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Summary 

Cholestasis is characterized by the elevation of serum total bile 

acids (TBA), which leads to the production of both free radicals 

and oxidative stress. Although they do not share the same 

mechanisms, membrane glycosphingolipids (GSL) 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 composition 

within hepatocytes in the rat model of estrogen-induced 

cholestasis. Compared to the controls, an increase of total 

gangliosides in the liver 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 effects were partially prevented by HMOX activation. 

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). Our study shows that estrogen-induced cholestasis is 

followed by changes in the synthesis and/or distribution of GSL. 

These changes are not only triggered by the detergent power of 

accumulated TBA, but also by their pro-oxidant action. Increases 

in the antioxidant defenses might represent an important 

supportive therapeutic measure for patients with cholestatic liver 

disease. 

Key words 

GM1 ganglioside • Heme oxygenase • Oxidative stress • 

Intrahepatic cholestasis • 17α-ethinylestradiol 

Corresponding author 

Lucie Muchová, Institute of Medical Biochemistry and Laboratory 

Diagnostics, 1st Faculty of Medicine, Charles University in Prague, 

Na Bojisti 3, 121 08 Prague 2, Czech Republic. Fax: [+420] 224 

964 203. E-mail: lucie.muchova@lf1.cuni.cz 

Introduction 

Estrogen-induced cholestasis is a pathological 
condition characterized by impaired bile flow and the 
accumulation of bile acids in the plasma of susceptible 
women, either after estrogen administration or in 
pregnancy (Vore 1987). Accumulated bile acids in the 
plasma and the livers of cholestatic individuals can cause 
liver injury through mechanisms including oxidative 
stress and structural and/or functional damage of the 
hepatocyte membrane, due to the detergent properties of 
bile acids (Kullak-Ublick and Meier 2000, Sokol et al. 
2001, Roma et al. 2008, Fuentes-Broto et al. 2009).  

Heme oxygenase (HMOX) is a rate-limiting 
enzyme in heme catabolism, which has antioxidative, 
anti-inflammatory, and cytoprotective properties. The 
beneficial effects of HMOX are mainly produced through 
its bioactive products – bilirubin and carbon monoxide 
(CO) (Vitek and Schwertner 2007, Muchova et al. 2011). 
CO is an important signaling molecule involved in bile 
secretion, as well as bile canaliculi contractility and liver 
perfusion; while bilirubin acts as a strong antioxidant, 
and can protect the liver directly against the oxidative 
stress triggered by bile acids (Reyes and Simon 1993, 
Muchova et al. 2011). 

Gangliosides are glycosphingolipids (GSL), 
assembled from a lipophilic ceramide portion and 
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structurally variable hydrophilic oligosaccharide portion 
containing N-acetylneuraminic acid. Two main 
biosynthetic pathways of the gangliosides have been 
described in mammalian cells: 1] a-pathway comprising 
GM3, GM2, GM1, and GD1a gangliosides; and 2] b-
pathway with GD3, GD2, GD1b, and GT1b gangliosides 
(Kolter et al. 2002).  
 Gangliosides, as well as other GSL, are highly 
concentrated in the outer layer of the plasmatic 
membrane. Furthermore, gangliosides, thanks to their 
unique physical and chemical properties, are considered 
crucial molecules responsible for the rigidity of cell 
membranes (Pascher 1976, Harris et al. 1978, Pascher et 
al. 1992), as well as contributing to the protection against 
oxidative stress (Gavella et al. 2010). 
 More than 30 years ago, a decreased fluidity of 
the liver plasma membrane was observed in cholestasis 
that had been induced by ethinylestradiol (EE) (Balistreri 
et al. 1981, Smith and Gordon 1988); however, the 
possible consequences, resulting from the decreased 
fluidity of the cholestatic membrane, an increase in b-
pathway gangliosides, and the redistribution of GM1 
ganglioside from the cytoplasm to the sinusoidal 
membrane of hepatocytes have only recently been 
described, in 2007 (Jirkovska et al. 2007, Majer et al. 
2007). This supports the hypothesis that not only the 
increased synthesis of gangliosides, but also their 
redistribution in a situation of limited biosynthesis, may 
serve as a protective mechanism against the strong 
detergent effects of the bile acids accumulated during 
cholestasis.  
 The aim of the present study was to assess the 
potential role of HMOX on GSL redistribution and 
composition within hepatocytes in the rat model of 
ethinylestradiol-induced cholestasis. 
 
Materials and Methods 
 
Chemicals 
 Paraformaldehyde, cholera toxin B-subunit 
biotin-labeled (ChT-B-biotin), streptavidin-peroxidase 
polymer, albumin, biotin, 17α-ethinylestradiol, hemin, N-
acetylneuraminic acid, ammonium acetate, PAP pen for 
immunostaining, monosialoganglioside GM1 from 
bovine brain, 1,2-propanediol, diaminobenzidine (DAB)-
tetrahydrochloride tablets, and RNAlater were all 
supplied by Sigma Aldrich (St. Louis, MO, USA); avidin 
and N,N-dimethylformamide were obtained from Fluka 
(Buchs, Switzerland); the DEAE Sephadex was supplied 

by GE Healthcare (Little Chalfont, UK). High 
Performance Silica Plates, resorcinol, and silica gel 60 
came from Merck (Darmstadt, Germany); the Faramount 
Mounting Medium was received from Dako (Glostrup, 
Denmark); the Total RNA Purification Kit was from 
Norgen Biotek Corporation (Thorold, Canada); the High 
Capacity cDNA Reverse Transcription Kit and TaqMan 
Gene Expression Master Mix were from Applied 
Biosystems (Foster City, USA). All other chemicals were 
purchased from Penta (Prague, Czech Republic). 
 
Experimental animals 
 Female Wistar rats were obtained from Anlab 
(Prague, Czech Republic), and housed under a controlled 
temperature and with a natural light-dark cycle. The 
animals had free access to water and food throughout the 
experiment. They were forced to fast overnight before the 
experiment.  
 Cholestasis was induced by subcutaneous 
injections of EE (5 mg/kg) diluted in 1,2-propanediol, 
and applied daily for 18 days (E group). The control 
groups (C) only received the 1,2-propanediol. Activation 
of HMOX1 (aE group) was achieved by intraperitoneal 
administration of heme (15 µmol/kg in 4 doses on days 0, 
5, 10, and 15). The heme was dissolved in 0.1 M NaOH, 
stabilized by albumin solution (1.5 mmol/l heme: 0.15 
mmol/l BSA), and then adjusted by 0.1 M HCl to a final 
pH of 7.4. The minimum number of animals per group 
was n=6.  
 After intramuscular anesthesia with ketamine 
(90 mg/kg) and xylazine (10 mg/kg), the animals were 
sacrificed, and blood was then obtained from the inferior 
vena cava for biochemical analyses. Their livers were 
weighed and then immediately processed for 
histochemical analysis, isolation of gangliosides and 
RNA, 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 animals; all 
protocols were approved by the Animal Research 
Committee of the First Faculty of Medicine, Charles 
University in Prague, Prague, Czech Republic.  
 
Determination of serum markers of liver injury 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 alkaline 
phosphatase (ALP), aspartate aminotransferase (AST), 
and alanine 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 analyzer 
(Modular analyzer, Roche Diagnostics GmbH, 
Mannheim, Germany). HMOX activity was measured by 
gas chromatography, as previously described (Vreman 
and Stevenson 1988, 2001), and calculated 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 antioxidant consumption present in the 
serum, relative to that of Trolox (a reference and 
calibration antioxidant compound), as previously 
described (Iuliano et al. 2000). 
 
Analysis of liver gangliosides 
 The chloroform-methanol extraction of 
glycolipids from the liver tissue was performed according 
to Ledeen et al. (1973), with minor modifications by 
Ueno et al. (1978). The extract was purified on a silica 
gel column, again following the method of Leeden et al. 
(1973). An additional purification of the samples using a 
Folch partition (Folch et 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 sialic acid (total gangliosides) 
by the photometric method with resorcinol reagent 
(Svennerholm 1957, Takki-Luukkainen and Miettinen 
1959), the other part was used for TLC quantification of 
the content of the major gangliosides. GM1 ganglioside, 
with a known concentration, was applied onto each 
HPTLC plate in order to correct for any differences 
caused by the intensity of spraying with the resorcinol 
HCl reagent. The densitometric measurement was 
evaluated using CATs3 software (CAMAG, 
Switzerland).  
 
Determination of glycosyltransferases expression 
 Total liver RNA was isolated from samples 
stored in RNAlater tissue storage reagent (Sigma Aldrich, 
St. Louis, USA) using a Total RNA Purification kit 
(Norgen Biotek Corporation, Canada); and cDNA was 
generated using a High Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Foster City, 
USA). Real-time PCR was performed with a TaqMan® 

Gene Expression Assay Kit (Applied Biosystems, Foster 
City, USA) for sialyltransferase II (St8Sia1, 
Rn00563093_m1) and galactosyltransferase II (B4Galt2, 
Rn01417399_m1). Data were normalized to β-actin 
(Actb, Rn00667869_m1) and expressed as fold change 
from the control levels. 
 
Histochemical detection of GM1 ganglioside in rat liver 
 Microscopic distribution of GM1 ganglioside 
(the representative of GSL) was studied in the liver tissue 
sections by histochemical detections, based on the strong 
binding of the cholera toxin B-subunit to GM1. Blocks of 
liver tissue were collected from each animal, frozen, and 
cryostat sections (6 µm 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 Petr et al. (2010). GM1 
ganglioside was detected by a histochemical reaction with 
ChT-B-biotin (diluted 1:500 in PBS with 3 % BSA), 
followed by incubation with streptavidin-peroxidase 
polymer, diluted 1:400 in PBS. Peroxidase activity was 
visualized using diaminobenzidine tetrahydrochloride.  
 
Image analysis of the liver sections 
 Selected areas from each slide were 
photographed with an objective magnification of 40X 
(NA=500). Photographs were taken under constant 
conditions. The entire area was systematically inspected, 
and every sixth to seventh screen was photographed using 
the stratified random sampling method (Hamilton 1995). 
Lumens of large vessels and artificially damaged areas 
were excluded from the analysis. The sinusoidal 
membrane of hepatocytes (sin) and adjacent areas of the 
cytoplasm (cyt) were traced and subsequently measured. 
The optical density of the GM1 reaction product was 
determined using a computer image analysis program 
ACC 6.0 (SOFO, Czech Republic). 
 
Statistical analysis 
 Normally distributed data are presented as the 
mean ± SD, and were analyzed using Student's t-test; 
skewed data are expressed as the median and 95 % CI, 
and were analyzed by the Mann-Whitney Rank Sum test. 
Kruskal Wallis ANOVA with post hoc analysis was used 
for multiple comparisons. Differences with P<0.05 were 
considered statistically significant. The analyses were 
performed using STATISTICA CZ software, v. 10. 
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Results 
 
HMOX activation increases serum antioxidant capacity 
of cholestatic animals 
 As expected, EE exposure resulted in significant 
increases of serum Bili-T (1.0±0.3 vs. 3.2±2.0 μmol/l, 
P=0.005), TBA (5.5±5.3 vs. 115.2±71.3 μmol/l, 
P=0.005), and ALP (1.8±0.4 vs. 3.2±0.9 μkat/l, P=0.008), 
compared to the corresponding controls. Administration 
of heme, a specific inducer of HMOX1, substantially 
increased liver HMOX activity in the EE-treated group 
(261.2±129.1 vs. 434.9±143.7 pmol CO/h/mg FW, 
P=0.031).  
 To investigate whether HMOX induction can 
increase the total antioxidant status of experimental 
animals, we measured the serum antioxidant capacity of 
cholestatic rats exposed to heme. Indeed, the heme 
administration increased the peroxyl radical scavenging 
capacity of the sera of EE-treated animals by 68 % 
(P=0.016, Fig. 1).  
 
 

 
 
Fig. 1. The effect of HMOX induction on serum 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 5-95 % 
(whiskers). E, estrogen-exposed animals; aE, estrogen-exposed 
animals treated with heme 
 
 

HMOX activation prevents an increase of total 
ganglioside content in the cholestatic liver 
 Total liver gangliosides (measured as total sialic 
acid content) were significantly elevated in the cholestatic 
samples, compared to control group C [40.3 (27.4-49.9) 
vs. 17.0 (8.9-26.5) nmol/g, P=0.001]. A much smaller 
and non-significant increase in the total liver ganglioside 
content has been observed in the cholestatic samples 
treated with heme [17.0 (8.9-26.5) vs. 31.9 (16.9-36.8) 
nmol/g, P>0.05] (Fig. 2).  

 
 
Fig. 2. The effect of HMOX induction on total liver gangliosides 
of cholestatic animals. Liver content of total gangliosides, 
expressed as median, 25-75 % (boxes) and 5-95 % (whiskers). 
C, control animals; E, estrogen-exposed animals; aE, estrogen-
exposed animals treated with heme 
 

 

Activation of b-terminal branch of ganglioside synthesis 
in cholestasis is prevented by HMOX 
 In this set of experiments, we measured changes 
in the concentration of individual liver gangliosides after 
induction of cholestasis and HMOX activation.  
 No changes in the concentration of gangliosides 
of the a-biosynthetic pathway (GM1 and GD1a) were 
observed. However, a significant activation of the 
terminal part of the b-branch gangliosides (represented by 
a two-fold increase of GD1b and GT1b, P=0.005 and 
P<0.001, respectively) was detected in the cholestatic 
animals. Interestingly, this activation was partially 
prevented by HMOX activation, only when mild 
increases in GD1b and GT1b were observed (Fig. 3).  
 To determine the rates of activation of the a- and 
b-branch of ganglioside biosynthetic pathways, we 
studied the relative expressions of galactosyltransferase II 
(unspecific GM1-synthase) and sialyltransferase II 
(specific GD3-synthase) in liver homogenates. Compared 
to controls, no significant changes were observed in the 
expression of GM1-synthase in the livers of cholestatic 
animals (98±27 % and 113±43 % in E and aE, 
respectively, P>0.05). On the other hand, the expression 
of GD3-synthase, showing an activation of the b-
biosynthetic branch, was markedly increased in the 
cholestatic samples (230±77 % of controls, P=0.04). This 
increase was not as pronounced when HMOX had been 
activated in the cholestatic animals (increased only 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-
biosynthetic 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-exposed animals treated with heme 
 
 

HMOX induction affects the GM1 distribution in the 
cholestatic hepatocyte 
 To study the changes in the distribution of 
glycolipids within the liver cell after cholestatic liver 
injury and HMOX activation, we measured the 
histochemical localization of GM1 ganglioside (the 
representative of GSL) in the liver sections.  
 When compared to the controls, cholestasis was 
accompanied by a substantial shift of GM1 ganglioside 
from the cytoplasm to the sinusoidal membrane. Pre-
treatment with heme completely abolished this effect; 
GM1 staining increased in the cytoplasm, but was 
substantially reduced in membranes (Fig. 4).  
 This observation was quantified by the image 
analysis of GM1 in the subsinusoidal compartment of the 
cytoplasm (cyt) and the sinusoidal membranes (sin) of 
hepatocytes. Based on this analysis, the sin/cyt ratio was 

calculated, indicating the relative distribution of 
glycolipids within the liver cell. The results clearly show 
the shift of GM1 ganglioside from the cytoplasm to 
membranes in cholestatic samples (sin/cyt ratio 
1.51±0.19 vs. 1.71±0.10, P=0.65); while the shift was 
reversed by HMOX induction (sin/cyt ratio 1.71±0.10 vs. 
1.31±0.04, P=0.014) (Fig. 5). 
 
Discussion 
 
 The present study shows that in estrogen-
induced cholestasis, it is not only the detergent properties, 
but also the pro-oxidant properties of the accumulated 
bile acids that are responsible for increased synthesis and 
membrane distribution of gangliosides. If the 
antioxidative response is augmented, the cholestatic 
pattern of the liver gangliosides 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 
using diaminobenzidine tetrahydrochloride (brown color). The 
apparent shift of GM1 positivity from sinusoidal and canalicular 
membrane (arrowheads) in control group (C) to sinusoidal 
membrane, only in the cholestatic group (E); or to the cytoplasm 
in the cholestatic group with activated HMOX1 (aE) can be 
observed. Bar = 100 µm. C, control animals; E, estrogen-exposed 
animals; aE, estrogen-exposed animals treated with heme 
 
 

 To investigate whether oxidative stress, 
increased by accumulated bile acids in estrogen-induced 
cholestasis is responsible for changes in liver ganglioside 

metabolism, we used an experimental model with 
activation of the antioxidant enzyme HMOX. We found 
that administration of the HMOX substrate, heme, to EE-
treated animals leads to a significant increase in the 
serum antioxidant capacity. As we have recently shown 
(Zelenka et al. 2012), activation of HMOX is associated, 
via formation of its bioactive products, with strong 
cytoprotective and antioxidant actions, counteracting the 
pro-oxidative effect of accumulated bile acids in 
cholestasis (Muchova et al. 2011).  
 In agreement with data published earlier by our 
group (Majer et al. 2007), we observed an increase in 
ganglioside 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 rigid 
domains in the outer leaflet of the plasma membrane 
(Kanfer and Hakomori 1983, Hakomori 2003). Thus, the 
increase in total ganglioside content, and particularly the 
b-series of gangliosides (containing more sialic acid 
molecules) in cholestatic animals might be a logical 
response to this insult. Interestingly, antagonizing the 
pro-oxidative actions of bile acids by HMOX activation 
in cholestatic animals tended to reverse this increase 
towards values closer to those of the controls. 
Considering reports emphasizing the antioxidant 
properties of gangliosides (Avrova et al. 1998, Gavella et 
al. 2007), and the effect of GM1 ganglioside on 
membrane fluidity in primary rat hepatocytes (Sergent et 
al. 2005), we speculate that oxidative stress might be an 

 
Fig. 5. The effect of HMOX1 induction on redistribution of GM1 
ganglioside within the liver cells. Image analysis of the intensity 
of GM1 staining in the subsinusoidal compartment of cytoplasm 
(cyt) and sinusoidal membranes (sin) of hepatocytes, expressed 
as sin/cyt ratio. C, control animals; E, estrogen-exposed animals; 
aE, estrogen-exposed animals treated with heme 
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important factor in regulating ganglioside biosynthesis 
and membrane stabilization during estrogen-induced 
cholestasis.  
 Cholestasis is not only characterized by an 
increase in ganglioside biosynthesis, but also by their 
shift from the cytoplasm to the plasma membrane 
(Jirkovska et al. 2007). In accord with this data, we 
observed the highest membrane GM1 ganglioside content 
in cholestatic livers. On the other hand, in estrogen-
treated animals with HMOX induction, gangliosides did 
not follow the cholestatic pattern, and a significant drop 
in membrane ganglioside content was observed.  
 There are some limitations of our study. First, 
we can only 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 also 
important signaling functions. This topic needs to be 
addressed in future studies. Secondly, to clarify the exact 
role of HMOX on GSL metabolism, further studies with 
HMOX knock-out animals should be performed. 
 We conclude that estrogen-induced cholestasis is 
followed by changes in the synthesis and/or distribution 
of gangliosides within the hepatocyte. These changes are 
not only triggered by the detergent properties of highly 
concentrated bile acids, but also by oxidative stress, and 
thus might represent a general mechanism of 
hepatoprotection. Therefore, enhancement of the 
antioxidative defense mechanisms by HMOX induction 

might represent an important supportive therapeutic 
measure under cholestatic liver conditions. 
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