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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 cytoplasmic membrane.
Induction of haem oxygenase (HMOX) 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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C — control, cAMP, cyclic adenosine monophosphate, CO — car-
bon monoxide, CTB — cholera toxin B-subunit, EDTA — ethylene-
diamine tetraacetic acid, EE — 17a-ethinyl oestradiol, FW — fresh
weight, GalTI — UDP-Gal:BGIcNAc B 1,4-galactosyltransferase,
GIcT — UDP-glucose ceramide glucosyltransferase, GSL — gly-
cosphingolipids, HMOX — haem oxygenase, iBDL — BDL with
HMOX inhibition, iC — control with HMOX inhibition, PBS —
phosphate-buffered saline, ROS — reactive oxygen species, SnMP
— tin-mesoporphyrin, ST3GalV — ST3 p-galactoside a-2,3-
sialyltransferase 5, ST8Sial — ST8 a-N-acetyl-neuraminide a-2,8-
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according to the recommendations of the [UPAC-IUB Commis-
sion on Biochemical Nomenclature (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 glycosyltransferases
ST3GalV, ST8Sial and B3GalTIV. A marked shift of
GM1 ganglioside from the intracellular compart-
ment to the cytoplasmic 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 cholestasis is accompanied by significant
changes in the distribution and synthesis of liver
gangliosides. HMOX induction results in attenuation
of the cholestatic pattern of liver gangliosides, while
HMOX inhibition leads to the opposite effect.

Introduction

Cholestasis is 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 (Paumgartner, 2006). A
major consequence of cholestasis is development of se-
vere liver injury 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 primarily responsible
for cholestatic liver injury (Perez and Briz, 2009). The
molecular mechanisms behind early liver injury associ-
ated with cholestasis have been extensively studied, but
are still not well understood (Woolbright and Jaeschke,
2012). BA act as an inflammation agent, directly activat-
ing the signalling pathways in hepatocytes that regulate
production of proinflammatory mediators (Allen et al.,
2011). Recent data support the hypothesis that cholestatic
liver injury may not occur through direct BA-induced
apoptosis, but may mainly involve inflammatory cell-
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mediated liver cell necrosis (Woolbright and Jaeschke,
2012).

Equally, amphipathic BA could disrupt cell mem-
branes and cause structural and/or functional damage of
the hepatocyte membrane through their detergent action
on lipid components (Billington et al., 1980). Another
mechanism for the development of cholestatic liver in-
jury arises from ultrastructural changes such as altered
cell polarity, 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
intrahepatic cholestasis (Balistreri et al., 1981), as well
as in the livers of mice with intrahepatic cholestasis
(Boelsterli et al., 1983), was described. Changes in the
membrane cholesterol and sphingomyelin contents were
at least partially responsible for these changes (Smith
and Gordon, 1988).

It is known that cholesterol-(glyco)sphingolipid (GSL)
complexes, tightly packed in a liquid ordered state (Munro,
2003; Rajendran and Simons, 2005), called lipid rafts,
are needed to protect the membranes against the deter-
gent effect/action of BA (Guyot and Stieger, 2011).

Gangliosides, forming a major part of GSL, are as-
sembled from a lipophilic ceramide portion plus a struc-
turally variable hydrophilic oligosaccharide portion
containing N-acetylneuraminic 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 rigidity 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 intrahepatic 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

GalTl

protective mechanism of hepatocytes against the harm-
ful effects of BA accumulated during ethinyl 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 h-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 gangliosides may serve as a
protective mechanism against cholestatic liver injury.

Moreover, our recent data also indicate that the
changes and redistribution of gangliosides during ex-
perimental EE-induced cholestasis are attributable to
high concentrations of accumulated BA (Jirkovska et
al., 2007), as well as increased oxidative stress (Petr et
al., 2014) in the EE-induced cholestasis model. One of
the important anti-oxidant and anti-inflammatory fac-
tors is haem oxygenase (HMOX; E.C. 1:14:99:3).
HMOX catalyses the rate-limiting step in the oxidative
degradation of haem, converting it into biliverdin IXa
and subsequently to bilirubin IXa by biliverdin reduc-
tase (E.C. 1:3:1:24), carbon monoxide, and iron. HMOX
plays a key role in the cellular and tissue defences
against oxidative stress (Poss and Tonegawa, 1997). Up-
regulation of its inducible isoenzyme HMOX-1 has
been shown to protect the liver from toxic, inflammato-
ry, and oxidative insults. Recently, we have shown that
BA are potent inhibitors of HMOX activity and expres-
sion (Muchova et al., 2011). The decreased HMOX ac-
tivity in the cholestatic liver causes relative depletion of
intracellular bilirubin, a potent endogenous antioxidant
(Vitek et al., 2002). The relative lack of this intracellular
antioxidant together with high levels of pro-oxidative
BA participates in the pathogenesis of oxidative stress-
mediated liver injury. In addition, we reported the an-
ticholestatic effect of HMOX induction (Muchova et al.,
2015) as well as restoration of the changes in the synthe-
sis and distribution of gangliosides in EE-induced chole-
stasis (Petr et al., 2014).
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Fig. 1. Scheme of de novo biosynthesis of the oligosaccharide moieties of gangliosides

GlcT — UDP-glucose ceramide glucosyltransferase, Ga/Tl — UDP-Gal:BGIcNAc B 1,4-galactosyltransferase, ST3GalV —
ST3 B-galactoside a-2,3-sialyltransferase 5, ST8Sial — ST8 a-N-acetyl-neuraminide o-2,8-sialyltransferase 1, B4GalNTI
— B-1,4-N-acetyl-galactosaminyl transferase 1, B3GalTlV — UDP-Gal:BGlcNAc B 1,3-galactosyltransferase, ST3Galll —

ST3 B-galactoside a-2,3-sialyltransferase 2.
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The aim of the present study was to determine changes
in the synthesis and distribution of liver gangliosides
following bile duct ligation (BDL), and to assess the ef-
fect of the modulation of HMOX activity both on cho-
lestatic liver injury and on ganglioside metabolism.

Material and Methods

Materials

Paraformaldehyde, hemin, biotin, bovine serum albu-
min (BSA) and diaminobenzidine tetrahydrochloride
tablets were supplied by Sigma (St. Louis, MO); avidin
was obtained from Fluka (Buchs, Switzerland); the
cholera toxin B-subunit (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 TagMan®
Gene Expression Master Mix, High-Capacity RNA-to-
c¢DNA Kit, the TagMan® Gene Expression Assay kit for
rat genes were obtained from Life Technologies (Carls-
bad, CA). The QIAshredder kit and RNEasy Plus MiniKit
were supplied by Qiagen (Valencia, CA).

Animals and treatments

Female Wistar rats (Anlab, Prague, Czech Republic)
were housed under controlled temperature and a natural
light-dark cycle. The animals had free access to food
and water throughout the experiments, and were fasted
overnight prior to the experiment initiation. All aspects
of the study met the accepted criteria 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 University in Prague,
Czech Republic.

Cholestasis induction

Rats intraperitoneally anaesthetized with ketamine
(90 mg/kg) and xylazine (10 mg/kg) underwent ligation
or a sham operation. Cholestasis was induced in three
groups of rats (N = 8 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
(controls, “C”).

HMOX modulation

HMOX was inhibited by a bolus of tin-mesoporphy-
rin (SnMP) 15 uM/kg administered intraperitoneally on
day 1 (“iBDL”, BDL with HMOX inhibition; “iC”, con-
trol with HMOX inhibition) (George et al., 2013; Porteri
et al., 2009). Induction of HMOX was performed by a
bolus of hemin 30 pM/kg given intraperitoneally 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

After five days, the inferior vena cava was cannulated
through laparotomy, and blood samples were collected
(5 ml), transferred to EDTA-containing tubes, mixed,
and placed on ice. An aliquot was centrifuged to sepa-
rate out the plasma. The livers were then harvested and
weighed. Pieces of liver tissue were appropriately pro-
cessed for further biochemical and histochemical analy-
ses (see below). For quantitative histochemical analysis
of GM1 ganglioside, the liver specimens were collected
using a systematic uniform random sampling method
(Hamilton, 1995).

For RNA analysis, 100 mg of tissue was immediately
placed in 1.5 ml microfuge tubes containing RNAlater
(Qiagen). The tubes were stored at —20 °C until total
RNA isolation.

For HMOX activity, HMOX protein, and lipid per-
oxidation measurements, 100—150 mg of tissue was di-
luted 1:9 (by weight) in 0.1 M potassium phosphate
buffer (pH = 7.4), diced, and sonicated with an ultra-
sonic cell disruptor (Model XL2000, Misonics, Farming-
dale, NY). Sonicates were kept on ice and assayed for
HMOX activity within 1 hr, or frozen in liquid nitrogen
and stored at -80 °C until analysis of the HMOX protein.

Analysis of plasma markers of cholestasis

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

HMOX activity measurement

Twenty pl of 10% liver sonicate (2 mg fresh weight
[FW]) was incubated for 15 min at 37 °C in carbon mon-
oxide (CO)-free septum-sealed vials containing 20 ul of
150 uM methemalbumin and 20 pl of 4.5 mM NADPH
as previously described (Vreman et al., 1999). Blank re-
action vials contained 0.1 M phosphate buffer (pH =
7.4) in place of NADPH. Reactions were terminated by
adding 5 pl of 30% (w/v) sulphosalicylic acid. The
amount of CO generated by the reaction and released
into 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.

Isolation 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 (Yu and Ledeen, 1972).
Gangliosides were separated in a solvent system (chlo-
roform/methanol/0.2% aqueous CaCl,, 55/45/10, v/v/v),
and detected with resorcinol-HCI 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 gangliosides) by the photometric method
with resorcinol reagent (Svennerholm, 1957).

Light microscopy

Small tissue blocks (about 1 ecm?®) were fixed in 4%
paraformaldehyde followed by the standard procedure
for paraffin embedding. Serial sections were cut and
stained with haematoxylin and eosin. Each slide was
viewed using standard light microscopy.

GM]1 histochemistry

GM1 was determined using a modified procedure ac-
cording to Jirkovska et al. (2007). In brief, 4% formal-
dehyde was freshly prepared by depolymerization of
paraformaldehyde (pH = 7.2). Frozen 6 pm thin sections
were first fixed in dry cold acetone (-20 °C) for 15 min,
and then in 4% freshly prepared paraformaldehyde for
5 min. Endogenous peroxidase activity was blocked by
incubation for 15 min in phosphate-buffered saline
(PBS) supplemented with 1% H,0, and 0.1% sodium
azide. Endogenous biotin was blocked by means of a
DakoCytomation blocking kit (DakoCytomation, Den-
mark). In order to block nonspecific binding, sections
were treated with 3% BSA in PBS for 15 min. GM1
ganglioside in 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 visualized with diaminobenzidine tetrahy-
drochloride for 20 min in the dark. Sections were
mounted in DAKO S3025 (Dako North America, Inc.,
Carpinteria, CA). Two negative control tests were per-
formed for each group. First, CTB was omitted in im-
munohistochemical staining. Second, fixed sections were
extracted with chloroform:methanol 2 : 1 at room tem-
perature for 30 min, followed by standard immunohisto-
chemical staining.

Quantitative study of the distribution of GM1
ganglioside in the hepatic lobule

Six liver specimens were used for the experiment.
One 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
zone Il (approximately) was selected for the analysis.
The haematoxylin and eosin counterstaining was omit-
ted.

The images of whole sections were photographed at
the objective magnification of 40x (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, Brno, Czech Republic). Two different ways were
used for quantification. First, the whole section was
marked and its mean optical brightness was evaluated.

Second, areas of liver parenchyma in the intermediate
(zone II) of the hepatic lobules were marked, and their
mean optical brightness was determined separately.

Densitometric analysis of GM1 ganglioside in
sinusoidal 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 discernible central vein
were selected. In each lobule, one measuring frame in
the central lobular zone I1I and one measuring frame in
the corresponding peripheral lobular zone I were select-
ed for analysis. In each frame, 15 areas of sinusoidal
surface and 15 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 densitometric program
ACC 6.0, SOFO) at objective magnification of 40x (NA
=0.7). The ratios of densities measured in the sinusoidal
membrane and subsinusoidal intracellular compartment
were measured and compared (sin/int).

Quantitative real-time PCR

The liver samples were stored frozen at —80 °C in
RNAlater (Sigma Aldrich, St. Louis, MO), and total
RNA was isolated using a Qiagen RNAeasy plus kit and
QIA shredder (Qiagen). A High-Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA, USA)
was used to generate cDNA. Quantitative real-time PCR
was performed using a TagMan® Gene Expression Assay
Kit (Life Technologies for the following genes: GlcT
(Rn00582480 m1), Gal/TI(Rn00581985 ml), ST3GalV
(Rn01420866_m1), ST8Sial (Rn00563093 ml), B4GalNTI
(Rn00575768 m1), B3GalTlV (Rn01429268 sl1), and
B-actin endogenous control kit (Rn00667869 ml), all
provided by Life Technologies. The data were normali-
zed to B-actin and expressed as percent of control levels.

Statistical analysis

Normally distributed data are presented as the mean
+ SD and analysed by the Student’s #-test. Medians
(25-75%) and the Mann-Whitney U test or Kruskall-
Wallis test were used in skewed data. Differences with P
< (.05 were considered significant.

Results

Induction of cholestasis by BDL

As expected, BDL for five days resulted in a signifi-
cant increase in 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 in ALP activ-
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Table 1. The effect of BDL on cholestatic markers, and liver and body weight

Group Body weight Liver weight TBA Bilirubin ALP HMOX activity
[g] [g] [wmol/1] [umol/1] [ukat/1] [pmol CO /hr/mg FW]
C(N=06) 2355+9.0 10.4+0.7 17.3£9.2 1.4+0.6 20+03 327.7+48.0
BDL (N =8) 224.7+16.0 145+1.8 372.0+£132.3" | 320.5+74.0° 44+0.3" 199.4 +37.0"
iBDL (N =) 209.3+11.0 13.3+1.9 612.6 £164.1"7 | 215.4+47.0" 3.5+09° 59.3+7.0"f
aBDL (N =8) 218.9+26.0 155"+ 1.7 638.4+188.2"7 | 291.3 +38.1" 33+0.5" 640.6 + 123.0"

Cholestatic markers, and liver and body weight in Wistar rats 5 days after surgery. C — control, CO — carbon monoxide, FW — fresh

weight. “— P <0.05 vs. C; T— P < 0.05 vs. BDL

ity (BDL vs. aBDL, P < 0.05). Generally, plasma biliru-
bin levels were substantially affected by its decreased
elimination in cholestasis as well as by the changes in its
production following induction/inhibition of HMOX.
Accordingly, we observed a significant increase in plas-
ma bilirubin levels in all cholestatic groups compared to
controls. However, HMOX inhibition in the iBDL group
resulted in a significantly lower plasma bilirubin in-
crease compared to the BDL and aBDL groups (Table 1).
Compared to controls, BDL, iBDL and aBDL also led to
a significant increase in AST activity, a marker of liver
injury (data not shown).

The effect of HMOX modulators on enzyme activity
was verified by gas chromatography (Table 1). As ex-
pected, inhibition of HMOX activity was achieved in
the iBDL 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
experimental animals. A 15% drop in total body weight
was only observed in the iBDL group compared to the
controls (Table 1). By contrast, significant increases in

A 200%

150%

100%

50%

area of ductular proliferation
(% of control)

0% T 1
BDL iBDL aBDL

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

Modulation of HMOX activity affects ductular
proliferation and biliary infarction 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 lumina and irregular
epithelium. The surrounding portal tract tissue was oe-
dematous and infiltrated by nonaggressive inflammatory
infiltrate, predominantly with neutrophils. Signs of hepa-
tocellular degeneration were observed — feathery degen-
eration with flocculent cytoplasm and ballooning with
swollen hepatocytes. Variable amounts of intracellular
bile pigments and focal signs of necrosis with increased
hepatocyte regeneration were observed in all BDL rats.
Giant cell transformation with coalescence of hepato-
cytes, multiple nuclei, and free-floating canaliculi were
present.
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Fig. 2. Area of liver ductular proliferation and number of bile infarcts
A. Area of ductular proliferation in the liver sections of BDL animals. B. Number of bile infarcts in liver sections of BDL

animals.

Liver sections stained with haematoxylin and eosin were analysed using a systematic uniform random sampling method.

Results are expressed as % of controls. "— P < 0.05 vs. BDL
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HMOX activation resulted in a significant decrease in
ductular proliferation (to 83 £ 9 %, P < 0.05), while
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. Inhibition of HMOX significantly in-
creased the amount of bile infarcts compared to BDL
controls (0.43 + 0.11 vs. 0.71 £ 0.09 infarcts per liver
section, P < 0.005). In contrast, no effect was observed
upon HMOX activation (0.43 + 0.11 vs. 0.57 £ 0.1 in-
farcts per section, P> 0.05; 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 in the liv-
ers of BDL animals compared to controls (100 + 20 %
vs. 153 £ 15 %, P < 0.001). Inhibition of HMOX activ-
ity by SnMP resulted in a further increase in total lipid
sialic acid content (298 +22 %, P<0.001). Unfortunately,
due to haem interference, we were not able to measure
the sialic acid content in the livers of hemin-treated ani-
mals (Table 2).

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

ganglioside content, as determined both by thin layer
chromatography (Fig. 3A, 3B) and spectrophotometri-
cally as total sialic acid concentration (Table 2). 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 tri-
sialogangliosides. In contrast, activation of HMOX led
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 — GlcT, GalTl, ST3GalV, STSSial,
B4GalINTI and B3GalTlV.

BDL led to a significant increase in ST3GalV mRNA
expression compared to controls (197 + 30 %, P <0.05),
(Fig. 4C), and was even more pronounced in iBDL.

Inhibition of HMOX also resulted in a significant in-
crease in GalTl (186 + 22 %, P<0.001), ST3GalV, (371
+ 105 %, P < 0.001), ST8Sial (185 £ 44 %, P < 0.05),
and B3GalTIV (150 £ 25 %, P < 0.05) mRNA expres-
sion compared to the control. The effect of HMOX inhi-
bition in the iBDL group observed as overexpression of
ST3GalV and ST8Sial was also significant compared to
the BDL group (Fig. 4). These results are consistent
with the results of TLC ganglioside analysis.

HMOX induction resulted in a significant decrease of
B3GalTIV expression (68 + 11 %, P < 0.05; Fig. 4F).
Furthermore, a significant drop in ST3Gal/V mRNA ex-
pression was observed in the aBDL group when com-
pared to BDL alone.

Table 2. The effect of BDL on total sialic acid concentrations in the liver tissue

Group C(N=06) BDL (N =8)

iC(N=6)

iBDL (N = 8)

aC (N = 6) aBDL (N = 8)

Total sialic acid 17.3+£3.5 26.5"+3.9

[nmol/g liver]

293"+ 1.6

51.61+6.2 N.D. N.D.

Total sialic acid (total gangliosides) concentrations in the liver tissue of Wistar rats 5 days after surgery was measured by the spectro-
photometric method with resorcinol reagent. BDL as well as HMOX inhibition led to a significant increase in total sialic acid content.
C — control, N.D. — not determined due to haem interference. * — P < 0.05 vs. C; ' — P < 0.05 vs. BDL

Table 3. The effect of BDL on the total amount of gangliosides of the a- and b-branches in the liver tissue

Group a-Branch [nmol/g liver] b-Branch [nmol/g liver]

GM3 GM1 GDla GD3 GD1b GT1b
C(N=06) 25+09 1.01 +£0.30 2.01 £ 1.40 1.43+0.50 1.04 +0.40 0.62 +0.20
BDL (N =8) 2.62+1.10 1.60+0.40" 5.1+1.3" 1.42+0.30 2.86+0.70" 1.49+0.40
iBDL (N = ) 3.69+0.70"F 1.91+0.40" 5.89+ 1.50° 1.85+0.50 1.81+0.30 0.91+0.50
aBDL (N =8) 345+1.20 1.83+0.30" 4.31+0.90" 1.49+0.50 1.47+0.407 0.92+0.20"

Isolated gangliosides were separated in a solvent system and detected with resorcinol-HCI reagent (nmol/g) with subsequent densito-
metric analysis. BDL led to a significant increase of terminal gangliosides of the a- (GD1a and GM1) as well as b-branch (GD1b and

GTIb).
C —control,” =P <0.05vs. C; "= P < 0.05 vs. BDL
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Fig. 3. Effect of BDL on the ganglioside content in the liver

A. Relative amount of gangliosides of the a- and b-branches in the liver tissue of the control and BDL animals. Isolated
gangliosides were separated in a solvent system and detected with resorcinol-HCI reagent, with subsequent densitometric
analysis. Results are expressed as % of controls. B. Total amount of di- and trisialogangliosides (GD3, GD1, GD1b and

GT1b) in the liver tissue of BDL animals.
C —control, "= P < 0.05 vs. C, *=P < 0.05 vs. BDL

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

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

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

Interestingly, HMOX inhibition in BDL animals re-
sulted in an even more pronounced shift of GM1 to the
sinusoidal membrane (iBDL vs. BDL; P < 0.05, Fig. 5),
whereas no shift of GM1 from the intracellular compart-
ment was observed following HMOX induction in BDL
rats, resulting in a similar immunohistological 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 distribution and synthesis of the liver gan-
gliosides. Moreover, simultaneous induction of the he-
patoprotective and anti-cholestatic HMOX enzyme re-
sulted in attenuation of the cholestatic pattern of liver
gangliosides.

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

centration might have deleterious consequences (d’Azzo
et al., 2000), their pathophysiological significance in the
liver tissue needs to be elucidated (Sanchez et al., 2000).
Altered ganglioside patterns have been reported in cir-
rhosis and hepatocellular carcinoma in human livers
(Tanno et al., 1988) as well as in biliary cirrhosis in the
rat (Senn et al., 1991). A different distribution of gan-
glioside synthases in hepatocytes, Kupffer cells, and si-
nusoidal endothelial cells was observed in the rat (Senn
et al., 1990). Moreover, our group has demonstrated an
altered ganglioside pattern in the livers of rats with EE-
induced cholestasis (Jirkovska et al., 2007), and its im-
provement 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. This disease is characterized by
interruption of bile flow, followed by a rapid increase in
the plasma levels of BA, conjugated bilirubin, and ALP
activity.

As expected, BDL was followed by a severe bio-
chemical as well as histological cholestatic pattern. In
accordance with our recent data (Muchova et al., 2011),
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 intra-
hepatic cholestasis is impaired bile flow due to the
changes in hepatocyte transporter expression (Trauner
et al., 1997), which might be restored by the effect of
haem, the biliary tree obstruction is primarily due to a
mechanical obstacle followed by secondary changes in
the expression of liver transporters.
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Fig. 4. Effect of BDL on mRNA expression of key enzymes in ganglioside synthesis in the liver

The relative mRNA expression of key glycosyltransferases in ganglioside synthesis was measured in the liver tissue.
Results are expressed as % of controls. C — control, “— P < 0.05 vs. C, T—P < 0.05 vs. BDL
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Fig. 5. Distribution of GM1 ganglioside in cholestatic livers
Image analysis of the intensity of GM1 ganglioside stain-
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 < 0.05 vs. C, " — P < 0.05 vs.
BDL

A significant decrease in ductular proliferation, the
hallmark of obstructive cholestasis, was observed in the
liver sections of BDL animals with HMOX induction.
Cholangiocytes 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 involved in cholan-
giocyte proliferation, the inositol 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 in different cell culture mod-
els (Ravichandra and Joshi, 1999; Kanda et al., 2001).

Moreover, in our study, a significant increase in com-
plex gangliosides (containing at least two sialic acid
residues linked to lactosylceramide) was detected in the
liver of BDL animals, as well as those with HMOX
inhibition compared to controls. In contrast, 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
attributed to complex versus monosialyl gangliosides in
cellular proliferation and differentiation. While mono-
sialyl gangliosides have an anti-proliferative effect,
complex gangliosides enhance cell growth and prolifer-
ation (Furukawa et al., 2012), indicating that ganglio-
sides might possess an important regulatory role in duct-
ular proliferation in the cholestatic liver. The proliferation
of ductules is 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 ineffective (the cause of biliary
obstruction lies in the common bile duct) and as a con-
sequence, it could have a destructive effect on the liver

parenchyma by replacing the functional 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-
glioside synthesis was further supported by determina-
tion of mRNA expression of the key enzymes of the
ganglioside biosynthesis pathway. BDL animals showed
increased ST3GalV expression, corresponding to the
overall increased ganglioside production from lactosyl-
ceramide. HMOX inhibition resulted in a further in-
crease in ST3GalV, with simultaneous elevations in
ST8Sial and B3GalTlV, representing activation of the
b-branch and terminal gangliosides, respectively. On the
other hand, HMOX activation returned 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 control and cholestatic
livers with/without modulation of HMOX.

The accumulation of BA inside hepatocytes is the ma-
jor cause of cholestatic liver damage (Kullak-Ublick
and Meier, 2000), including structural and functional
injuries of hepatocyte membranes (Roma et al., 2008),
cell death, and activation of inflammatory 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 turn oxidatively
modify lipids, proteins, and nucleic acids; eventually
causing hepatocyte necrosis and apoptosis (Perez and
Briz, 2009). Recently, it was reported that the canalicu-
lar part of the hepatocyte membrane contains detergent-
resistant microdomains — lipid rafts — enriched in GSL,
including gangliosides, sphingomyelin, and cholesterol,
protecting this part of the hepatocyte membrane against
the detergent action of BA (Nourissat et al., 2008). There
is no doubt that these rafts also exist on the sinusoidal
part of the hepatocyte membrane (Zegers and Hoekstra,
1998). Gangliosides as molecules with a high melting
point, rigid structure, and highly stable sialic acids are key
raft components, responsible for their physical properties.

Recently, Jirkovska et al. (2007) described redistribu-
tion of gangliosides within hepatocytes in EE-induced
cholestasis. Similarly, in the present study we have
shown the shift of the GM1 ganglioside from the intra-
cellular compartment to the sinusoidal membrane of the
hepatocyte in cholestatic animals, supporting the con-
cept of a protective effect of gangliosides against the
deleterious effect of high plasma levels of BA. Inte-
restingly, this shift was even more pronounced in BDL
with HMOX inhibition, while HMOX induction pre-
vented GM1 trafficking to membranes. A similar effect
of HMOX induction on ganglioside redistribution was
observed by our group (Petr 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 increase in the content and synthesis of liver
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Fig. 6. Localization of GM1 ganglioside in cholestatic livers

In the liver sections, GM1 ganglioside was detected using the cholera toxin B-subunit with streptavidin-peroxidase poly-
mer. Diaminobenzidine tetrahydrochloride (brown colour) was used for visualization. A significant shift of GM1 positiv-
ity from the cytoplasm to the sinusoidal membranes was observed after BDL. HMOX inhibition in iBDL animals resulted
in an even more pronounced shift of GM1 from the cytoplasm to the sinusoidal membrane, whereas HMOX activation in
the aBDL group had the opposite effect. Modulation of HMOX alone in iC and aC had no effect on GM1 localization.

C — control. Bar represents 50 pum.

gangliosides followed by their shift into the sinusoidal
membranes. This mechanism can protect hepatocytes
against the deleterious effect of high systemic concen-
trations of BA, and also activate proliferation of biliary
epithelia. Moreover, the inhibition of antioxidant 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 liver ganglioside
metabolism. These results might have potential thera-
peutic implications, since many drugs and natural prod-
ucts exhibit HMOX-inducing activities (Bach, 2005),
and thus might serve as hepatoprotectants.
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