) and 0.04 units in sodium
acetate buffer (50mM, pH 5.2) for 2 h at 3?'“[‘, then with Cholera toxin B-subunit horse radish
peroxidase labeled (CTB-HRP from List Biological Laboratories, Campbell. CA, USA) at
37°C for | h. The cholera toxin solution consisted of 40 ng of CTH-HRP in 2% BSA-PBS.
After such treatment, the wells were rinsed at least three times with PBS containing 0.1%
Tween 20 (wv). Finally, each well received 100 pl from a Bio-Rad substrate kit of
horseradish peroxidase (2,2 -azino-di[3-ethylbenzthiazoline], plus hydrogen peroxide). Color
development progressed over the next 30 min., al room temperature, and was then guantified
at 405 nm with a Bio-Rad EIA reader (Model 2550). An optical density of approximately
0.50 - 0.53 per picomole above that of the blank was obtained for each ganglioside; the blank
values being between 0.10 and 0.13. The analysis of GM1 in a given mixture was carried out
with the absence of enzyme treatment.

Calibration curves of virtually identical shapes were generated for each individual
ganglioside after newraminidase treatment (Figure 3). The calibration curve, without
neuraminidase, gave curves with a much lesser slope for gangliosides GDIb and GD1a
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Figure 3. Binding of CTB-HRP (40ng) to variable amounts of individual ganghiosides GM 1, GD 1 a,
GDIb, and GT1b; with (=) and without {#) neuraminidase. Error bars indicate the SDY (Reproduced,
with permission, from Wu and Ledeen [25]

1.3.2. Quantification of ganglioside GMI1 and gangliotetraose gangliosides
using CTB - TLC overlay
The method of the TLC owverlay with CTB was described for the detection and

quantification of GM1 panglioside [25]; with the weak binding of GDYlb, and possibly even
of GI2a, being observable as well. Similarly, gangliotetraose gangliosides can be detected
after separation on TLC, and then subsequently treated on the plate with neuraminidase from
either Clostridium perfringens of Vibrio cholerae. These two neuraminidases convert the
gangliotetraose gangliosides GD1a, GDIb. GT1b, GQlb. and GTla to GMla. prior to the
CTH overlay. They can split the sialic acid residues from oligo- and polysialylgangliosides in
the terminal position; however, they never cleave the sialic acid from the internal galactose in
GMI [28].

Additionally, fucosylated gangliosides can be converted to GM 1 by fucosidase treatment
[25]. When [ucosidase is used, it is added immediately after neuraminidase: 600
punits/ 100pl, in 50 mM PBS (pH = 6.93) is placed in each well for 3 h at 37°C, then washed
out with PBS/Tween 20 and treated with B-HRP, as above.

This procedure is wvery useful for the sensitive detection and werification of the
eangliotetracse family, as can be inferred from their positions on the chromatogram and from
the fact that they bound the CTH after neuraminidase treatment.

Description of the procedure, according to Wo and Ledeen [25]

A panglioside mixture from neuro-ZA cells, containing approximately 0.05 pg of N-
acetylneuraminic acid (NeuAc), is applied to a 10 x 10 cm aluminum-backed Merck silica gel
60 HPTLC sheet (EM Science, Cherry Hill, NJ, USA). The TLC is developed in chloroform -
methanol - 0.25% KCI (5:4:1). The dried plate is trimmed to fit into a 5 cm Petri dish, and
treated for 30 s with a solution of 0.2% polyisobutylmethacrylate in hexane. The TLC sheets
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are air-dried, soaked for 1h in acetate or Tris buffer, and then either treated directly with
labeled CTB-horse radish peroxidase (CTB-HRP), or first reacted with neuraminidase. For
the latter method, the plate is covered for 2 b with 5 ml of the above neuraminidase solution
(1 unit), while covered with parafilm. The neuraminidase is removed and the plate covered
with 5 ml of freshly prepared PES solution. containing CTB-HRP (4 pg of CTE-HRFP) plus
1% BSA for | h. It is agitated slowly on a roller shaker. The excess solution is discarded. and
the plate is rinsed thoroughly with deionized water, and then treated with an excess of 4-
chloro-1-naphthol solution (10 mg dissalved in 3 ml of methanol, before the addition of 15 ml
of 0.05 M Tris-HCI buffer [pH=7.5], and 5 wl of 30% hydrogen peroxide). It is kept covered
in the dark for half an howr and then rinsed thoroughly with water. All incubations and
washing operations are carried out in 5 cm Petri dishes.

The authors demonstrated the high specificity of the binding to GM1 in the ELISA assay
[25]: while GDIb displayed low. but measurable, binding (Figure 3). Although in
quantitatively negligible amounts, when compared to GM1, GIDYb can be detectable with use
of the TLC overlay (Figure 4) [29].

A two-step TLC overlay, with biotin labeled-CTE (List Biological Laboratories,
Campbell, CA, USA) followed by an ABC/HRP kit {DakoCytomation, Denmark; 60 min at
RT) was used in our laboratory (Figure 5). In further experiments, we found that replacement
of the ABC kit with Streptavidin-peroxidase polymer Ultrasensitive (Sigma, St Louis MO,
USA) greatly enhanced (by about 30 times) the sensitivity of the staining [29]. The BBGs
were detected by this staining method, both with and without neuraminidase pre-treatment.
The optimal concentrations of lipid neuraminic acid seem to be 35.5 ng of GMI or 185.4 ng
of BBG (Figure 5, lines ¢ and d).

GM1

| GD1a
| GD2
. GD1b

GT1b
GQ1b

Figure 4. TLC overlay with biotin labeled-CTB, followed by ABC kit; Lane a = GM | standard; line b
and ¢ = mouse brain gangliosides; the TLC was developed as descnbed above. Lane ¢ was with
neumminidase pre-treatment but hines a and b were not [29]
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Figure 3. TLC overlay with biotin labeled-CTB, followed by ABC kit; lines a, ¢, e, and g were without
neuraminidase pre-treatment, and lines b, d, f, and h were with neuraminidase pre-treatment. The BRG
applied on the TLC comesponds wo: a=355ng: b= 1854 ng; c=35ng;:d = 1854 ng:e= 178 ng: f=
3Tng; g= 3.6 ng; h = 185 ng of lipid neuraminic acid. Depending on the total amount and
concentration applied on the TLC, also the other gangliosides G a, and GINb. GTIb can be shown
with a high concentration of BBG, including in samples withow neuraminidase treatment (sample a)
[29]

2. Methods for Histochemical and Cell
Biological Studies

Specific CTB-GMI ganglioside binding is widely wsed for GM1 detection in cells and
tissues, instead of anti-GMI antibody: especially for the localization of GMI1 in plasma
membrane rafts. One advantage of this detection method is in its simplicity, which also
enables studies of subcellular problems, impossible to realize by biochemical methods: CTB
is also more commercially accessible than are antibodies against GMI1. One disadvantage can
be in possible weak cross-reactivity with some gangliosides, or rarely with other substances.

2.1. Is the Cross-Reactivity of Other Gangliosides the Limiting Factor in
Histochemical, Cell Biological, and Flow-Cytometric Detections?

The affinity of CTB to the other gangliosides is much weaker than it is to GMI. This fact
has been reported and discussed in several papers, but published results sometimes differ
according to the assay which is used for the evaluation.

The results obtained using the ELISA and neutralization methods show that the relative
concentrations of GM2, GM3, GMI1 (GlcNAc), GDIb, GT1b, and GAI gangliosides must be
more than 1000 times higher (in case of GDa, 300 to 1000 times higher) in order to get a
comparable effect to GM1 [30]. For ganglioside GDIb, a 50 times weaker reaction on the
TLC overlay was estimated, compared to that with GMI1 [31]. By use of the surface plasmon
resonance technique, a 10 times lower binding of G b was found [19].

Maserini er al. [32] found the ability of Fuc-GMI1 ganglioside to mimic the receptor
function of GMI1 for cholera toxin (CT). For this purpose, cultured rat glioma Cé cells were
enriched with Fuc-GMI, and the responsiveness W CT was compared with that of cells
enriched with GM1 ganglioside. High-sensitivity isothermal titration calorimetry experiments
showed that the association constants of CT with either Fuc-GM 1 or with GM1 ganglioside
were comparable (4 x 10" M and 1.9 x 10" M, respectively, at ESDC}. Furthermore, the
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association constants of the B-subunit pentamer with Fuc-GMI1 or GM1 ganglioside were
comparable (about 3 x 10" M and 7 x 10°M, respectively, at 25':'(3]-.i

A wery rare case was described of high CTB reactivity of mouse embryonic
neuroendothelial cells, with barely chromatographically detectable GMI1 [33]. The authors of
the paper did not give any clear conclusion as 1o the cross-reactive molecule. The only
recommendation was that the utilization of CTB alone would be inconclusive, and that the
TLC analysis of gangliosides ought to be performed in advance. in order to avoid an
overestimation of GMI expression andfor the mischaracterization of the GM1 ganglioside
species.

Blank er @l described the specific binding of FITC-labeled CTB to GMI; except that
there was probably also a nonspecific binding to the glycosylated proteins, as well as a
nonspecific binding of the FITC to the cell surface [34]. Contrary to this, Parton [33]
demonstrated that the only componenis capable to bind to the CTBs are the glycolipids, not
the glycoproteins.

Despite the problems of cross reactivity, CTB binding to GM1 is widely used in both
histology and cell biology.

There are two types of situations that must be considered in the application of CTB-GMI1
binding.

1. When GMI is used as a representative of the gangliosides (GSL) that are abundantly
present in cells. In this case, there is no need to distinguish other gangliosides (e.g.
GM1 is the GSL representative in the lipid rafls).

2. When GMI is analyzed in tissues, using CTB, some other cross-reactive gangliosides
(or rarely other substances) might be visualized. Therefore, TLC analysis of the
eangliosides in studied tissue should be performed in advance. in order to document
the prevalence of GMI over the other gangliosides. The cross-reactivity of non-lipid
substances should be checked in parallel sections, and pre-extracted with mixtures of
chloroform - methanol - water.

The practical applications of CTB-GMI1 binding in cell biology and histology is
demonstrated in the next few paragraphs.

2.2, Methods of Analysis of Lipid Rafts

The binding of CTB to GMI is widely used in the analysis of membrane microdomains
(“lipid rafits™), which are fragments prepared from the plasma membrane, usually by
solubilization with non-ionic detergents. Because of their high-lipid content, they float in the
low density fraction during gradient ultracentrifugation. A variety of detergents have been
used, and detergent-free separation has also n developed [13].

The lipid rafts, extracted from the plasma membrane, can be identified by Western blot
analysis, based on several markers, of which GM1 ganglioside is the most common.

Plasma membrane fractions, isolated by gradient ultracentrifugation, are separated by
polyacrylamide electrophoresis, then transferred on nitrocellulose (NC) or a PVDF
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membrane, and blocked with 3% BSA in PBS. The GMI band is detected by CTB-HREP,
followed by the detection of the HRP using chemiluminiscent substrates [36].

Alternatively, the membrane fractions from ultracentrifugation are loaded on NC or
PVDF membranes as dots. dried, blocked with 3% BSA, and then detected with CTB-HRP.
The amount of GM1 is quantified by scanning of the band or dot intensity [36, 37] The
Western blot methods are useful for the identification and semi-quantification of the raft
amounts.

The identification and quantification of GMI in the separated fractions can be done by an
indirect ELISA protocol. according to Thomas er al. [37]. on PolySorp star well plates (Nunc.
Denmark). This ELISA method showed a 1000-fold greater sensitivity than did the dot blot or
the Western blot analyses.

2.2.1. Analysis of lipid rafts using microscopy

Fluorescence microscopy was applied for the monitoring of GMI1 in the plasma
membrane from various cells, using a CTRH-specific ligand coupled either to a fluorescent dye
[38-40]. or using a secondary conjugated antibody dye. Simultaneously, confocal laser
scanning microscopy can be used for the visualization of lipid rafis on the T-cell membrane.
Non-stimulated and stimulated T-cells were ftreated with CTB-biotin conjugate. Afier
washing and blocking, the cell pellet was incubated with streptavidin-FITC [41].

The distribution of GM1 has been investigated by freeze-eich electron microscopy in the
phosphatidylcholine bilayer, after visualization with CTB-ferritin labeled [41].

2.2.2. Flow-Cytometry methods
A Muorescent activated cell sorter (FACS) was used to study leukemic cells. The GMI

eanglioside binding sites for CTH were found to be normally expressed in chronic
leukaemias, but greatly diminished {or absent) in acute leukaemias [42]. FACS analysis with
CTB-FITC was also used for the study of lipid raft distribution in murine T-cell precursors, at
various stages of thymic development [43].

A strategy for the identification of non-covalent associations between GM1 ganglioside
and various protein receptors was developed by Thomas er al. [43]. In principle, the plasma
membrane domains were first separated by sucrose gradient centrifugation. Next, the GMI-
positive fractions were separated by size-exclusion FPLC, under native conditions in 17 to 20
fractions, and each fraction was analyzed by Western blot under native conditions for the co-
elution of GMI with membrane proteins. Furthermore, the nature of the protein receptors
(both interacting and non-interacting) with GM1 was revealed using the Western blot; with
the use of duplicate gels transferred on a PWDF membrane, and then probed with specific
antibodies.

3. An Example of Histochemical Application:
Changes in the GM1 Ganglioside Content
and Localization in Cholestatic Rat Liver

Cwr first study was focused on the ganglioside composition in the livers of rats with 17a-
ethinylestradiol (EE)-induced cholestasis [44].
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The EE was administered subcutaneously to animals for 18 days (5 mg'ke b.owi).
Cholestasis was monitored by the serum bile acids and bilirubin. When compared to the
controls, the EE admindstration resulted in severe cholestasis. documented by the increase in
the serum bile acids (39.0£27.2 vs. 589.42203.6 pM, p=0.002) and in the bilirubin (2.1+0.3
vs. 26,018.6 pM, p=0.002).

For investigation of the gangliosides, lipid extracts were prepared from the liver tissues of
both the control and cholestatic animals, and the ganglioside fraction was isolated as
described by Folch er al [45] and Suzuki [46]. The total lipid sialic acid contents in the
control and cholestatic animals were 44.3x15.2 and 72.1£9.0 nmol'g of liver tissue,
respectively (p<0.01). Isolated gangliosides were separated by TLC, then detected with
resorcinol-HC] reagent, and evaluated by densitometry (Figure &) [47].

Control Wistar rats demonstrated the predominance of gangliosides of the a-branch of
biosynthesis; while in the EE-treated rats, a significant increase was found of the ganglioside
GDHa (3.6£1.0 vs. 11.8+3.0 nmoles/g, p=0.001), as well as the b-series gangliosides GD3
(0.08£0.03 vs. 2.0x1.2 nmoles/g, p=0.002), GD1b (0.120.06 vs. 5.4+1.6 nmoles’g, p=0.002),
and GT1b (0.060.03 vs. 6.4+2.6 amoles/g, p=0.002). This study represents the first report on
changes of the ganglioside pattern in rat livers in EE-induced cholestasis, an experimental
mode] for the cholestasis of pregnancy.

The next step of the study was focused on the ganglioside patterns in the canalicular
(apical) and sinusoidal-basolateral membranes of liver cells.

J -
— - - -
_ el S ———
_____:_-:' - .
1 il m - Ty - —
— -— — . —
— ik - — —_— —
'—'f: DO — - — S —
=T GTin -

il
—d )

EE1 EE2 EE3 EE4 EES EEE C1 C2 C3 C4 CE CB

All ganglioside samples were applied in the amount corresponding o 0,225 g of liver ussue on HPFTLC
plate of silica gel, separated in solvent system chloroform-methancl 0.2% agueous CaCl2,
35:43.10, viviv, detected with resorcinol-HCl reagent and scanned wsing a TLC Scanner 11,
CAMAG (Muttenz, Swizerland). The densitometric trace of standards is shown at a left pan of this
figure. {b) Scheme of the de neve binsythesis of oligosachande part of gangliosides. Abbreviations
of enzymes catalyzing indicated reactions are as follows: SAT I, 11 and III, sialyl{NeuAc)-
transferase L II  and HI: GalTll, galactosyl(Galp-transferase; GalNACT., M
acetylgalactosaminyl{GalN Ac)-transferase; SAT IV, V, and X, sialyliNewAc)-transferase IV, V
and X.

Figure 6 {a) Marked increase of b-pathway ganghiosides GID3, GDb and GTlb isclated from
cholestasis (EE1-EE6) and control {C1-C6) rat livers. Branch-a is expressed in normal Wistar strain of
rats with high prevalence. Branch 0 and ¢ are only minor in mammals
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Different approaches can be used to study GSL in cholestatic liver membranes. The
typical biochemical approach is GSL  analysis in membranes isolated by gradient
ultracentrifugation; however, it is difficult to obtain canalicular and basolateral membrane
fractions in sufficient quantities and purity. Moreover, we found on sections from the control
and cholestatic animals that the alkaline phosphatase (ALF). a marker of the purity of the
canalicular membrane, migrates from the canalicular into the lateral membrane at cholestasis.
The shift of the ALP localization at cholestasis makes ALP an unreliable marker for the
purity of the canalicular fraction.

Due w the problems mentioned above in the isolation of membranes by
ultracentrifugation, a histochemical investigation, based on the binding of CTB to GMI1 was
used in our study [48].

The experiment was organized in a similar fashion to the previous study [44]. In brief:
liver samples from rats with cholestasis induced by subcutaneous injections of EE at the dose
of Smgfkg bowt., dissolved in 0.2 ml of 1,2-propanediol (PLY), were applied daily for 18 days.
The control group consisted of rats given an application of 1,2-propanediol (0.2 ml applied
daily for 18 days). and a subgroup without any treatment. After anesthesia, pieces of the liver
were collected for a quantitative histochemical analysis, using a systematic uniform random
sampling method; they were then rapidly frozen.

3.1. Procedure of CTB-GM1 Histochemistry [48]

Frozen sections cut to a thickness of & pm were first fixed in dry cold acetone f—ZDDE} for
2 min, and then in 4% freshly prepared paraformaldehyde for 20 min. Endogenous peroxidase
activity was blocked using 0.1% sodium azide dissolved in 1'% hydrogen peroxide in PBS for
15 min.

For the blocking of endogenous biotin, a blocking kit (DakeCytomation, Denmark) was
used. In order to block the nonspecific binding, the sections were treated with 3% BSA in
PES for 15 min. Cholera toxin was used for the detection of the GM1 ganglioside. Sections
were incubated with the CTE-biotin labeled (List Biological Laboratories, USA) dilued
1:250 in PBS plus 3% BSA al room temperature for 60 min. After washing in PBS, the
sections were labeled with Streplavidin-peroxidase polymer Ultrasensitive (Sigma, St. Louis,
USA) diluted 1:400 in PBS containing 0.05% Tween 20 at room temperature for 60 min. The
visualization of peroxidase activity was performed with diaminobenzidine. Sections were
counterstained with Mayer's hematoxylin for photographic documentation, but for image
analysis the counterstaining was omitted.

Two control experiments were included for each reaction. First, fixed sections were
extracted with the chloroform - methanol mixture (2:1), at room temperature for 30 min,
followed by histochemical staining. Second, in the negative control experiments, the CTB
was omitted. Both of these controls were negative [48].
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3.2. Results from Experimental Cholestasis Based on GM1 Analysis

Our findings in normal rat liver tissue showed that GMI was localized in the sinusoidal
and canalicular hepatocyte membranes, in both the peripheral and intermediate zones of the
hepatic lobules, and it was nearly absent in the central zones. However, in the EE-treated
animals, GM1 was additionally expressed in the central lobular zones as well (Figure 7).

The densitometric measurement of the optical brightness in the separate lobular zones,
and linear regression analysis, give evidence of the dependence of the amount of GMI
eanglioside in lobular zone 111 on the TBA serum levels. The interpretation of these findings
is connected with lobular blood flow. As blood flows in the liver sinusoids from the periphery
to the center of the lobule, numerous substances including bile acids are eliminated by the
hepatocytes [48].

Increased differences of GMI expression between the sinusoidal surface areas and areas
of adjacent cytoplasm were found in the EE-treated animals, when compared with PD and
untreated animals, by a stratified random sampling selection method (Figure 8). The
decreased staining of GMI in the cytoplasm, and increased redistribution onto the sinusoidal
surface are shown in Figure 9 a-c. The increase in the sinusoidalicytoplasmatic ratio of GM1
staining correlated with the increase in serum bile acids, as documented by the linear
regression analyses (Figure 9 d-g).

As the GMI content, as well as the mENA corresponding to the GM 1-synthase, remained
unchanged in the livers, the enhanced expression of GMI at the sinusoidal membrane seems
to be caused by the re-distribution of cellular GMI at unchanged rate of biosynthesis. This
could be responsible for the protection of hepatocytes against the harmful effects of bile acids
accumulated during cholestasis.

Figure 7. Histochemical localization of GM1 ganglioside in rat liver: (a) In the control liver, the
reaction product occurs in lobular zones [ and I, and 15 nearly or completely absent around the central
vein in lobular zone 111 (b} In the EE-treated liver, the reaction product oceurs on the sinusoidal surface
from the portal area up to the central vein. CV = central vein, bars = 300 pm. Control expeniments: (c)
CTB was omtted (d} ganghosides were extracted before incubation: counterstained wath hematoxylin
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Figure §. The selection of liver samples and of areas for densitometric image analysis in rat liver
sections. Experimental design: 10 animals from EE-treated, § animals from PD, and & animals from the
control group were used. Six liver specimens were taken from each animal. One section from each
specimen was used for GM I detection. On cach section, four hepatic lobules, with a cleary discermible
central vein, were selected. In each lobule, one measunng frame in the penipheral lobular zone [ plus
one measuring frame in the cormesponding central lobular zone I were selected for analysis. In cach
frame, 15 arcas of the sinusoidal surface and 15 arcas of the adjacent hepatocyte cytoplasm were
selected by a stratified random sampling method [49], and then marked out. The reaction product was
quantified as the mean optical density of the analyzed arcas, determined by the CUE 2 densitometric
program (Olympus) at high objective magnification 40x (NA = 0.7}

It is obvious. that the histochemical approach, using the detection of CTB-GMI. can
solve problems which are not solvable in the cell culture experiments.

The membrane of polarized epithelial cells consists of functionally different apical and
basolateral domains, displaying specific protein and lipid compositions. In cell culture, these
proteins and lipids are sorted in the trans-Golgi network, and then directly transported to the
apical membrane [30. 51, 52]. The situation in vive can be very different. Hepatocytes are in
contact with the bile and blood circulation, and in EE induced cholestasis a high
concentration of the bile acids might solubilize the lipid bilayer. In this situation, with their
rigidity. gangliosides may have a protective role.

In this connection, it should be noted that more than two decades ago a decreased
membrane fluidity (i.e increased membrane rigidity) had been described with cholestasis
[53]. The increased rigidity has not been explained by the significantly changed patterns of
fatty acids. Lipid analyses showed only minor changes which could not explain the increased
membrane rigidity. Complex GSLs were not analyzed [54, 55, 56].

Histochemical use of CTBE-GMI detection calls our attention to the increased shift of
eangliosides from intracellular localization into the sinusoidal membrane, which is dependent
on the bile acid concentration in the blosd. Considering the well known fact that a higher
abundance of GSL increases membrane rigidity, we conclude that the higher amount of GM1
ganglioside localized in lobular zone 111, and the shift of GMI staining from the cytoplasmic
into the sinusoidal surface in the liver of EE-treated animals is a response of the hepatocyles
to the harmiul effects of the increased concentration of bile acids in the sinusoidal blood.

145



16 Frantifek Smid, Jana Ledvinovd, Tomas Petr et al.

Figure 9. {a-c) GM] staining in the cytoplasm of PD treated rats (a) decreased rapidly in the cytoplasm
of EE treated rats (b and ¢} with increasing serum TBA (PD= 46; EE=366 and 858 pmoll). Bar = 50
um. Objective magnification in photography 20x (NA=0.5). CV= central vein. PT = portal area. (d)
Linear regression analysis between the serum TBA concentration and the differcnce in GM1
ganglioside content between the sinusoidal membrane and subsinusoidal arca of cytoplasm in zone 111
{2} Linear regression analysis between the seram TBA concentration and the difference in GM1
ganglioside content betwoen the sinusoidal membrane and subsinusoidal arca of cytoplasm in zone [ of
the hepatic lobules.

Conclusions

Methods based on the binding of CTE to GM1 are widely used in biochemical. as well as
in cytochemical and histochemical analyses. The enzyme-linked immunosorbent assay
(ELISA) makes use of the spontanecus adsorption of amphipathic gangliosides onto plastic
surfaces via their ceramide moiety, which leaves the oligosaccharide portion free to react with
specific ligands. The ELISA methods are useful for an evaluation of the binding of CTB (or
other toxins, in general) to gangliosides, and for the quantification of gangliosides with a
constant amount of CTB, as well as for the quantification of lipid rafts.
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By use of TLC overlay. CTB can detect GMI ganglioside directly, or gangliotetraose
gangliosides after treatment with Clessridium perfringens of Vibrie chelerae neuraminidase.
CTB-GMI ganglioside binding has a special application in the localization of GM]1 as a GSL
representative in the plasma membrane rafts.

In histochemistry, one advantage is in the simplicity of this detection. which enables
subcellular studies that are impossible to realize by biochemical methods. An example of such
an application is the demonstration of the GMI1 ganglioside shift into the sinusoidal
membrane in EE-induced cholestasis that couwld be responsible for the protection of
hepatocytes against the harmful effects of bile acids. accumulated during cholestasis.
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Summary

Cholestasis is characterized by the elevation of ssrum total bile
acids (TBA), which leads to the production of both free radicels
and oxdative stress. Although they do not share the same
mechanisms, membrane glycosphingolipids  (G5L) and  the
antioxidant enzyme heme oxygenase-1 (HMOX1) both act against
the pro-oxidative effect of TBA. The aim of the study was to
assess the role of HMOX on GSL redistribution and compasition
within hepatocytes in the rat model of estrogen-induced
cholestasis. Compared to the controls, an increass of total
gangliosides in the lver homogenates of the cholestatic group
(P=0.001) was detected; further, it paralleled along with the
activation of their biosynthetic b-branch pathway (P<0.01).
These sffects were partially prevented by HMOX adivation.
Cholestasis was accompanied by a redistribution of GM1
ganglioside from the cytoplasm to the sinusoids; while HMOX
activation led to the retention of GM1 in the cytoplasm
{P=0.014). Dur study shows that estrogen-induced cholestasis is
followed by changes in the synthesis andfor distribution of GSL
These changes are not only triggered by the detergent power of
accumulated TBA, but also by their pro-cxidant action. Increases
in the antioxidant defenses might represent an important
supportive therapeutic measure for patients with cholestatic liver
diseasa.
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Introduction

Estrogen-induced cholestasis is a pathological
condition characterized by impaired bile flow and the
accummlation of bile arids in the plasma of susceptible
women, eiher after estrogen adoumstration or m
preguancy (Vore 1987). Accumulated bile acids in the
plazma and the livers of cholestatic individunals can canse
liver mmjury thromgh mechamisms meluding exidative
stress and stroctural andor fumctional damage of the
hepatocyte membrane, due to the detergent properties of
bile acids (Eullak-Ublick and Meier 2000, Sokel er al
2001, Roma ef al. 2008, Fuentes-Broto er al. 2009).

Heme oxygenase (HMOX) 13 a rate-limitmg
enzyme in heme catabolism, which has antioxidative,
anti-inflammatory, and cytoprotective properties. The
beneficial effects of HMOX are mainly produced through
its bacactive products — biliubin and carbon monoxide
(CO) (Vitek and Schwertner 2007, Muchova et al. 2011).
CO 13 an mportant signaling meleculs involved m bile
secretion, as well as bile canaliculi confractility and liver
perfusion; while bilirubin acts as a strong amfioxadant,
and can protect the liver direetly against the cxidative
stress triggered by bile acids (Reyes and Simeon 1993,
Muchova eral 2011).

Gangliosides are glycosphmgolipids (GSL),
assembled from a lipophilic ceramude porfion and
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structurally waniable hydrophilic eligosacchande portion
confaining  N-acetylneuraminie acid. Twe mam
biosynthetic pathways of the gangliosides have been
described m mammalian cells: 1] a-pathway comprising
GM3, GM2, GMI, and GDla gangliosides; and 2] b-
pathway with GD3, GD2, GD1b, and GT1b gangliosides
(Kolter ar al. 2002).

Ganghosides, as well as other GSL, are highly
concenfrated i the outer layer of the plasmatic
membrane. Furthermore, gangliosides, thanks to their
umque physical and chemical properties, are considered
crucial molecules respomsible for the ngdity of cell
membranes (Pascher 1976, Harns ef al. 1978, Pascher et
al. 1992, as well as contributing to the protection against
oxidative stress (Gavella er ol 2010).

More than 30 years ago, a decreased fluidity of
the liver plazsma membrane was observed in cholestasis
that had been induced by ethinylestradiol (EE) (Balistreri
et gl 1981, Smith and Gordon 1988); however, the
posstble consequences, resulting from the decreased
fludity of the cholestatic membrane, an mmerease m b-
pathway ganghosides, and the redistmbution of GMI1
ganglioside from the cytoplasm to the smusedal
membrane of hepatocytes have only recently been
deseribed, m 2007 (Jukovska et al. 2007, Majer et al.
2007). This supports the hypothesis that not cmly the
mereased synthesis of ganghosides, but also thewr
redistribution in a situation of lmuted biosynthesis, may
serve as a protectve mechamism agamst the strong
detergent effects of the bile acids aceummlated during
cholestasis.

The amm of the present study was to assess the
potential rele of HMOX on GSL redismmbution and
composition within hepatoeytes in the rat modsl of
ethinylestradiol-induced cholestasis.

Materials and Methods

Chemicals

Paraformaldehyde, cholera foxm  B-subumit
biotin-labeled (ChT-B-biotin), streptasvidin-peroxidase
polymer, albumin, biotin, 17a-sthinylestradicl, hemin, -
acetylmsuraminie zcid, ammoniom acetate, PAP pen for
immunostaining, monosialoganghioside GM1  from
bovine brain, 1,2-propanediol, diaminchenzidine (DAB)-
tetrahydrochloride tablets, and FMAlater were all
supplisd by Sigma Aldrich (5t. Louis, MO, USA); avidin
and W N-dimethylformamide were obtained from Fluka
(Buchs, Switzerland); the DEAE Sephadex was supplied

by GE Healthcare (Little Chalfont, UK). High
Performance Silica Flates, resorcinol, and silica gel 60
came from Merck (Dammstadt, Germany); the Faramount
Mountmg Medmm was received from Dako (Glostup,
Denmark); the Tetal ENA Purification Kit was from
MWorgen Biotsk Corporation (Thorold, Canada); the High
Capacity ¢DNA Reverse Transcription Kit and TagMan
Gene Expression Master Mix were from Appled
Biosystems (Foster City, USA). All other chemicals wera
purchased from Penta (Prague, Czech Republic).

Experimental animals

Female Wistar rats wers obtained from Anlab
(Prague, Czech Eepublic), and housed under a controlled
temperature and with a natural light-dark cyele. The
animals had free access to water and food throughout the
sxperiment. They were forced to fast overmight befors the
sxperiment.

Cholestasis was induced by subcutaneous
injections of EE (5 mgkg) diluted in 1,2-propanedicl,
and apphied daily for 18 days (E group). The control
groups (C) only received the 1 2-propanedicl. Activation
of HMOX]1 (aF group) was achieved by miraperitoneal
admmistration of heme (15 umolkg in 4 doses on days 0,
5, 10, and 15). The heme was disselved m 0.1 M NaOH,
stabilized by albumin solution (1.5 mmol/] heme: 0.15
mmol1 BSA), and then adjusted by 0.1 M HCI to a final
pH of 74. The mmimum number of animals per group
wasn=6.

After intrapmscular anesthesia with ketamine
(90 mzkg) and xylazine (10 mgkg), the animals were
sacrificed, and blood was then obfained from the inferior
vena cava for biochemical amalyses. Thewr livers were
weighed and then mmediately processed for
histochemical analysis, isolation of gangliosides and
BMA, as well as the determination of HMOX activity.

All aspects of the study met all of the accepted
criteria for the experimental use of laboratory amimals; all
protocols were approved by the Ammal Research
Committee of the First Faculty of Medicine, Charles
University in Prague, Prague, Czech Republic.

Determination qf serum markers of liver imjury and
HMOX activity

The following serum markers of cholestasis and
hepatocellular injury were evaluated: total bile acids
(TBA), total bilirubin (Bili-T); the activities of alkalina
phosphatase (ALF), aspartate aminotransferase (AST),
and alanmine aminotransferase (ALT). TBA levels were
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determined spectrophotometrically using a Bile Acids kit
(Trinity Biotech, Jamestown, NY, USA), all of the other
markers were determined on an automatic amalyzer
(Modular analyzer, Roche Diagnostics GmbH,
Mannheim, Germany). HMOZX actrvity was measured by
gas chromatography, as previously described (Vreman
and Stevenson 1988, 2001), and caleulated as pmol
CO/h/mg fresh weight.

Peroxyl radical scavenging capacity

The peroxyl radical scavenging capacity of the
rat serum was detected fluorometrically as the proportion
of chain-breaking anticxidant consumption present in the
serum, relative to that of Trolox (a reference and
calibration antioxidant compound), as previously
described (Tuliano et al. 2000).

Analysiz of liver gangliosides

The  chloroform-methanel  extraction  of
glycolipids from the liver tissne was performed according
to Ledeen ef al (1973), with mimor modifications by
Ueno et al. (1978). The extract was purified a silica
gel column, again followmg the method of Leaden er al.
{1973). An additional punification of the samples nsing a
Folch parfihon (Folch er al. 1957) was necessary for the
removal of heme in the aE samples. This substance has a
similar mobility in thin layer chromatography (TLC) as
gangliosides, and might interfere with the densitometric
measurement. Part of the extract was used for the
determination of the total malic acid (total gangliosides)
by the photometric method with resorcmol reagent
(Svennerholm 1957, Takki-Luukkainen and Miettinen
19597, the other part was used for TLC quantification of
the content of the major gangliosides. GMI1 ganglieside,
with a known concentration, was applied onto each
HPTLC plate in order to comect for any differences
caused by the mtensity of spraymmg with the resorcinol
HCl » t. The densit
avaluated wmsing CAT:3
Swiitzerland).

fric measurement was

software  (CAMAG,

Determination of glvcosyltransferases expression

Total lrver EINA was isolated from samples
stored in EMNAlater tissue storage reagent (Sigma Aldnch,
5t Lowms, USA) usmg a Total RNA Punfication kit
(Morgen Biotek Corporation, Canada); and <DINA was
generated wmsing a High Capacity c¢DNA Reverse
Transeription kit (Applied Biosystems, Foster City,
USA) Real-trme PCR was performed with a TagMan®

Gene Expression Assay Kit (Applhed Biosystems, Foster
City, USA) for salyltransferase II  (SedSial,
Bn00563093_m]) and galactesyliransferase I (B4Galel,
En014173%9_m]). Data were normalized fo B-actm
(Aecth, Fn00667869_ml) and expressed as fold change
from the control levels.

Histochemical detection af GMI gangliozide in rat liver
Microscopic distnbution of GM1 ganglioside
(the representative of GSL) was studied in the liver tissue
sections by histochemical detections, based on the strong
bindmg of the cholera toxm B-subumnit to GMI1. Blocks of
liver fissue were collectad from each animal, frozen, and
cryostat sections (6§ pm thick) were prepared from all
blocks. Each animal was represented by six sections.
Before histochemical detection, the slides with
sections were fixed with anhydrous acetone and 4 %
formaldehyde, as described by Patr er al. (2010). GM1
zangheside was detected by a histochemical reaction with
ChT-B-biotin (dilated 1:300 m PBS with 3 % BSA),
followed by inecubation with streptavidin-peroxidase
polymer, dilated 1:400 in PBS. Peroxidase activity was
visualized using diaminobenzidine tetrahydrochloride.

Image analysiz of the liver sections

Selected areas from each slide  were
photographed with an objective magmification of 40X
(WA=500). Photographs were taken wunder constant
conditions. The entire area was systematically mspected,
and every sixth to seventh sereen was photographed using
the stratified random sampling method (Hamilton 1995).
Lumens of large vessels and artificially damaged areas
were excluded from the analysis. The =mmusoidal
membrane of hepatocytes (sin) and adjacent areas of the
cytoplasm (eyt) were traced and subsequently measured.
The optical density of the GMI1 reaction product was
deternuned using a computer lmage analvss program
ACC 6.0 (SOFO, Czach Republic).

Statistical analysis

Normally distnbuted data are presented as the
mean = 5D, and were analyzed using Stodent's t-test;
skewed data are expressed as the median and 95 % CI,
and were analyzed by the Mann-Whitney Rank Sum test.
Emiskal Wallis ANOVA with post hoc analysis was used
for multiple comparisens. Differences with P=0.05 ware
considered statistically significant. The analyses were
performed using STATISTICA CZ software, v. 10.

154



362 perecal

Results

HMOX activation increases serum anfioxidant capacity
af cholestatic animals
As expected, EE exposure resulted in sigmficant

P=0.005), TBA (55£53 ws 1152+713 pmell,
P=0.005), and ALP (1.820.4 vs. 3.2=0.9 pkat/l, P=0.008),
compared to the comespondmg controls. Administration
of heme, a specific inducer of HMOX], substantially
mcreased liver HMOX actmity m the EE-treated group
(261.2£129.1 ws=. 4349:1437 pmel COh/mz FW,
P=0.031).

Te investigate whether HMOX induction can
mcrease the total antiomidant status of experimental
ammals, we measured the serum anfioxidant capacity of
cholestatic rats exposed to heme. Indeed, the heme
administration mereased the peroxyl radical scavenging
capacity of the sera of EE-treated animals by 68 %
(EF=0.016, Fiz. 1).

= F=0016 T
an
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1

Antioxidant capacity
[ag timeistandare]
i

E aE

Fig. 1. The effect of HMOY induction on ssrum antioxidant
capacity of estrogen-exposed animals. Data are expressed as a
ratio between the lag time of the serum to that of the standard
{Trolox), presented as median, 25-75 % (boxes) and 5-85 %
whiskers). E, estrogen-exposed animals; akE, estrogen-exposed
animals treated with heme

HMOX acrivarion prevemts an increase aof roral
ganglioside content in the chelestatic liver

Total liver ganghosides (measured as total sialic
acid content) were significantly elevated in the cholastatic
samples, compared to control group C [40.3 (274-49.9)
vz 170 (8.9-26.5) mmel'z, P=0.001]. A much smaller
and non-significant merease m the total liver ganglioside
content has been observed im the cholestatic samplss
treated with heme [17.0 (89-26.5) vs. 31.9 (16.9-36.8)
nmaol'z, P=0.05] (Fig. 2.
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Fig. 2. The affect of HMOX induction on total liver gangliosides
of cholestatic animals. Liver comtemt of total gangliosides,
expressed as median, 25-75 % (boxes) and 5-95 % (whishkers).
C, control animals; E, estrogen-exposed animals; aE, estrogen-
exposed animals treated with hems

Activation af b-rerminal branch of ganglioside synthesis
in cholestasis is prevented by HWOX

In this set of experiments, we measured changes
in the concentration of mdividuzl liver gangliosides after
induction of cholestasis and HMOX activation.

Wo changes i the concentration of gangliosides
of the a-biosynthetic pathway (GM1 and GDla) were
observed. However, a sipnificant activation of the
terminal part of the b-branch gangliosides (reprezented by
a two-fold mcrease of GDI1b and GTIb, P=0.005 and
P=0.001, respectively) was detected m the cholestatic
amimals. Interestingly, this activation was partially
preventad by HMOX activation, only when mild
inereases in GD1b and GT1b were observed (Fig. 3).

To determine the rates of activation of the a- and
b-branch of ganghoside biosynthetic pathwavs, we
studiad the relative expressions of galactosyltransferase IT
(mspecifie  GMl-synthase) and =alyltransferaze 1T
(specific GD3-synthase) m liver homogenates. Compared
to controls, no mgmficant changes were obsearved in the
expression of GM1l-synthase in the livers of cholestatic
animals (98+27% and 113+43% m E and aFE,
respectively, P=0.05). On the other hand, the expression
of GD3-synthase, showmg an activation of the b-
biosynthetic branch, was markedly increased i the
cholestatic samples (230+77 % of controls, P=0.04) Thisz
increase was not as pronounced when HMOX had been
actrvated i the cholestatic anmmals (inereased omly to
186=84 %, P=0.05) (Fig. 3).
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Fig. 3. Induction of ganglioside biosynthesis in cholestatic hepatocytes. Relative liver content of individual gangliosides of a- and b-

bicsynthetic pathways, and relative expressions of key enzymes in ganglioside synthesis. ND, not detected; LacCer, lactosylceramide
{precursor of ganglioside synthesis); C. control animals; E, estrogen-exposed animals; aE, estrogen-expossd animals treated with heme

abranch

HMOX mduction gffects the GMI disrriburion in the  caleculated, mdicatmg the relative distribution of

cholestatic hepatocyie

To stmdy the changes in the distibution of
glycolipids within the liver cell after cholestatic liver
mjury and HMOX activation, we measured the
histechemical localization of GMI1 ganghoside (the
representative of GSL) in the liver sections.

When compared to the controls, cholestasis was
accompanied by a2 substantial shift of GM1 ganglioside
from the cytoplasm to the simmsecidal membrane Pre-
treatment with heme completely abolished this effect;
GM]1 staiming increased m the cytoplasm, but was
substantially reduced in membranes (Fig. 4).

This observation was quantified by the image
analysis of GM] i the subsinusoidal compartment of the
cytoplazm (cyt) and the smusoidal membranes (sin) of
hepatocytes. Based on this analysis, the sin‘eyt ratio was

glycolipids within the liver cell. The results clearly show
the shift of GMI1 ganglioside from the cytoplasm to
membranes m chelestatic samples (zm'eyt ratio
1.51+0.19 vs. 1.71=0.10, P=0.65); while the shift was
reversed by HMOX induction (sinfeyt ratio 1.71+0.10 ws.
1.31+0.04, P=0.014) (Fiz. 5).

Discussion

The present study shows that in estrogen-
induced cholestasis, 1t is not cnly the detergent properties,
but also the pro-oxidant properties of the accumulated
bile acids that are responsible for increased synthesis and
membrane distnbution of ganghosides. If the
anfioxidative response 15 augmented, the cholestatic
pattern of the liver ganghosides is partially reversed.
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Fig. 4. The effect of HMOX1 induction on GM1 localization in the
cholestatic liver. GM1 in the liver sections was detected using
ChT-B-biotin with streptavidin-peroxidase polymer, and visualized
apparent shift of GM1 positivity from sinusoidal and canalicular
membrane (amowheads) in comtrol group (C) to sinusoidal
membrane, only in the cholestatic group (E); or to the cytoplasm
in the cholestatic group with activeted HMOX1 (aE) can be
observed. Bar = 100 pm. C, control animals; E. estrogen-exposed
animals; aE, estrogen-exposed animals treated with heme

Te mvestigate whether omdative stress,
mereased by accumulated bile acids m estrogen-mduced
cholestasis is responsible for changes in hiver ganghoside
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Fig. 5. The effect of HMOX1 induction on redistribution of GW

ganglioside within the liver calls. Image analysis of the intensity
of GM1 staining in the subsinusoidal compartment of cytoplasm
{cyt) and sinusoidal membranes (sin) of hepatocytes, expressed
as sindcyt ratio. C, control animals; E, estrogen-expossd animals;
ak, estrogen-exposed animals treasted with hame

metabolism, we used an expermmental model with
activation of the amticxidant enzyme HMOX. Wa found
that administration of the HMOX substrate, heme, to EE-
treated animals leads to a significant ncrease in the
serum antioxidant capacity. As we have recently shown
(Zelenka st al. 2012}, activation of HMOX is associated,
via formation of iz bicactive produocts, with stromg
cytoprotective and anticxidant actions, counteracting the
pro-oxidative effect of accummlated bile acids m
cholestasis (Muchova et al 2011).

In agreement with data published sarlier by our
group (Majer er al 2007), we observed an increase m
zanghoside synthesis (measured as sialic acid content)
and the activation of b-branch ganglioside biosynthesis in
cholestatic livers. Gangliosides, due to their physical
chemical properties, protect cells against harmful
extrinsic factors by forming detergent-resistant and rizid
domams in the outer leaflet of the plasma membrans
(Eanfer and Hakomori 1983, Hakomori 2003). Thus, the
increase m total ganghioside content, and particularly the
b-series of gangliosides (contammg more sialic acid
molecules) in cholestatic animals might be a logical
response to this inmlt Interestingly, antagoniring the
pro-oxidative actions of bile acids by HMOX activation
in cholestabie ammals tended to reverse this inerease
towards wvalues closer to those of the confrols.
Considering reports emphasizing the antioxidant
properties of ganglhosides (Aviova ef al. 1998, Gavella er
al. 2007), and the effect of GMI] ganglicside om
membrane fludity m primary rat hepatocytes (Sergent et
al. 2005), we speculate that oxidative stress might be an
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important factor m regulating ganghoside bosynthesis
and membrane stabilization during estrogen-mduced
cholestasis.

Cholestasis 15 not omly characterized by an
increase i ganglioside biosynthesis, but also by ther
shift from the eytoplasm to the plasma membrane
(Tnkovska er al 2007). In aceord with this data, we
observed the highest membrane GM1 ganghoside content
in cholestatic livers. On the other hand, in estrogen-
treated animals with HMOX induction, gangliosides did
not follow the chelestatic pattern, and a significant drop
m membrans ganglioside content was obsarved.

There are some limitations of cur study. First,
we can culy speculate on the role of GSL redistribution
within the membrane of hepatocyte. GSL are part of
dynamic membrane rafts having not only protective
properties against detergent effects of bile acids but alse
important signaling functions. This topic needs to be
addressed in fiture studies. Secondly, to clarify the exact
role of HMOX on G5L metabolism, further siudies with
HMOX knock-out animals should be performed.

We conclude that estrogen-induced cholestasis is
followad by changes in the synthesis and/or distribution
of ganghosides within the hepatocyte. These changes are
not only triggered by the detergent properties of highly
concentrated bile acids, but alse by cxidative stress, and
thus might represent a gemeral mechamsm of
hepatoprotection. Therefore, enhancement of the
antioxidative defense mechanizms by HMOX mduction
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Abstract

High plasma concentrations of bile acids (BA) and bilirubin are hallmarks of cholestasis. BA are implicated in the pathogenesiz of
cholestatic liver damage through mechanizms involving oxidative stress, whereas bilirubin is a strong antioxidant. We evaluated the
roles of bilirubin and BA on mediating mxidative stress in rats following bile duct ligation (BDL). Adult fernale Wistar and Gunn rats
intraperitoneally anaesthetzed with ketamine and xylazine underwent BOL or sham operation. Cholestatic markers, antiokidant capac-
ity, lipid peroxddation and heme maygenase (HO) activity were determined in plazma and/or liver tissue 5 days after surgery. HepG2-ritcp
cells were used far i witro experiments. Plasma bilirubin levels in control and BOL animals positively correlated with plasma antioxi-
dant capacity. Peroxyl radical seavenging capacity was significantly higher in the plaema of BOL Wistar rats (210 £ 12%, P < 0.0001)
compared to controls, but not in the liver tissues. Furthermaore after BOL, lipid peroxidation in the livers increased (179 = 37%,
P < 0.01), whereas liver HO activity significantly decreased to §1% of control levels (P - 0.004). Addition of taurochaolic acid (TCA,
=50 pmoll) to liver homogenates increased lipid peraxidation (P < 0.01) in Wistar, but not in Gunn rats or after the addition of bilirubin.
In HepG2-+Mtcp cells, TCA decreased both HO activity and intracellular bilirubin levels. We conclude that even though plasma bilirubin
is a marker of cholestasis and hepatocyte dysfunction, it is also an endogenous antioxidant, which may counteract the pro-oxidative
effects of BA in circulation. However, in an animal model of obstructive cholestasis, we found that BA compromise imtracellular bilirubin
levels making hepatocytes more susceptible to oxidative damage.

Keywords: turocholic acid = heme meygenase = carbon monoxide = lipid percaddation

Introduction

Obstructive cholkstasis, characterized by a failure to secrete bile
into: the bile duct and intesting, results in the aceumulation of bile
acids (BA) and bilirubin in circulation. Elevated activities of
cholestatic enzymes and plasma levels of bilirubin and BA are
used as laboratory markers of cholestasis.
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The accumulation of BA inside hepatocytes is the major
cause of cholestatic liver damage [1], including structural and
functional injuries of hepatocyte membranes [2], cell death [3]
and activation of inflammatory and fibrogenic signalling path-
ways [4]. Several studies have suggested an impartant role of
increased oxidative stress in the pathogenssis of cholestatic
injury [5, B]. Accumnulated BA within hepatocytes impair
mitochondrial respiration and elactron transport and stimulate
the generation of reactive oxygen species (ROS) in hepatic
mitochondria [7]. Accordingly, mitochondrial free radicals may
then modify nucleic acids, proteine and lipids. In fact, an
increase in lipid perowidative products has been obsarved in
cholestatic livers [B].
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The liver possesses a complex defence systern including
anticeddant enzymes and substrates to contral the formation of
ROS and repair oxidative damage [9]. Bilirubin, a preduct of heme
catabolism, is a potent antioxidant substance both i witro [10]
and i wvo [11]. fn witro studies with liposomes have shown that
both unconjugated (UCB) and conjugated bilirubin {CB) are pro-
tective against lipid peraxidation, surpassing that of e tocopheral,
an important lipid-soluble antioddant [10]. Antioxidant properties
of bilirubin were further confirmed by a number of animal and clin-
ical studies demonatrating the protective effects of bilirubin on the
development of atherceclercsie [12-14], cancer [15, 16] and
other oxidative stress-mediated diseases [17].

The objective of this study was to address the seemingly dichoto-
mous effects of high levels of the amtcidant bilirubin and the
pro-cecidant BA in obstructive cholestasie using an animal model.

Materials and methods

Animals

Famda'Wistar rats obtained from Anlab (Prague, Czech Republic) and hyper-
Slirubinemic Guon rats (RHAjj, in-houss colomy from 1st Faculy of
Medicina, Charke University in Pragus) with a conganital deficiancy of bilin-
bin uriding §'-diphaspha (U DP)-gucuronceytiransfarass, both weighing from
200 to 280 g, wers provided water and food ad fibftur. All aspects of the ani-
mal studiss met the acesptad critaia for the care and egparimental ues of lab-
oratory animale, and &l protocols wene approved by the Animal Rassarch
Comrnittess of the 1at Faculty of Medicine, Charles University in Praguea.

Reagenis

L-Aacorbic acid, 26-di-tart-butyl-d-methylphanol (BHT). bowine sarum
albumin (BSA) 98%, UCB, chloroform fhigh-performancs liquid chro-
matograptry [HPLC] grade), hemin, nicotinamide aderine dinuclaotida
pheephate (NADPH). sulfosalicylic acd, taurocholic acid (TGA) and ethy-
erediaminetetraacstic acid (EDTA) ware purchasad from Sigma-Aldrich (8t
Lowe, WO, USA). All other chamicals wers of analytical grade purchassd
from Pertta (Prague, Czech Republic). UGE was purifisd and recrystallized
aceording to Meloragh and Assisi [18]. Purified UGB was dissobved in
0.1 M MaOH and immadiately neutralized with phosphoric acid. The mixturs
waa subssquantly diluted with BSA solution to reach a final conesniration
of 480 uM UGE and 500 M BSA in phosphate buffer (25 mb, pH 7.00.

Bile duct ligation (BDL)

Rats wars anassthetized with ketaming (90 mg'lka) and mdazine (10 mgdka)
intrapsritonzally, and biliary trees wars axpossd through midline abdomi-
ral incisions. Memeurgical ligation of bils ducte and ressctiona of extra-
hepatic biliary tracts wam parformed as previously describad @ = 7 in
each group) [19]. Sharn-oparated {SH) rats underwent the same procadurs
without bils duct ressetion and ligation {n = & in sach group).

€ 2041 The Authors
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Tissue preparation

After 5 days, all animals wera kiled and blood (5 ml) was collected from
superior vena eava, transfarrsd to tubse containing EDTA, mixed, and
placad on ice. An aliquot was centrifuged to ssparate plasma. Livers wera
then harvested, thoroughly washed with 10 ml heparinized zaline, and
ninesd in ica-cold reaction buffer (0.0 M phosphats budfer, pH 7.4). For
RNA anayeis, 100 mg of tesus was immediatsly placed in 1.5 ml
microfuge tubss containing RMAlater (Qiagan, Valencia, CA, USA). Tubes
warg storsd at —20FC until tokal RNA jaolation.

Far HO activity, HO-1 protein, and lipid peroxidation maasuremants,
100150 myg tissue was diuted 1:9 (by weight) in reaction buffer, diced,
and sonicated with an ultrasonic el deruptor (Medsl L2000, Misonics,
Farmningdala, NY, USA). Sonicates ware kapt on ies and assayed for HO
activity or lipid panowidation within 1 hr or frozen in liquid nitrogen and
atored at —B0°C until analysia of HO-1 protain.

Far liver carhon moncede (GO) measummeants, 150-200 mg tissus
was diluted 1:4 in reaction buffer and then sonicated as describad abow.

For malondialdehyda (MDA) and 4-hydrocyalkanal anabysis, 200 my of
tiseue was placsd in the Eppandorf tube cortaining 01 M PES, pH 7.4 with
1% BHT, diced and sonicaed. Sonicates wars stored 6t —B0FC until anabysis.

Markers of cholestasis

Plasma biochemical merkers (alkaline phosphatass [ALP], albumin)
wera detsrminad in an automatic analyssr (Hitachi, Modal 717, Tokyo,
Japan), using standard aseeys. Total plasma BA levale were determained
spactrophotometrically using a Bils Acida kit (Trinity Bistsch, Jamestoen,
NY, UBAY.

Liver histology

For higtological sxamination, left lateral lobss of livers were fixed
awvarnight in 10% buffared formalin (pH 7.4) &t 4°C followsd Yy & stan-
dard procadurs for paraffin ambsdding. Serial ssctions (6 pm thick) wera
cut and stainad with hasmatooylin and scein, Shikata's orcain method, or
elastic-van Gisgon stain, Each elide was viewsd using standard light
microacopy.

Peroxyl radical scavenging capacity

Parceyl radical scavenging capacty was measurad fluorematrically as a
propartian of chain-breaking antioxidart eonsumption present in a biologic
=ample (plazma, liver homogenats) mlative to that of Trolo: (o refersnce
and calibration anticeidant compound) as previously deecribad [20).

Bilirubin determination

Plasma and liver GB and UCE levels wers determined using an HPLC
mathed as presiously described [21). Briefly, pigments wame sxdracted into
chloroform-hexans and subssquently dalipidated by sscond axtraction into
a miruta wolums of alkaline aquaous solution. The reeulting droplet wae
snparated on HPLG.
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Heme oxygenase (HO) activity

Twenty raicrofites of 10% liver sonicats (2 mg fresh weight [FWV]) was
incubated for 15 min. at 37°C in CO-fres ssptum-ssaled wials conteining
20 pl of 150 wM methemalbumin and 20 ! of 4.5 mM NADPH as presi-
ously dazcribed [22]. Blank reaction visk cortained 0.1 M phosphate
buffar, pH 7.4, in place of NADPH. Reactions wers terminated by adding
5wl of 307 (w'v) sulfosalicylic acid. The amount of GO gensrated by the
reaction and raleassd into the vial headepacs was quantitated by gas chro-
matography (GG) with a mduction gas analyssr (Trace Analytical, Manlo
Park, CA, UBA). HO activity was calculated as procl CO/hr'mg PW.

Real-time RT-PCR

Total liver RMA was isolatad using phanol : chlomoform extraction and
cDINA was gensrated using random hemmer primars and Molonay Murine
Leukermnia Wirus (M-MLV) revarss transcriptass (Promaga, Madison, W,
UUBA). Realtima PCR waa performed with TagMan™ Gana Expression
Basay Kt for HO-1 (Applare, Alameda, GA, USA). Datawars normalized to
alyearaldahyda 2-phosphate dahydrogenass and hypomnthing phosphori-
hoayl transfarass levelz, and then expreessd as fold changa from eontral,

Wesiern blots

Ona hundrad migrograme of lver eoni cxies were miboed with squal valuma of
lcading buffier. Gamples ware separated on 12% polyacrylamide gel and then
transtarmed o polyvimdidens difuoride membranes (Millipors, Bedford, KA,
LIBA). Aftar blocking in Twean-PBE with 5% milk for at lsast 1 hr, membranss
wars incubated with HO-1 antibody (1:6885; Streaagan, Vidaria, BC, USA), or
Fractin (1:2000; Sigma-Aldrich) for 1 hr. After washing, mambranes wers
incubated with art-mouss IgG-HRP (1:2000; Gigma-Aldrch) for 30 min,
Aftar washing, immunocompleoss on the membmanss wers visalized with
ECL Western Bloting Detection Feagerts (Amarsham Biceciences,
Buckinghamehim, LK), HO-1 protein bands ware quantified by denaitomstry,
niormaized to B-aetin, and then axpresssd as fold changs from coritral.

Liver tissue CO

Forty micmlitres of liver sonicate was added to CO-fres, ssptum-ssalsd
vials containing 5 pl of 80% (wiv) suffosalicylic acid. Aftar 30 min. ineu-
hation on ica, GO released into the viel headspacs was quantitated by GO
as praviously describad [23].

Carbonylhaemoglobin (COHD) determination

Total hasrmoglobin was sstimated to s 15 gidl for all the animals. GOHb
was measured by G2 as previously described [24] and expeasad as par-
cantage of total hasmaoglabin,

Lipid peroxidation

Twenty microlitras of liver sonicats was incubated for 30 min. at 37°0 with
100 M ascorbats (80 ) and & pM R (05 wl). BHT (100 M) was
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addad for ths Slank reaction. GO producsd imto vial was quantitated by GG
az previously described [25]. The amount of GO produced sanes a2 an
inde:x of lipid parceddation and was sxpresssd as pmal COMnimy PW. Total
amourts of lipid peroddation andimdum. MDA and 4-hydroyalkenals
wers determined using Biowytech™ LPO-588 Aseay (Cwis Imtemational,
Bervarly Hilla, CA, LS4).

Cell culture

The human hspatoblastoma call line {HepG2) {purchassd from Ame dcan
Typa Culture Collection, Manassas, VA, USA) and HepG2 call line stably
trangfected with Mtep traneporter (HepG2-rhitep), kindly provided by
Professor Ulich Beusrs {University of Munich, Garmany; currantly
Univarsity of Amsterdam, Metherlands), ware cultured as describad
previously [26]. Cellz wers grown on 10 emn Patri dizhes (Orangs
Sciantifie, Braine-'Alleud, Balgium), incubated with TCA for 24 hre for
HO activity and intracallular bilinubin or 4 hre for mANA detarmination.
Aftar incubation, cells wene quickly washed three times with 10 ml PBS,
harvestad, eentrifuged and pellet was dispareed in 300 pl of 0.1 M
phoaphats buffer, pH 7.4, For mRNA detarmination, o=l pallets wara
enap frozen in liquid nitrogen and stored at —80°C until analyeiz. An
aliquot of tha eell sonicats was vssd for protein determination (Bio-Rad
DG protein assay, Hercules, GA, LUSA),

Statistical analyses

Normally distributed data are prasamted as means = 8.0, and analysed by
Studant ttest. Non-normally distributad datassts are expressed as medi-
ans (25%75%) and analyssd by Mann-Whitney rank sum tast. The asso-
cation batwesn pasma bilirubin levals and antioxidart eapacity wes testad
uging Spsarman rank-order correation analysia. Diffsrences wers deamad
statisticlly significant when P = 0.05.

Results

Markers of cholestasis and liver histology

Significant increases in total BA and ALP were observed in all BOL
rate (Table 1). As expected, plazma bilirubin levels were signifi-
cantly elevated in Wistar rate after BDL. In Gunn rats, which are
deficient in bilirubin UDP-glucuronosyltransferase, plasma UCB
levels rerained wnchanged after BDL (Table 2), as expected
because most of the bilirubin does not enter the intestinal lumen
wia billary excretion, but mther wa direct diffusion across the
intastinal mucosa [27].

Histological analysis of liver specimens from BOL rats
revealed signs of impaired bile flow, such as large bile duct
obstruction with intralobular bilirubinostasis (predominantly in
perivenular localisation) and biliary interface activity with partal
tract oedema, swelling of periportal hepatocytes and marked duc-
tular proliferation with a disruption of the parenchymal limiting
plates, accompanied by polymorphonuclear infiltration. Bila plugs
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Table 1 Cholestalc markers and Iver and body welghts

J Cell Mol. Med. Vol 15 No 5, 2001

Wistar (SH) Wistar (BOL) Gunn (5H) Gumn (BOL)
(=16} =7 in=8) =1
Body welght (g) 255 (239-237) 218 [212-240) 253 (206-280) 220 (200-264)
Livar walght (g) 10.4 (8.8-11.0) 14,0 (13.6-14.8)* 11.0 {10.5-11.5) 120 (11.5-15.8°
TBA ol 145 (10.3-23.3) 526 (290-404)** 8.5 (B.0-12.8) 288 [248-416)"*
ALP {pukatfl 21 (1.82.3) 4.4 (4.2-4.6)* 0.9 (0.8-1.0) 51 (3958

Cholstatk: markars and ivar and body welghts In SH and BOL Wistar and Gunn rats § days aiter surgery. Cata ars pressnted a5 madian (25-75%),

*P = 005 *F - 0,001 compared 1o corrasponding SH qroup.
TBA: total plasma bl aclds, ALP: alkaling phosphatasa,

Table 2 Plasma and Ivar bilirubin

SH-plasma (pmolil) BOL-plasma (mol/ly SH-liver (nmolfg) BOL-ver (nmol/g)
in=8) =1 (n=18) =1
Wistar
TB 052 {0.16-0.37) 198.8 [17B4-195.5)** 2,85 (2.33-3.50) 40.7 (31.5-57.1)**
] ] 1814 [164.8-190.2)** 1.73 (1.18-2.39) 8.2 (30.1-54.8)**
UCE 032 {0.16-0.37) 8.67 (3.75-13.09)"* 1,07 (0.88-1.28) 2.08 (1.75-2.37)*
Gunn
UCB 137.8 (130.0-1454) 149.1 [1354-212.8) 45.2 (40.7-46.1) 24,5 (19.5-28.5)*

PEsma and liver pllirubin In 8H and BOL WISTar and Gunn rats 5 days artar surgary. DaEta are prosentad s madians (25-75%).

*P = 005, **F = 0.001, comparsd 1o cormasponding H group.

TE: total bilirubin, UCE: unconjugatad bllirubin, CB: conjugated Silirubin,

were present in a few cholangioles and bile infarcts were found in
periportal zones.

Bilirubin increases antioxidant capacity in
plasma, but not in liver homogenates of BDL rats

Peroxyl radical scavenging capacity was significantly higher in
BOL comparad to SH Wistar rats (210 = 13 and 100 = 30%,
respectively P . 0.001) (Fg. 1A). We suggest that this increase
could be attributed to elevated plasma bilirubin levels. In fact,
plasma anticxddant capacity correlated positively with plasma total
bilirubin levels (Spearman corralation cosfficient = 045 P =
0.027). Unlike in plasma, we did not find any differences in per-
oyl radical scavenging capacity in liver homogenates of BOL and
SH Wistar rate (113 = 17 and 100 = 17%, respectively, P = 0.21)
(Fig. 1A}

To further confirm our hypothesis, we investigated the effect of
bilirubin and that of TCA on peroxyl radical scavenging capacity in
normal rat plasma. Addition of bilirubin resulted in a dose-depend-
ent increase in peroxyl radical scavenging capacity, whereas no
effect was observed with TCA (Fig. 1B).

€ 2041 The Authors

Liver bilirubin levels are relatively decreased
compared to plasma in BDL animals

Markedly differant amtioxidant capacities of plasma and liver
homegenates of BOL Wistar rats prompted us to measure biliru-
bin concentrations in those two compartments. Compared to SH
rats, plasma bilirubin levels wera 806 imas higher in BOL Wistar
rats. Surprigingly, in liver gonicates, only a 15-fold incraase of
bilirubin was observed in BOL rats. In Gunn rat livers, we found a
significant decrease of 46% in the liver bilirubin levels in BOL rats
compared to SH rats, whereas no significant differences were
found in plagma (Table 2).

Bilirubin production is decreased and lipid
peroxidation is increased following BDL

To identify the possible underlying mechanizm for the relative lack
of bilirubin in cholestatic hepatocytes, we investigated the rate
of bilirubin production in the liver of Wistar rats. Activity of HO,
the rate-limiting enzyme of bilirubin synthetic pathway, was
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significanty decreased (54%) in the livers of BDL rats compared
to controls (199 = 38 versus 327 = 48 pmol COMrfmg PW, P =
0.003). Similarly, HO-1 mRNA expression and HO-1 protein were
alzo significantly down-regulated in BOL livers (Fig. 24).
Surprigingly, we found significant increases in liver tissus CO
and blood COHb levels of cholestatic rats comparad to those of
controls (7.9 = 2.4 wersus 4.0 = 1.1 pmol CO/mg PW and 0.36 =
0.04 wersus 018 = 0.02% total hasmoglobin, respectively, P <
0.05, Fig. 2B). Because lipid peroxidation represents another
source of CO i wwo [28], besides HO activity, we analysad the
potential for lipid peroxidation. Livers of BOL animals were more
susceptible to lipid peroxidation than control livers (85 = 18

1160

Congerdration u]

versus 47 = 17 pmol CO/'mg PW, respectively, P = 0.005). These
results were confirmed by direct measurements of liver MDA and
4-hydroxyalkenals, which were significantly higher in BOL
compared to 5H rats (122 = 15 and 89 = 3 Lmoly, respectively,
P = 0.004).

TCA increases lipid peroxidation in the liver
homogenates

To investigate the role of BA in lipid peroxidation, we analysad
the effect of increasing concentrations of TCA in normal Wistar
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Fig. 2 Bilinubin production and lipid peroxidation
following BDL in Wistar rats, Effect of TCA and
bilirubin on lipid peroxidation in Wistar and
Gunn rat liver homogenatss. (A) Activity and
epragzion of HD in liver tiszus of sham-opsar-
ated and BOL Wistar rate. Denaitoretric values
of HO-1 protsin wem normalized to B-actin and
al data are exprasesd az parcentage of controls.
“P = 0.05. (B) CO in liver tis=ue and in tha blood
(COHY), lipid paroxidation and 4-hydroxyalke-
nales of cholastatic Wistar rats compared to con-
trol animale. Data are expreessd &g parcantags
of controle, *F = 005, (G} TCA was addad to
normal liver homogenates of Wistar and Gunn
rate or Wistar rat livar homo genates with 40 .M
hiliru4in in eoncentrations of 0, 10, 50, 100 and
500 M and lipid paroxidation was measurad.
“P < 0,05,
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Fig. 3 Effect of TCA on HO activity and intracal-
lular bilirubin i witme, (A) HapG2 and HepG2-
rhitep ealle (stably ransfected with Mtcp trans-
portar) wers incubated for 24 hre with 50 oM
TCA, 30 pM hame (HO-1 indusar) or so-ineu-
hatad with 500 M TGA and 30 M heme and HO i
activitywas debarmined . *F < 0,05 comparad to
controls, TP < 0,05 compared to hams-treatad

calla. (B) Imtracsllular bilirubin levals wears meas- B
ured in HepG2 and HepG2-rhtep cells 24 hra

after incubation with 50 uM TCA, “P = 0,05,

E
T
-g 020 9
-]
=
-
o - “1
LYy
)
-
L 1
2 040
g
i
000 +

rat and Gunn rat liver homogenates. TCA at concentrations of
50, 100 and 500 M significantly increased lipid perexidation in
Wistar rat liver homogenates. This effect was completely abal-
ished by addition of 40 .M UCB. In Gunn rats, TCA had no
effect on lipid peroxidation within mentioned concentration
range (Fig. 2C).
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TCA decreases intracellular bilirubin
in HepG2-ritep cells

Treatnent of HepG2 cells stably transfected with the Nicp
frangporter with 50 WM TCA resulted in a significant decrease in
HO activity (243 = 0.73 nmol CO'hrimg protein in controls
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wersus 1.50 = 0.11 nmol CO'hrimg protein in TCA-treated cells,
P = .01, Fig. 3A) and HO-1 mRNA (100% = 15% wersus
57% = 23%, P = 0u03). As expected, treatment with 30 uM
heme resulted in increase in HO activity though this effect was
significantly reduced by co-treatment with TCA. Treatment of
HepG2 cells (lacking Ntep transporter for conjugated BA) with
50 wM TCA resulted in milder decrease in HO activity compared to
HepG2-rMicp calls (1.56 = 0.34 nmol CO/hrfmg protein in con-
trols versus 1.22 = 019 nmol COMr/mg protein in TCA-treated
cells, P = 0.03) and no decrease in HO-1 mANA (100% = 10%

€ 2041 The Authors

rp.‘-:‘\_ )

J Celll Mol. Med Vol 15 No 5, 2011

Fig. 4 Proposad bilirubin metabolism in normal
(&) and cholestatic (B) rat liver. (&) Under nor-
mal conditions, UCGE entars hepatocyts wa car-
fiar medistad mechanism {though the frans-
porter imvolved still remaina to be idantfied)
[36, 47] or is produssd intracellulary by oxida-
tive degradation of hame. Intracsllular UCE
undergoas conjugation catalysed by bilirubin
U0 P-glucuronosyhraneferass (UGT141) and GB
iz aliminated imto bile wa Mrp2 transportar (B)
High eoncentrations of bile acide in choketatic
livar lower bilirubin concantration by (1) triggar-
'l ing wadative stress which lsads to bilirubin con-
sumption through biliverdin reductass {EVA)
wtalytic eyels [38] and wa bilimbin oxidetion
products (BOX) formation (reviewsd in [23]), (2)
doam-ragulation of HO resulting in lowar bilin-
bin production and {3 poesibly by altering the
eopraasion of the basolateral tranaportars [31].
CB entere systemic circulation across the
sinusnidal membrane possibly wa up-regulated
sinusoidal Mp2 transpoter.

versus B8% =+ 13%, P = 1). Interestingly, no decrease in HO
activity has been obsarved upon co-treatment with hema plus
TGA compared to heme-treated HepG2 cells.

Following treatment with 50 pM TCA, intracellular bilirubin
decreased 78% in HepG2rNtcp cells and only 42% decraase in
HepG2 cells cormpared to control (untreated) cells (Fig. 3B). The
decrease of intracallular bilirubin by 78% corrésponded to a 31%
decrease in HO activity in HepG2-rMtcp cells, suggesting that
intracellular bilirubin might be also influenced by other macha-
nigms (Fig. 4).
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Discussion

In this study, we demonstrated that bilirubin is not anly a marker
of cholestasis and hepatocyte dysfunction; but also, it is an
endogenous anticxidant, countsracting the pro-cxidative effects of
BA. In addition, we showed that BA lower intrahepatic biliubin lev-
alz and bilirubin production presumably through an interaction
betwean BA and bilirubin.

We found that BDL significantly increases the antioxidative
capacity of plasma. Because of the significant positive correlation
of plasma antimeddant capacity with bilirubin levels, it appears that
bilirubin is the major anticeddant factor. This is supported by the
finding that additions of UCB to normal rat plasma increased its
antimddative properties in dose-dependent fashion. These results
agree with the data of Granato et & [28] who demonstrated that
bilirubin effectively supprasses ROS generation in freshly isolated
hepatocytes.

However, a completely different circumstance may exist
within liver tissue. BOL did not increase the antioxidant capacity
in liver homogenates. We propose that this finding could, atleast
in part, be explained by the markedly different ing reasas of bilire-
bin lewels in plasma and liver compartrents. After BOL, plasma
levels of bilirubin increased more than G00-fold; whereas, in the
liver only a 15-fold increase was observed. Furthermors, consid-
ering the high plasma bilirubin levels, the contamination of the
liver with trace amounts of blood could arifactually actually
increase liver bilirubin levels. Therefars, liver tissue bilirubin
might be even lower in BOL animals compared to confrols.
Importantly, in Gunn rats, where BOL does not significantly
affect plasma bilirubin levels (due to bilirubin elimination across
the intestinal mucosa rather than the biliary tract), we obsened
a marked drop (54%) of liver biliubin in BOL animals. These
findings are of particular importance showing, for the first time,
that intracellular bilirubin is actually consumed during cholesta
sis and that plasma bilirubin concentrations do not necessarily
reflect tissue bilirubin metabolism.

To identify possible mechanisms responsible for this lowering
of liver bilirubin levels following BOL, we treated HepG2 and
HepG2-rNtep cells with TCA. We found, that TCA down-regulates
boith the expression and activity of HO (the key enzyme in biliru-
bin production) and this down-regulation is more pronounced in
cells expressing the Ntcp transporter. Accordingly, TCA lowerad
intracellular bilirubin levels. The markedly higher decrease in
intracellular bilirubin compared to that of HO activity suggests
that other mechanisms might also be involed. We have previ-
ously demonstrated an increased consumption of intracellular
bilirubin during oxidative stress [30]. These effects could,
together with BA-mediated alteration of bilirubin transport mech-
anisms [31], account for the relatively low hepatocyte bilirubin
levels (Fig. 4).

The present study shows that in obatructive cholestasis, high
concentrations of BA are responsible for increased lipid peroxida-
tion in the liver as measured by the accumulation of MDA and
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4-hydroxyalkenals, the products of lipid perocidation. Thess find-
ings agree with published data showing that MDA levels are
increased in the livers of BDL rats [32, 33]. We have also obsarved
increases in liver tissue CO and blood COHb in cholkstatic ant-
mals. Because HO activity and expression (the main souree of CO)
are decraased in the livers of BOL animals, our obearved eleva-
tions of CO concentration could be due to lipid peroxidation [235].
This is supported by our experiments where the addition of TCA to
normal liver homaogenates increased lipid peroxidation in a dose-
dependent manner. However, addition of 40 WM bilirubin to liver
homogenate completely abolished this effect. Additionally, no
increase in lipid peroxidation was observed following the addition
of TCA to liver hamaogenates from hyperbilirubinemic Gunn rats.
All these data further confirm the opposing roles of BA and bilin-
bin in the development of oxidative stress and support the hypoth-
eals that the highar BAbilirubin ratio in cholestatic lvers could
lead to an increased suscaptibility of the BOL livers to lipid perox-
idation. These absenvations support also our previous data, show
ing that treatment of mice with HO inducer, rosuvastatin, led to
simultaneous increase in heart HO activity and bilirubin contert,
but decrease in lipid peroxidation. Pre-treatment with a potent HO
inhibitor, tin mesoporphyrin, completzly abolished this effect [34].

There are several limitations of our study. We did not measure
total BA in cholestatic liver homogenatas, however, based on the
previous work by Naito et &, [35] we can assume that similar con-
centrations of BA exist both in plasma and the liver, Secondly, only
a short-tarm BDL wag performed in our study, thersfors, we can-
not speculate about the course of chronic cholestasis. To clarify
the exact role of HO expression in cholestasis, further studies with
HO-1 knockout animals should be performed.

We conclude that high concentrations of BA in cholestasis are
respongsible for increased lipid peroxidation in the liver. In con-
trast, bilirubin has an antmddative effect and is responsible for
increased anticxddant capacity of cholestatic plasma. However, in
the liver, BA maintain relatively low intracellular bilirubin levels.
Therefore, the increase in BAbilirubin ratio might be implicated
in the pathogenesis of oxidative stress-mediated cholestatic
liver injury.
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Changes in Liver Ganglioside Metabolism in Obstructive
Cholestasis — the Role of Oxidative Stress
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Abstract., Bile acids have been implicated in choles-
tatic liver damage, primarily due to their detergent
effect on membranes and induction of oxidative stress.
Gangliosides can counteract these harmful effects by
increasing the rigidity of the cvtoplasmic membrane,
Induction of haem oxvgenase (HAMOX) has been
shown to protect the liver from increased oxidative
stress. The aim of this study was to determine the
changes in the synthesis and distribution of Liver
gangliosides following bile duct ligation (BDL), and
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Abbreviations: aBDL — BDL with HMOX activation, aC - con-
trol with HMOX activation, ALP — alkaline phosphatase, ALT -
alanine sminotransferass, AST — asparmste aminotransferase,
B3GITIV - UDP-Gal:pGlcAc f 1.3-galactosylimansferase,
B4{alNTI — §-1,4-N-acetyl-galactosaminy] transferase 1, BA —
bile acids, BDL — bile duct lizaton, B5A — bovine semum albumin,
C - control, cAMP, cyclic adenosine monophosphate, COF — car-
bon monoxide, CTB — cholera toxin B-subnmit. EDTA — ethylens-
diamine tetraacetic acid, EE - 1Ta-ethiny] oestradiol, FW — fresh
weight, GalTl - UDP-Gal:fGlcHAC f 1 4-galactosyliransferase,
GlcT - UDP-ghacose ceramide glucosylransferase, GSL — gly-
cosphingolipids, EMOX — haem oxygenase, iIBDL — BDL with
HMOX inhibition, iC - control with HMOX inhibition, FBS -
phosphate-tufered saline, FA0S — reactive oxygen species, SobP
— tin-mesoporphyrin, S5T3GalV - 5T3 [-galactoside a@-23-
sialyltrancsferase 5, STESial- 5TE a-M-acetyl-neuraminids a-2, 8-
sislyltrancferase 1, TBA - total bile acids. GSL are sbhbrevisted
according to the recommendations of the ITPAC-TUB Commis-
sion on Biochemical Momenclamre (Chester, 1998}

to assess the effects of HMOX both on cholestatic
liver injury and ganglioside metabolism. Compared
to controls, BDL resulted in a significant increase in
total as well as complex gangliosides and mRNA ex-
pression of corresponding  glyeosyvltransferases
ST3GalV, STS8Sial and B3IGalTIV. A marked shift of
GM]1 ganglioside from the intracellular compart-
ment to the cyvtoplasmic membrane was observed
following BDL. Induction of oxidative stress by
HMOX inhibition resulted in a further increase of
these changes, while HMOX induction prevented
this effect. Compared to BDL alone, HMOX inhibi-
tion in combination with BDL significantly increased
the amount of bile infarcts, while HMOX activation
decreased ductular proliferation. We have demon-
strated that chelestasis is accompanied by significant
changes in the distribution and synthesis of liver
gangliosides, HMOX induction results in attennation
of the cholestatic pattern of liver gangliosides, while
HMOX inhibition leads to the opposite effect.

Introduction

Cholestasis 13 an impairment of bile secretion and/or
flow, followed by a lack of bile in the intestine and ac-
cumulation of potentially toxic bile acids (BA) in the
liver and systemic circulation (Paumgarmer, 2006). A
major conseguence of cholestasis is development of se-
wvere liver imjury due to rapid accumulation of BA within
the hepatocytes (Gujral et al., 2003). It is generally as-
sumed that the exposure of hepatocytes to high concen-
trations of potentially toxic BA is primanly responsible
for cholestatic liver injury (Perez and Bz, 2009). The
molecular mechanisms behind early liver mjury associ-
ated with cholestasis have been extensively studied, but
are still not well understoed (Woolbright and Jaeschke,
2012). BA act a3 an mflammation agent. directly activat-
ing the signalling pathways in hepatocytes that regulate
production of proinflammatery mediators (Allen et al.,
2011). Becent data support the hypothesis that cholestatic
liver injury may not occur through direct BA-induced
apoptosis, but may mamly mvolve mfammatory cell-
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mediated liver cell necrosis (Woolbnght and Jaeschke,
2012).

Equally, amphipathic BA could disrupt cell mem-
branes and cause structural and/er fimetional damage of
the hepatocyte membrane through their detergent action
on lipid components (Billington et al.. 1980). Another
mechanizsm for the development of cholestatic liver in-
Jury arses from ultrastructural changes such as altered
cell polanty, disruption of cell-to-cell junctions, cy-
toskeletal changes, and membrane fluidity (Trauner et
al., 1999).

More than 30 years ago, decreased fluidity of the cy-
toplasmic membrane in erythrocytes of patients with
mta.h;epatc cholestasis (Balistren et al, 1981), as well
as I the livers of mice with mtrahepaﬁc cholestasis
(Boelsterli et al, 1983), was described. Changes in the
membrane cholesterol and sphingomyelin contents were
at least partially responsible for these changes (Smuth
and Gordon, 1988).

It is known that cholesterol-(glyeo)sphingolipid (GSL)
complexes_ tightly packed in a Bguid ordered state (Wunro,
2003; Rajendran and Simons, 2003), called lipid rafts,
are needed to protect the membranes against the deter-
gent effect/action of BA (Guyot and Stieger, 2011).

Ganghiosides, forming a major part of GSL, are as-
sembled from a lipophilic ceramide portion plus a strue-
turally vanable hydrophilic ohgosacchande porfion
contaiming N-acetylneuramimic acid. They are highly
concentrated in the outer layer of the plasmatic mem-
brane, and thanks to their unique physical and chemical
properties, they are considered crucial molecules re-
sponsible for the ngdity of plasmatic membranes
(Pascher, 1976; Pascher et al., 1992}

The possible relationship between decreased mem-
brane fluidity and changes in the content and localiza-
tion of GSL in mntrahepatic cholestasis was recently in-
vestigated by our group (Jirkovska et al., 2007). Based
on this study, the redistribution of gangliosides on the
sinusoidal membrane of the hepatocyte seems to be a

GalTT

proteciive mechamsm of hepatocytes agamst the harm-
ful effects of BA accummlated during ethiny] oestradiol
(EE}-induced cholestasis. A significant increase of total
lipid sialic acid — the hallmark of ganglioside content —
together with a high increase of gangliosides synthe-
sized in the so-called b-biosynthetic pathway (Fig 1)
was found in EE-induced cholestasis in rats (Majer et
al., 2007). These results suggest that changes in the lo-
calization and content of ganglicsides may serve as a
protective mechanism agamst cholestatic liver imjury.

Moreover, our recent data also mdicate that the
changes and redistribution of ganglicsides duning ex-
perimental EE-induced cholestasis are attmbutable to
high concentrations of accumulated BA (Jukovska et
al, 2007}, as well as increased oxidative stress (Petr et
al.. 2014) in the EE-induced cholestasis model. One of
the mportant anti-oxidant and anti-inflammatory fac-
tors 15 haem oxygenase (HMOX; EC. 1:14:99:3)
HMOZX catalyses the rate-limiting step i the cxidative
degradation of haem, converting it inte biliverdin INa
and subsequently to bilimibin [a by biliverdin redue-
tase (E.C. 1:3:1:24), carbon monoxide, and iron. HMOZX
plays a key role m the cellular and tissue defences
against oxidative stress (Poss and Tonegawa, 1997). Up-
regulation of its inducible iscenzyme HMOX-1 has
been shown to protect the liver from toxic, inflammato-
ry. and oxidative msults. Recently. we have shown that
BA are potent mhibitors of HMOX activity and expres-
s1om (Muchova et al, 2011). The decreased HMOX ac-
tivity in the cholestatic liver causes relative depletion of
intracellular bilimbin, a potent endogenous antioxidant
(Vitek et al . 2002). The relative lack of this mtracellular
antioxidant together with high levels of pro-cxidative
BA participates in the pathogenesis of cxidative stress-
mediated liver injury. In addition, we reported the an-
ticholestatic effect of HMOX mmduction (Muchova et al..
2015) as well as restoration of the changes in the synthe-
sis and distnbution of gangliosides in EE-induced chole-
stasis (Pefr et al., 2014).

GleT

LacCeramide «——— GlcCeramide +——— Ceramide

ITAGaV

GM2
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Fig_ 1. Scheme of de nove biesynthesis of the oligosaccharide moleties of gangliosides

GleT — UDP-glucose ceramide glicosyltransferase, Galll — UDP-Gal:fGleNAc B 1,4-galactosylivansferase, ST3Gall —
5T3 B-galactoside a-2 3 -sialylransferase 5, 5T35al — 5TE a-N-acetyl-newammide a-2 8-sialyltransferase 1, B4GalNTI
— B-1.4-N-acetyl-galactosaminyl transferaze 1, BIGalTIV — UDP-Gal:gGleMAc B 1,3-galactosyliransferasze, ST3Galll —

5T3 B-galactoside a-2 3-sialyliransferase 2.
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The amn of the present study was to determine changes
in the synthesis and distribution of liver gangliesides
following bile duct ligation (BDL), and to assess the ef-
fect of the modulation of HMOX activity both on cho-
lestatic iver injury and on ganglioside metabolism.

Material and Methods

Materials

Paraformaldehyde, hemin, biotin, bovine serum albu-
mun (BSA) and diammobenzidine tetrahydrochlonde
tablets were supplied by Sigma (St Louis, MO); avidin
was obtained from Fluka (Buchs, Switzerland); the
cholera toxin B-subumit {CTB) peroxidase conjugated
came from List Biological Laboratories (Campbell. CA).
The tin-mesoporfyrin was supplied by Frontier Scientific
{(Logan, UT). All other chemicals were purchased lo-
cally from Penta (Prague, Czech Republic). The Tagh{an®
Gene Expression Master Mix, High-Capacity RNA-to-
cDNA Eit, the Taghfan® Gene Expression Assay kit for
rat genes were obtamed from Life Technologes (Carls-
bad, CA). The QLAshredder kit and FNEasy Plus MimEit
were supplied by Qiagen (Valencia, CA).

Animals and freatmenis

Female Wistar rats (Anlab, Prague, Czech Republic)
were housed under controlled temperature and a natural
light-dark cyele. The animals had free access to food
and water throughout the experiments, and were fasted
overmight prior to the experiment initiation. All aspects
of the study met the accepted cnitenia for the experimen-
tal use of laboratory animals, and all protocols were ap-
proved by the Animal Research Committee of the First
Faculty of Medicine, Charles Umversity in Prague,
Czech Fepublic.

Cholestasis induction

Fats infrapentoneally anaesthetized with ketanune
(90 mg/kg) and xylazine (10 mg'kg) underwent ligation
or a sham operation. Choelestasis was induced in three
groups of rats (N = § per group) by microsurgical liga-
tion of segmental bile ducts and resection of the extrahe-
patic biliary tract (“BDL") (Aller et al, 2004). Biliary
trees were exposed through midline abdominal incision.
The control group of rats (N = 6) was sham-operated
(comtrols, “C™).

HEMOX modulation

HMOX was mhibited by a bolus of tin-mesoporphy-
rin (SoMF) 15 pM/kg administered intraperitoneally on
day 1 (“iBDL", BDL with HMOX inhibition; “iC”, con-
trol with HMOX inhibition) (George et al., 2013; Portenn
et al., 2009). Induction of HMOX was performed by a
bolus of hemin 30 phkg given intrapenitoneally on day
0 and day 3 ("aBDL", BDL with HMOX activation;
“aC”, control with HMOX activation), (Ndisang et al.,
2010; Zhong et al . 2010; Muchova et al , 2015).

Tissue preparation

Adfter five days, the inferior vena cava was cannulated
through laparotomy, and blood samples were collected
(3 ml), transferred to EDTA-contaming tubes, mixed,
and placed on ice. An aliquot was centrifiuged to sepa-
rate out the plasma. The livers were then harvested and
weighed. Pieces of liver tissue were appropnately pro-
cessed for further biochemical and stochemical analy-
ses (see below). For quantitative histochemical analysis
of GM1 ganglicside. the liver specimens were collectad
usmng a systematic uniform random sampling methoed
{Hamilton, 1995).

For ENA analysis. 100 mg of tissue was mmediately
placed in 1.5 ml microfuge tubes containing ENAlater
(Qhagen). The tubes were stored at —20 °C untl total
ENA isolation.

For HMOX activity, HMOX protein. and lipid per-
oxidation measurements, 100-150 mg of tissue was di-
Iuted 1:9 (by weight) in 0.1 M potassium phosphate
buffer (pH = 7.4), diced, and semcated with an ultra-
sonic cell disniptor (Model XT.2000, Misomcs, Farming-
dale, NY). Scnicates were kept on ice and assayed for
HMOX activity within 1 hr, or frozen in liguid nitrogen
and stored at -80 °C until analysis of the HMOX protein.

Analysis of plasma markers af cholestasis

In order to determine the degree of cholestasis and
liver injury, the following plasma levels were assessed:
total bile acids (TBA). total bilimbin, alkaline phos-
phatase (ALP), aspartate aminotransferase (AST), and
alamine amunotransferaze {ALT} TEA were determuned
spectrophotometrically using a Bile Acids Kit (Trinity
Biotech, Jamestown, INY), while all other markers were
quantified in an automatic analyser (Model 717, Hitachi,
Tokyo).

HMOX activity measurement

Twenty pl of 10% liver somecate (2 mg fresh weight
[FWT) was incubated for 15 man at 37 °C in carbon mon-
oxide (CO)-free septum-sealed vials contaimng 20 pl of
150 pM methemalbumin and 20 pl of 4.3 mM NADPH
as previously described (Vreman et al., 1999). Blank re-
action vials contamed 0.1 M phosphate buffer (pH =
7.4) in place of NADPH. Reactions were terminated by
adding 5 pl of 30% (w/v) sulphesalicylic acid. The
amount of CO generated by the reaction and released
inte the vial headspace was quantitated by gas chroma-
tography with a reduction gas analyser (Trace Analytical.
Menlo Park, CA). HMOX activity was calculated as
pmol CO/hr/mg FW.

Isglation and TLC analysis of liver gangliosides

Gangliosides were isolated using the procedure previ-
ously described (Majer et al., 2007) and finally purified
on a small silica gel column (¥ and Ledeen, 1972).
Gangliosides were separated in a solvent system (chlo-
roform/methanol/l 2% aqueous CaCl,, 55/45/10, viviv),
and detected with resorcimol-HC] reagent. Densitometry
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was performed according to Majer et al. (2007). Part of
the extract was used for determination of the total sialic
acid (total ganglicsides) by the photometric methed
with resorcinel reagent (Svennerholm, 1957).

Light microscopy

Small tissue blocks (about 1 cm™) were fixed in 4%
paraformaldehyde followed by the standard procedure
for paraffin embedding. Serial sections were cut and
staimed with haematoxylin and eosin. Each shde was
viewed using standard light microscopy.

GM1 histachemistry

GM1 was deternuned using a modified procedure ac-
cording to Jirkovska et al. (2007). In bref. 4% formal-
dehyde was freshly prepared by depolymenization of
paraformaldehyde (pH = 7.2). Frozen 6 pm thin sections
were first fixed m dry cold acetone (-20 °C) for 15 mm,
and then in 4% freshly prepared paraformaldehyde for
5 min. Endogencus peroxidase activity was blocked by
incubation for 15 min in phosphate-buffered saline
(PBS) supplemented with 1% H.O, and 0.1% sodium
azide. Endogenous biotin was blocked by means of a
DakeCytomation blocking kit (DakoCytomation, Den-
mark). In order to block nonspecific binding, sections
were freated with 3% BSA in PBS for 15 min. GMI1
ganglioside mn liver sections was detected using CTB
biotin labelled (Sigma). diluted 1 : 300 in PBS, plus 3%
BSA at 8 °C for 16.5 h. followed with streptavidin-per-
oxidase polymer at room temperature for 1 h. Peroxidase
activity was visuahized with diaminobenzidine tetrahy-
drochloride for 20 min in the dark. Sections were
mounted in DAKO 53025 (Dako North America, Inc.,
Carpinteria, CA). Two negative contrel tests were per-
formed for each group. First, CTB was omutted in im-
mmohistochemical stamimg. Second, fixed sechons were
extracted with chloreformmethancl 2: 1 at room tem-
perature for 30 min, followed by standard immumohisto-
chemical staining.

Quantitative study of the distribution of GM]I
ganglioside in the hepatic lobule

Six liver specimens were used for the expenment.
Omne section of each specimen was used for GM1 gan-
glioside detection with CTB. In each section. four he-
patic lobules with a clearly discernible central vein were
selected. In each lobule, one measuring frame in lobular
zome IT (approximately) was selected for the analysis.
The haematoxylin and eosin counterstaming was omit-
ted.

The images of whole sections were photographed at
the objective magnification of 40 (NA = 0.12) and
stored. The quantity of the reaction product was deter-
mined as the mean optical brightness/density of the
marked area using the ACC 6.0 image analysis program
(SOFO, Bmo, Czech Republic). Two different ways were
used for quantfication. First, the whole sechion was
marked and its mean optical bnghiness was evaluated.

Second, areas of liver parenchyma mn the intermediate
{(zone IT) of the hepatic lebules were marked, and their
mean optical brightness was determined separately.

Densitometric analysis of GMI ganglioside in
simusoidal membrane and adjacent cytoplasm
areas

Six liver specimens were used from each animal. One
section from each specimen was used for GM1 ganglio-
side detection as described above. In each section, four
hepatic lobules with a clearly discernble central vein
were selected. In each lobule, one measuring frame in
the central lobular zone I1T and one measuring frame i
the corresponding peripheral lobular zone I were select-
ed for analysis. In each frame, 15 areas of sinuseidal
surface and 13 areas of adjacent hepatocyte cytoplasm
were selected by the stratified random sampling method
{Hamilton, 1995) and marked out. The reaction product
was quantified as the mean optical density of the ana-
lysed areas (determined by the densitometnic program
ACC 6.0, SOFQ) at objective magmification of 40= (NA
=0.7). The ratios of densities measured in the stmisoidal
membrane and subsinusoidal intracellular compartment
were measured and compared (sin/ing).

Quantitative real-time PCR

The liver samples were stored frozen at —80 °C in
FNAlater (Sigma Aldrich, 5t Lows, MO), and total
BNA was isolated using a Qiagen ENAeasy plus kit and
QLA shredder (Chagen). AHigh-Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA, USA)
was used to generate cDNA. Quantitative real-time PCE.
was performed wsing a Taghan® Gene Expression Assay
Kit (Life Technologies for the following genes: Glel
(En00382480 ml), GalTI(Bn00581985 ml), ST3Gall
(En1420866 m1), ST8S5ial (Fn00563093_m1), BIGailNTT
(Fn0057576% ml), B3GalTIl (Fn01429263 s1), and
p-actin endogencus control kit (Rn00667869 ml), all
provided by Life Technologies. The data were nomali-
zed to f-actin and expressed as percent of control levels.

Statistical analysis

Normally distributed data are presented as the mean
=5D and analysed by the Student’s f-test. Medians
(25-75%) and the Mann-Whitney U test or Kruskall-
Wallis test were used in skewed data. Differences with P
< (.03 were considered significant.

Results

Induction of cholestasis by BDL

As expected, BDL for five days resulted in a sigmifi-
cant increase n plasma cholestatic markers, alkaline
phosphatase (ALP) activity, as well as BA and bilirubin
concentrations (Table 1). Modulation of HMOX activity
had no effect on plasma BA levels, while HMOX activa-
tion by hemin led to a significant decrease i ATP activ-
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Table 1. The gffect of BDL on cholestatic markers, and liver and body weight
Group Body weight | Liver weight TBA Bilirubin ALP HMOX activity
[ 2] [umel1] [wmolT] [ukatT] [pmol CO /brimz FW]
CH=6 2355=00 104=0.7 73=02 1l4=048 20=03 327 7=480
BDL (N =§) 2247160 145=1.8" Im0=1323" IMs5=T740° 4403 1904 = 3707
iBDL (W =18) 2003=110 13319 §12.6=164.17 | 2154=470" 35=009" 503=70"
aBDL (N =§) 2180 =260 15.5°=1.7 6384=1882" | 2013=381" 33=035" 640.6 = 123.0™

Cholestatic markers, and Liver and body weight in Wistar rats 5 days after surzery. C — contrel, €0 - carbon monoxide, FW — fresh

weight. "— P = 0.05 ws. C; " - P = 0.05 vs. BDL

ity (BDL vs. aBDL, P = 0.03). Generally, plasma bilini-
bin levels were substantially affected by its decreased
elinination i cholestasis as well as by the changes in its
production following mduction/inhibition of HMOX.
Accordingly, we observed a significant increase in plas-
ma bilirubin levels in all cholestatic groups comparad to
controls. However, HMOZX inhibition in the iBDL group
resulted in a sigmificantly lower plasma bilirubin in-
crease compared to the BDL and aBDL groups (Table 1).
Compared to controls, BDL, iIBDL and aBDL also led to
a significant increase in AST activity, a marker of liver
myury (data not shown).

The effect of HMOX modulators on enzyme activity
was verfied by gas chromategraphy (Table 1). As ex-
pected, inhibition of HMOX activity was achieved in
the 1IBDL group, while its increase was detected follow-
ing HMOX activation in the aBDL group. A significant
decrease in HMOX activity was observed in the BDL
group compared to controls.

BDL had no effect on the total body weight of the
expenmental ammals. A 15% drop in total body weight
was only observed in the IBDL group compared to the
conirols (Table 1). By contrast, significant increases in

liver weight were recorded in all BDL animals com-
pared to the confrols.

Modulation of HMOX activity affects ductular
proliferation and biliary mfarction in
obstructive cholestasis

BDL led to typical morphological features of obstruc-
tive jaundice in the liver tissue. The histopathological
changes included: portal tract expansion, ductular pro-
liferation (mainly in periportal areas), and interlobular
bile duct elongation with dilated limuna and irregular
epithelium. The surrounding portal tract tissue was oe-
dematous and infiltrated by nonaggressive inflammatory
infiltrate, predominantly with neutrophils. Signs of hepa-
tocellular degensration were observed — feathery degen-
eration with floceulent cytoplasm and ballooning with
swollen hepatocytes. Variable amounts of ntracellular
bile pigments and focal signs of necrosis with increased
hepatocyte regeneration were ohserved in all BDL rats.
Giant cell transformation with coalescence of hepato-
cytes. multiple nuclei, and free-floating canaliculi were
present.

A oo B . ,
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Fig. 2. Area of lver ductular proliferation and number of bile infarcts
A Area of ductular prohferation in the liver sections of BDL amimals. B. Number of bile infarcts in hver sections of BDL

amimals

Liver sections stained with haematoxyhn and eosin were analysed using a systematic umform random samphng method.

Results are expressed as % of controls. "— P < (.05 v=. BDL
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HMOX activahion resulted in a sigmficant decrease in
ductular proliferation (to 83 £ 9 %, P = 0.05), whle
HMOX inhibition had no effect on ductular prolifera-
tion compared to BDL animals (Fig. 2A).

BDL rats developed a typical biliary type of liver cell
hepatocyte necrosis with typical bile infarcts. The aver-
age number of bile infarcts in BDL rats was 0.43 infarcts
per liver section. Inlubition of HMOX significantly in-
creased the amount of bile infarcts compared to BDL
comfrols (0.43 £ 0.11 vs. 0.71 £ 0.09 mfarcts per liver
section, P = (.003). In contrast, no effect was observed
upen HMOX activation (0.43 = 0.11 vs. 0.57 £ 0.1 in-
farcts per section, P = 0.03; Fig. 2B).

BDL and HMOX modulation leads to changes
in ganglioside content and spectra

Total lipid sialic acid concentration, a marker of total
ganglioside content, was significantly higher m the liv-
ers of BDL animals compared to controls (100 + 20 %
vs. 133 £ 15 %, P = 0.001). Inhibition of HMOX activ-
ity by SnMP resulted in a further inerease in total lipid
sialic acid content (298 £32 %, P=0.001). Unfortunately,
due to haem mterference, we were not able to measure
the sialic acid content in the livers of hemin-treated ani-
mals (Table 2).

Mext, we analysed the hepatic ganghoside spectra of
both a- and b- biosynthetic pathways (Fig. 3A, 3B and
Table 3). While the predommant ganglhioside was deter-
mined to be GM3 in the control livers, GD1a and GD1b
were the major gangliosides in the cholestatic livers.
Interestingly, HMOX mhibition led to an merease of
GM3 ganglioside, while HMOX activation resulted in
significant decreases in the liver content of the b-sarfes
of gangliosides GD1b and GT1b compared to the BDL
group (Table 3). Furthermore, obstructive cholestasis
was accompanied by a sigmificant merease in the liver

ganglioside content, as determined both by thin layer
chromatography (Fig. 3A, 3B) and spectrophotometri-
cally as total sialic acid concentration (Table ). This
increase was most pronounced following HMOX inhi-
bition, whereas a tendency to decrease was observed
following HMOX activation (Fig. 3A). BDL led to a
significant increase in the total amount of di- and tm-
sialogangliosides. In contrast, activation of HMOTX lad
to a significant decrease in these complex gangliosides
({Fig. 3B).

Changes in the mRNA expression of the key
enzymes of ganglioside metabolism during BDL

To elucidate the biochemical basis of the observed
differences in the ganglioside content spectra, we meas-
ured the expression of key enzymes involved in ganglio-
side synthesis — GleT, Galll, ST3Gall’, STSSial
B4GaINTI and B3GalTIV.

BDL led to a significant increase n ST3Gall” mRNA
expression compared to contrels (197 £30 %, P =0.03),
(Fig. 4C), and was even more pronounced in iBDL.

Inhubition of HMOX also resulted in a sigmificant -
crease in GalTT (186 = 22 %, P = 0.001), ST3Gall; (371
= 105 %, P = 0.001), STSSial (185 = 44 %, P = 0.03),
and B3GalTTl (150 = 23 %, P = 0.05) mRNA expres-
sion compared to the control. The effect of HMOX mhi-
bition in the IBDL group observed as overexpression of
ST3Gall and 5T45ial was alse significant compared to
the BDL group (Fig. 4). These results are consistent
with the results of TLC ganglioside analysis.

HMOX mduction resulted in a significant decrease of
B3GalTIV expression (68 + 11 %, P = 0.05; Fig. 4F).
Furthermore, a significant drop n ST3Gall mRNA ex-
pression was observed in the aBDL group when com-
pared to BDL alone.

Tabls 2. The gffect of BDL on total sialic acid concentrations in the liver tissue

Group CiN=6) BDL (N =8) iC =4 iBDL (N =§) aC (M =16) aBDL (I = 8)
Total siakic acid 173=35 165 =39 W3 =146 5167 =62 ND. N.D.
[nmel's liver]

Total sialic acid (total ganghosides) concentrations in the liver tissue of Wistar rats 5 days affter surgery was measured by the spectro-
photometric method with resorcinel reagent. BDL as well as HMOX inhibition led to a significant increase in total sialic acid content.
C — control, NI, - not determined due to haem interference. * — F = 005 ws. C; ' — P = (.05 vs. BDL

Table 3. The effect of BDL on the total amount of gangliozider of the a- and b-branchez in the liver tizsue

Group a-Branch [mmol'z liver] b-Branci [nmol's liver]

GM3 GM1 GD1a GD3 GD1b GT1b
C{N=86) 25=009 101=030 201=140 143 =050 1.4 =040 0.62+0.20
BDL (N =§) 262=110 1.60=0.40 51=13" 142=030 2.86=0.70" 1.49= 0.400
iBDL (M =§) 3.69=0.707 191=040" 5.80=1.50" 1.85=0.50" LE1=0.30" 0.91=0.50
aBDL (I =§) 345=110 1.83=030° 431=080" 140 =050 1.47=0.40 0.92= 020

Isolated gangliosides were separated in a solvent system and detected with resorcinel-HCl reagent (nmel'z) with subsequent densito-
meiric analysis. BDL led to a significant increase of terminal gangliosides of the g- (GD1a and GM1) as well as b-branch (GD1b and

GT1h).
C —control, * - P =005 vs. C;* - P = 0.05 vs. BDL
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Fig. 3. Effect of BDL on the ganglioside content mn the liver

A. Relafive amount of ganghosides of the a- and b-branches 1n the liver fissue of the control and BDL ammals. Isolated
ganzhosides were separated mn a solvent svstem and detected with resorcinel-HCl reagent, with subsequent densitometic
analysis. Results are expressed as % of contrels. B. Total amount of di- and tnsialoganghesides (GD3, GD1, GD1b and

GT1b) in the lnver tissue of BDL ammals.
C —control, "~ P =005 vs. C,'-P=0.05vs. BDL

The shift of GM1 ganglioside to the cytaplasmic
membrane during cholestasis is affected by
HMOX modulation

Under physiological conditions, the GM1 ganglioside
15 distributed in both the sinmsoidal and canalicular hepat-
ocyte membranes. with strong intracellular localization
m all lobular zones i the liver sections of the control
ammals. The same pattern was observed in the control
hivers with HMOX modulation (iC and aC), indicating
no effect of HMOX medulation on ganglioside distribu-
tion within the liver cell under physiological conditions.

However, a marked shift of GM1 positivity from the
mnfracellular compartment to the hepatocyte membrane
(predominantly sinusoidal) was observed after BDL
(P =0.01. Figs. 5 and 6).

Interestingly, HMOX mmhibition in BDL amimals re-
sulted in an even more pronounced shift of GMI to the
sinusoidal membrane (iBDL vs. BDL; P = 0.03, Fig. 3),
whereas no shift of GM1 from the intracellular compart-
ment was observed following HMOX mduction m BDL
rats, resulting in a similar immumohistological pattern as
in the control group (Figs. 5 and 6).

Discussion

In the present study, we showed that cholestasis in-
duced by BDL is accompanied by significant changes
both in the dismbution and synthesis of the liver gan-
ghiosides. Moreover, simultansous mduchion of the he-
patoprotective and anti-cholestatic HMOX enzyme 1e-
sulted in attenuation of the cholestatic pattern of liver
gangliosides.

Even though gangliosides are considered key struc-
tural as well as finctional parts of the lipid bilayer, and
changes in their chemical composition and cellular con-

centration might have deleterious consequences (d° Azzo
etal., 2006), their pathophysiclogical significance in the
liver tissue needs to be elucidated (Sanchez et al., 2000).
Altered ganglioside patterns have been reported in cir-
thosis and hepatocellular carcinoma in human livers
(Tanno et al.. 1988) as well as in biliary cirthosis in the
rat (Semn et al, 1991). A different distnbution of gan-
glioside synthases m hepatocytes, Kupffer cells, and s1-
musoidal endothehal cells was observed in the rat (Senn
et al., 1990). Moreover, our group has demonstrated an
altered ganglioside pattemn in the livers of rats with EE-
induced cholestasis (Tukovska et al.. 2007), and its im-

rement following HMOX induction by haem (Petr et
al., 2014; Muchova et al., 2015).

BDL in rats is used as a model of severe obstructive
cholestasis in humans. Thas disease 15 charactenzed by
intermuption of bile flow, followed by a rapid increase in
the plasma levels of BA, conjugated bilirubin, and ATP
activity.

As expected, BDL was followed by a severe bio-
chenuical as well as histological cholestatic pattern. In
accordance with our recent data (Muchova et al, 20110,
we observed a decrease in liver HMOX activity as a
consequence of the inhibitory effect of high plasma and
liver concentrations of BA. In contrast to the study on
intrahepatic cholestasis (Muchova et al., 2015), HMOX
induction with hemin did not lead to improvement in the
plasma cholestatic markers. This might be explained by
the different mechanisms of the intrahepatic and ob-
structive cholestasis. While the primary cause of mfra-
hepatic cholestasis 1s impaired bile flow due to the
changes in hepatocyte transporter expression (Trauner
etal, 1997), which might be restored by the effect of
haem, the biliary free obstruction is primanly due to a
mechanical obstacle followed by secondary changes in
the expression of liver transporters.
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Fig. §. Dhstmbution of GM1 ganghoside in cholestatic livers
Image analysis of the intensity of GMI1 gangloside stam-
ing in the subsinusoidal part of the intracellular compart-
ment (int) and sinusoidal membranes (sin) of hepatocytes,
expressed as the sin/int ratio. Results are expressed as % of
controls. C —control, *—P <005 vs. C, ' - P = 0.05 v=.
BDL

BDL

A sigmficant decrease in ductular proliferaton, the
hallmark of obstructive cholestasis, was observed in the
liver sections of BDL animals with HMOX induction.
Chelangiccytes are mitotically dormant in the normal
liver, but start to proliferate upon cholangiopathies in-
cluding BDL (Glaser et al_, 2000, Munshi et al., 2011).
Two main signalling pathways are invelved in cholan-
giocyte preliferation, the inesitol 1.4,5-trisphosphate/
Ca’ signalling pathway and cAMP (Alpini et al , 1998).
Interestingly, both of these pathways were found to be
regulated by gangliosides m different cell culture mod-
els (Ravichandra and Joshi, 1999; Kanda et al., 2001).

Moreover, in our study, a significant increase in com-
plex gangliosides (contaiming at least two sialic acid
residues linked to lactosylceramide) was detected n the
liver of BDL amimals, as well as those with HWMOX
inhibition compared to controls. In centrast, HMOX ac-
tivation resulted in a decrease in liver complex ganglio-
sides when compared with BDL without HMOX modu-
lation. Importantly, a completely different role has been
atiributed to complex versus monosialyl ganghosides in
cellular proliferation and differentiation. While mono-
sialyl gangliosides have an anfi-proliferative effect,
complex ganghosides enhance cell growth and prolifer-
ation (Furukawa et al., 2012), indicating that ganglio-
sides might possess an impertant regulatory role in duct-
ularproliferation inthe cholestatic liver. Theproliferation
of ductules 15 a logical response of the liver to BA ac-
cumulation, which augment the hepatic bile clearance
capacity. However, in the case of obstructive cholesta-
sis, these changes are meffective (the cause of biliary
obstruction lies in the common bile duct) and as a con-
sequence. 1t could have a destmuctive effect on the liver

parenchyma by replacing the finctional hepatocytes by
ineffective tissue. In this case, decreasing oxidative
stress by hemin administration in cholestasis has a
hepatoprotective effect.

The effect of BDL and HMOX modulation on gan-
ghioside synthesis was further supparted by determina-
tion of mPENA expression of the key enzymes of the
ganglioside biosynthesis pathway. BDL animals showed
increased ST3Gall” expression, comesponding to the
overall mcreased ganghoside producthion from lactosyl-
ceramide. HMOX imhibition resulted m a further in-
crease i ST3Gall] with sinmltaneous elevations in
S5T85ial and B3GalTll] representing activation of the
b-branch and termunal ganglhosides, respectively. On the
other hand, HMOX activation retumed the expression
of all enzymes to control values. These findings corre-
spond well with the liver ganglioside content as meas-
ured by total sialic acid concentrations in the liver, as
well as ganglioside spectra in confrol and cholestatic
livers with‘without modulation of HMOX.

The accumulation of BA inside hepatocytes is the ma-
jor cause of cholestatic liver damage (Kullak-Uklick
and Meter, 2000), mcluding structural and fimehonal
injuries of hepatocyte membranes (Foma et al., 2008),
cell death, and activation of mflammatory and fibrogen-
ic signalling pathways (Maher and Friedman, 1993;
Muchova et al., 2011). BA may disrupt cell membranes
through their detergent action on lipid components and
promote generation of ROS, which in tum oxidatively
modify lipids, proteins, and nucleic acids; eventually
causing hepatocyte necrosis and apoptosis (Perez and
Bnz, 2009). Recently, it was reported that the canalicu-
lar part of the hepatocyte membrane contains detergent-
resistant microdomains — lipid rafts — enniched in GSL,
including ganpliosides, sphingomyelin, and cholesterol,
protecting thus part of the hepatocyte membrane agamst
thedetﬂgﬂﬂachonofBAﬁounssateial 2008). There
15 no doubt that these rafts also exist on the siusoidal
part of the hepatocyte membrane (Zegers and Hoekstra,
1998). Gangliosides as molecules with a ugh melting
point. nzd stmeture, and highly stable sialic acids are key
raft components, responsible ﬁarﬂ:le]rp]lﬂlmllpmpemes

Recently, Jitkovska et al. (2007) described redistribu-
tion of gaughomdfs within hepatocytes in EE-induced
cholestasis. Similarly, in the present study we have
shown the shift of the GM1 ganghoside from the mnfra-
cellular compartment to the sinuscidal membrane of the
hepatocyte in chelestatic animals, supporting the con-
cept of a protective effect of gangliosides against the
deletenious effect of high plasma levels of BA. Inte-
restingly, this shift was even more pronounced in BDL
with HMOX inhibition, while HMOX nduction pre-
vented GM1 trafficking to membranes. A similar effect
of HMOX mduction on ganglieside redismbution was
observed by our group (Pefr et al., 2014) in the model of
EE-induced cholestasis related to reduction of oxidative
stress.

We conclude that obstructive cholestasis is accompa-
nied by an mcrease i the content and synthesis of liver
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Fig. 6. Localization of GM]1 ganglioside i cholestatic lvers

BDL

In the lrver sections, GM1 ganghoside was detected using the cholera toxin B-subunat with streptawidin-peroxidase poly-
mer. Diammobenzidine tetrabydrochlonde (brown colour) was used for visuahzation A sigmficant shaft of GM1 positiv-
ity from the cytoplasm to the sinusoidal membranes was observed after BDL. HMOX mhibition in iBDL animals resulted
in an even more pronounced shift of GM1 from the eyvtoplasm to the sinusoidal membrane, whereas HMOX activation m
the aBDL group had the opposite effect. Modulation of HMOZX, alone in i€ and aC had no effect on GM1 localization.

C — control. Bar represents 50 pm.

membranes. This mechamsm can protect hepatocytes
against the deletenious effect of high systemic concen-
trations of BA, and also activate proliferation of biliary
epithelia. Moreover, the inhibition of anticxidant and
hepatoprotective enzyme HMOX in BDL animals fur-
ther potentiates these changes, while its activation has

the opposite effect, indicating the important role of
BA-induced oxidative stress in the hver
peutic implications, since many dmgs anduatm.lpmd—
ucts exhibit HMOX-inducing activities (Bach, 2003),
and thus might serve as hepatoprotectants.
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