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Abstrakt 

V předkládané práci jsem se zaměřil na studium úlohy lipidů v patogenezi jaterních 

onemocnění, konkrétně cholestázy a nealkoholického postižení jater při steatóze (NAFLD). 

Hlavním cílem bylo objasnit změny metabolismu gangliosidů v játrech u různých typů 

cholestázy a popsat význam hemoxygenázy-1 (HMOX1) a přidruženého oxidačního stresu. 

Druhým cílem bylo popsání účinků n-3 polynenasycených mastných kyselin (n-3 PUFA)  

na patogenezi NAFLD u myšího modelu a u pacientů s metabolickým syndromem a NAFLD. 

 Naše výsledky naznačují, že zvýšení biosyntézy gangliosidů a jejich redistribuce může 

představovat obecný obranný mechanismus hepatocytů při cholestáze (jak indukované 

estrogeny, tak i obstrukčního typu). Tyto změny úzce souvisejí s oxidačním stresem a mohou 

chránit hepatocyty před škodlivým účinkem nahromaděných žlučových kyselin. Nedostatečná 

aktivita HMOX1 a následný oxidační stres potencují patologické změny jaterního 

parenchymu a vedou ke tkáňově specifické modulaci syntézy a redistribuci gangliosidů  

(in vivo a in vitro). Naproti tomu má aktivace HMOX1 opačný účinek a může působit 

hepatoprotektivně. Dokázali jsme, že pozorované změny mohou být částečně zprostředkovány 

modulací aktivity proteinkinázy C. 

 Výsledky druhé části práce prokazují příznivé účinky suplementace n-3 PUFA  

na patogenezi NAFLD. In vivo experimenty na myším modelu odhalily příznivé účinky n-3 

PUFA na histopatologické změny, sérové markery jaterního poškození a složení lipidů  

v plazmě i játrech. Ve dvojitě zaslepené, randomizované, placebem kontrolované studii jsme 

u pacientů s NAFLD zaznamenali významné snížení aktivity γ-glutamyl transferázy v séru  

po 12-ti měsících podávání n-3 PUFA, stejně jako změny plazmatického lipidomu.  

Z dosažených výsledků usuzujeme, že n-3 PUFA mohou představovat potenciální agens  

v prevenci a léčbě tohoto stále častěji se vyskytujícího onemocnění. 

Klíčová slova: gangliosidy, hemoxygenáza, cholestáza, játra, n-3 PUFA, NAFLD. 
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Abstract 

In this thesis I have focused on the role of lipids in the pathogenesis of liver diseases, specifically on 

cholestasis and non-alcoholic fatty liver disease (NAFLD). The first major aim was to clarify the 

changes in liver ganglioside metabolism in various types of cholestasis and to elucidate the role of 

heme oxygenase-1 (HMOX1) and associated oxidative stress. The second objective was to determine 

the effects of n-3 polyunsaturated fatty acids (n-3 PUFA) administration on NAFLD development in a 

rodent dietary model of NAFLD and in patients with metabolic syndrome and NAFLD. 

 Our results suggest that increased ganglioside biosynthesis and their re-distribution might 

represent a general protective mechanism of hepatocytes under cholestatic conditions (both estrogen-

induced and obstructive aetiology). These changes are closely related to oxidative stress and might 

protect hepatocytes against deleterious effect of accumulated bile acids. The lack of HMOX1 activity 

and subsequent oxidative stress potentiate pathological changes in the liver and resulted in tissue-

specific modulation of synthesis and re-distribution of gangliosides (in vivo and in vitro). Contrary to 

it, HMOX1 activation has an opposite effect and may represent a general hepatoprotective mechanism. 

We have proven that observed changes might be, at least partly, mediated through modulation of 

protein kinase C activity. 

 Secondly, we have demonstrated beneficial effects of n-3 PUFA supplementation on NAFLD 

development. In vivo experiments revealed the favourable effects of n-3 PUFA on histopathological 

changes, serum markers of liver damage, fatty acid compound of plasma and liver and show anti-

inflammatory properties. In our double blind randomised placebo-controlled study, we observed 

significant decrease in γ-glutamyl transferase serum activity after 12 months of n-3 PUFA 

administration as well as changes in plasma lipidome. Based on our results, we conclude that  

n-3 PUFA could represent a potential promising way in prevention and treatment of this increasingly 

common disorder. 

Key words: cholestasis, gangliosides, heme oxygenase, liver, n-3 PUFA, NAFLD. 
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1. INTRODUCTION 

This thesis is focused on the role of lipids in development of liver injury including cholestatic 

liver diseases and non-alcoholic fatty liver disease (NAFLD). The liver plays pivotal role in 

energy and lipid metabolism. Many lipid compounds including cholesterol, triacylglycerols 

(TAG) or lipoproteins are synthesized in the liver and alteration in their metabolism might 

contribute to development of chronic liver disorders. On the contrary, accumulation of excess 

fat in the liver tissue predispose to a pro-inflammatory state and subsequent development of 

fibrosis, which is considered a crucial factor in liver-related mortality.  

 During cholestasis, elevated concentrations of bile acids (BA) and other bile 

components are responsible for hepatocyte damage. Among others they affect the plasma 

membrane, which consists (dominantly) of three major classes of lipids: cholesterol, 

(glyco)phospholipids and sphingolipids. Last named complex lipids – sphingolipids – are key 

players in the resistance of plasma membrane against the detergent action of bile.  

 Moreover, disorders in lipid metabolism are crucial determinants for development of 

NAFLD considered the most frequent chronic liver disease of the present. The most important 

mechanism in lipid-mediated injury is dysregulation of lipid influx and outflux with 

conversion of inert species into potentially toxic mediators (Neuschwander-Tetri, 2010). The 

second factor in lipid-mediated injury is the activation of hepatic stellate cells (HSC; so-called 

Ito cells or lipocytes) (Wobser et al., 2009) which are responsible for fibrogenesis 

(Kocabayoglu and Friedman, 2013). Equally principal factor is the type of digested lipids 

such as trans fats and cholesterol. They may be relevant for disease development, including 

inflammation, liver injury, and fibrosis (Mari et al., 2006), (Kohli et al., 2010). 
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1.1 LIPIDS  

Lipids are molecules soluble in nonpolar solvents with unique physical-chemical properties. 

Despite their general hydrophobic character, some lipids possess amphipathic properties 

representing a key feature in their role as fundamental elements of cellular and organelle 

membranes. Lipids might be divided into several categories (Fahy et al., 2009) and have 

broad spectrum of functions including: structural (membranes), storage of energy, signalling 

and others. 

 

Fatty acids 

Fatty acids (FA), or fatty acid residues consist of hydrocarbon chain, usually in the range from 

four to 24 carbons long, that terminates with a carboxyl group. The hydrocarbon chain can be 

either saturated or unsaturated and might be connected to functional groups including oxygen, 

nitrogen, sulphur and/or halogen. In unsaturated FA there is a possibility of either cis or trans 

isomerism. FA are synthesized by chain-elongation of an acetyl-CoA basis through the action 

of FA synthases and encompass a wide spectrum of metabolic functions. They are essential 

for energy storage, energy production, cell proliferation, metabolic homeostasis and for 

regulation of inflammatory processes. Bioactive FA are fundamental for cell signalling 

pathways as well as intermediates in the biosynthesis and structure of many complex lipids 

(e.g. phospholipids). 

 

Glycerolipids 

Glycerolipids are a group of compounds consisting of mono-, di-, and tri-substituted glycerols 

typically by different FA. Triacylglycerols (TAG) – FA esters of glycerol – represent the most 

abundant lipid group in mammals. Their biosynthesis starts at carbon 2 of the glycerol 

backbone when monoacylglycerols and diacylglycerols are created (Coleman and Lee, 2004). 
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Their leading role is energy store and releasing of glycerol and FA mainly from adipose tissue 

is the beginning step in utilizing fat.  

 

Role of simple lipids in the pathogenesis of liver diseases - fatty acids as a major source of 

lipotoxicity  

 Several types of simple lipids including FA and glycerolipids from diet and visceral 

adipose tissue are delivered to the liver by the portal vein. There is extensive body of evidence 

indicating that excessive free FA influx into the liver cause not only steatosis, but is 

associated also with chronic inflammation, organelle dysfunction (ER-stress, mitochondria 

damage, oxidative stress), cell injury and/or cell death. This dysregulation of a lipid 

environment and/or intracellular lipid composition leading to an accumulation of harmful 

lipids is called lipotoxicity (Schaffer, 2003). Recent data suggest that total amount of 

triglycerides stored in hepatocytes is not the major determinant of lipotoxicity (Listenberger et 

al., 2003), (McClain et al., 2007). On the contrary, dietary FA and other specific lipid 

compounds (cholesterol, lysophosphatidylcholine, ceramides) are the key elements in 

lipotoxicity-induced liver damage as well as insulin resistance (Alkhouri et al., 2009), 

(Mattace Raso et al., 2013), (Marra and Svegliati-Baroni, 2018). Accumulated lipids are 

primarily neutral lipids stored in dynamic organelles called lipid droplets (lipid bodies, 

adiposomes) with own lifecycle within the cell. These droplets provide storage of energy 

accumulated during periods of energy surplus and their abnormalities participate in liver 

disease development (Gluchowski et al., 2017). Nearly two-thirds of accumulated fats come 

from free FA delivered to the liver (Donnelly et al., 2005), (Lambert et al., 2014). The origin 

of free FA is especially fatty tissue (dysfunctional and insulin-resistant adipocytes) (Barrows 

and Parks, 2006), which serves also as a source of many hormones, cytokines (interleukins, 

TNFα and others), chemokines and adipokines (including growth factors such as IGF-1, 
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TGFβ or VEGF). All these factors together with impaired FA metabolism contribute to the 

development and progression of many liver diseases, especially progression of NAFLD to 

NASH with subsequent fibrosis (Polyzos et al., 2010). Many authors conclude that an 

activation of lipotoxic pathways is considered a pivotal event in the pathogenesis of NAFLD 

and NASH including: 1) an increased supply of free FA in increased lipolysis 

(subcutaneous/visceral fat) and/or increased dietary fat intake; 2) reduced FA oxidation; 3) 

increased de novo lipogenesis in the liver; 4) reduced VLDL secretion from the liver (Fabbrini 

et al., 2008), (Lambert et al., 2014).  

 

Phospholipids  

Phospholipids are ubiquitous lipid molecules responsible for creating lipid bilayer, the key 

components of all cell membranes. The phospholipid molecule usually consists of two 

hydrophobic FA tails and a hydrophilic phosphate group. They are regarded derivatives of 

phosphatidic acids classified in various distinct classes with many physiological functions. In 

human, they are most abundant in neural tissue. Glycerophospholipids, the glycerol-based 

phospholipids, are the main component of biological membranes. The most important 

glycerophospholipids are phosphatidylcholine (known as lecithin), phosphatidylethanolamine 

and phosphatidylserine. They are also cleaved to membranes and form second messengers 

including diacylglycerol, inositol trisphosphate or phosphatidylinositol 4,5-bisphosphate. 

Cardiolipin is a type of diphosphatidylglycerol found predominantly in the inner 

mitochondrial membrane where it is fundamental for proper function of many enzymes of 

mitochondrial energy metabolism. 

 

Sphingolipids 
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Sphingolipids constitute a very heterogeneous and diverse group of lipid macromolecules, 

which counts hundreds of distinct species derived from their structural diversity. Their basal 

building block is long-chain sphingoid base – sphingosine (Carter et al., 1947). Ceramide is 

the basal sphingolipid with a fatty acid attached via an amine bond in the C2 position. More 

complex sphingolipids are created by attaching various groups in the C1 position of ceramide. 

Combinations within long-chain sphingoid base, FA and head group variants are clarifying 

the bottomless amount of sphingolipid species. The most important groups of sphingolipids 

are phosphosphingolipids (sphingomyelins) and glycosphingolipids (cerebrosides, 

gangliosides and globosides) (Merrill, 2011). 

 The major function of sphingolipids is the formation of mechanically stable and 

chemically resistant outer leaflet of the plasma membranes by their ability to create 

microdomains called lipid rafts. Simple sphingolipids such as sphingosine-1-phosphate or 

ceramide are important bioactive mediators involved in differentiation, proliferation, 

inflammation, apoptosis and/or senescence (Hannun and Obeid, 2008), (Bartke and Hannun, 

2009). Complex sphingolipids (glycosphingolipids) have also specific functions such as cell 

signalling, cell-cell interaction and recognition, which explain their predominant occurrence 

in the central nervous system (Yu et al., 2012), (Olsen and Faergeman, 2017). Moreover, 

gangliosides, a subgroup of glycosphingolipids, are present in other cell types and have many 

functions under physiological as well as pathological conditions.  

 

1.2 GANGLIOSIDES 

1.2.1 The structure of gangliosides 

Glycosphingolipids (GSLs) are amphipathic molecules composed of a hydrophilic 

carbohydrate chain and a hydrophobic ceramide moiety that contains a sphingosine and a fatty 

acid residue (Hakomori, 1990). GSLs containing one or more sialic acid (N-acetylneuraminic 
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acid or N-glycolylneuraminic acid) residues in the carbohydrate chain are gangliosides; sialic 

acid differentiates gangliosides from neutral GSLs and sulfatides. Gangliosides are 

ubiquitously distributed in all vertebrates tissues, most abundantly occurred in the nervous 

system (Yu et al., 2009). Diversity and heterogeneity of the structure, content, sequence, and 

connections in their oligosaccharide chains are characteristic features of gangliosides. So far, 

more than 180 gangliosides with distinct carbohydrate structure have been described in 

vertebrates (Yu et al., 2012, Yu et al., 2011). This complexity is increased multiply when 

heterogeneity in the lipophilic components is taken into account. 

Gangliosides had been discovered by the German biochemist Ernst Klenk (1896 – 

1971), who gave them the name “gangliosides”. The detailed structure of a gangliosides was 

elucidated in 1963 (Kuhn and Wiegandt, 1963). In 1962, Svennerholm proposed a 

nomenclature of brain gangliosides (Svennerholm, 1963), (Svennerholm, 1964). Based on the 

order of the carbohydrate residues, GSLs are classified into series, including gala-, neogala-, 

ganglio-, globo-, isoglobo-, lacto-, neolacto-, lactoganglio-, and muco- series. Due to 

variability in the structure, two nomenclature systems of gangliosides were created: the short-

hand nomenclature according to Svennerholm (based on the migration of gangliosides in 

chromatography (Svennerholm, 1963)) (see Tab. 1); and the more comprehensive IUPAC 

system (Chester, 1998). Both nomenclatures specify the glycan part of gangliosides. 

According to Svennerholm, the names of gangliosides contain information about the series 

(“G” = ganglio, “L” = lacto) and the amount of sialic acids (“A” = 0, “M” =1, “D” = 2, “T” = 

3, “Q” = 4, “P” = 5) (Kolter, 2012). 

The lipid portion of gangliosides shared with all sphingolipids is called ceramide  

(Fig. 1). It is formed by long-chain amino alcohol, 2-amino-1,3-dihydroxy-octadec-4-ene with 

trivial name sphingosine (Karlsson, 1970), connected to a FA by an amide linkage. 

Heterogeneity of gangliosides is not only found  within  the  above-mentioned carbohydrate  
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structure abbreviation 

Neu5Acα2-3Galβ1Cer GM4 

Neu5Acα2,3Galβ1,4Glcβ1Cer GM3 

GalNAcβ1,4(Neu5Acα2,3)Galβ1,4Glcβ1Cer GM2 

Galβ1,3GalNAcβ1,4(Neu5Acα2,3)Galβ1,4Glcβ1Cer GM1a 

Neu5Acα2,3Galβ1,3GalNAcβ1,4Galβ1,4Glcβ1Cer GM1b 

Neu5Acα2,8Neu5Acα2,3Galβ1,4Glcβ1Cer GD3 

GalNAcβ1,4(Neu5Acα2,8Neu5Acα2,3)Galβ1,4Glcβ1Cer GD2 

Neu5Acα2,3Galβ1,3GalNAcβ1,4(Neu5Acα2,3)Galβ1,4Glcβ1Cer GD1a 

Galβ1,3GalNAcβ1,4(Neu5Acα2,8Neu5Acα2,3)Galβ1,4Glcβ1Cer GD1b 

Neu5Acα2,8Neu5Acα2,3Galβ1,3GalNAcβ1,4(Neu5Acα2,3)Galβ1,4Glcβ1Cer GT1a 

Neu5Acα2,3Galβ1,3GalNAcβ1,4(Neu5Acα2,8Neu5Acα2,3)Galβ1,4Glcβ1Cer GT1b 

Galβ1,3GalNAcβ1,4(Neu5Acα2,8Neu5Acα2,8Neu5Acα2,3)Galβ1,4Glcβ1Cer GT1c 

Neu5Acα2,8Neu5Acα2,3Galβ1,3GalNAcβ1,4(Neu5Acα2,8Neu5Acα2,3)Galβ1,4GlcβCer GQ1b 

 

Table 1. Ganglioside nomenclature according to Svennerholm (Svennerholm, 1963). 

 

portion but also within the ceramide structure in different sphingoid bases, respectively: 

sphinganine, sphingosine, and phytosphingosine of different chain lengths. (Pruett et al., 

2008). C18- and C20-sphingosine are the most common sphingoid bases of gangliosides in 

humans (Kolter, 2012). The functional implications of the diversity in the lipid part are 

largely unknown.  

 

1.2.2 The biosynthesis of gangliosides 

GSL, as well as gangliosides, are primarily synthesized in the endoplasmic reticulum (ER) 

and further modified in the Golgi apparatus. De novo biosynthesis of gangliosides can be 

suppressed by salvage processes, in which all molecules are recycled (Tettamanti et al., 

2003). 
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Figure 1. Structure of sphingosine (A), ceramide (B) and GM1 ganglioside (C). 

 

Biosynthesis of gangliosides begins with the generation of ceramide. This process 

takes places in the cytoplasmic leaflet of the ER membrane (Mandon et al., 1992), (van Meer 

and Hoetzl, 2010). Condensation of L-serine and a coenzyme A-activated FA is catalyzed by 

the pyridoxal phosphate-dependent serine palmitoyltransferase (EC 2.3.1.50) (Braun and 

Snell, 1968), (Ikushiro and Hayashi, 2011). The next step is the reduction of 3-

ketosphinganine to sphinganine by 3-ketosphinganine reductase (EC 1.1.1.102), and 

subsequent acylation of sphinganine to dihydroceramides of variant chain lengths 

(sphingosine N-acyltransferase; 2.3.1.24) (Mandon et al., 1991), (Mullen et al., 2012). 

Dihydroceramides are dehydrogenated by the dihydroceramide desaturase des1 (EC 1.14.-.-) 

with the formation of ceramide (Geeraert et al., 1997), or hydroxylated to phytoceramides by 

des2 (Fabrias et al., 2012). 
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The synthesis of GSL continues by the membrane-bound glycosyltransferases in the 

Golgi apparatus. The major regulator of ceramide flux into the cell is CERT – ceramide 

transfer protein (Hanada, 2010). Ceramide, a precursor of sphingomyelin and all GSL, is 

sequentially coupled by monosaccharide units. Glycosidation is associated to exocytosis 

through the Golgi to the plasma membrane (Daniotti and Iglesias-Bartolome, 2011). The 

glycosylation sequence is precise, and is based on the specificity, compartmentalization and 

topology of the participating enzymes and its transport speed is based on rate of bulk vesicle 

flow (Young et al., 1992). 

Ceramide is a subject of various metabolic pathways. In the biosynthesis of 

gangliosides, ceramide is catalytically converted to glucosylceramide (GlcCer) through UDP-

glucose:ceramide glucosyltransferase (Glc-T; EC 2.4.1.80) (Paul et al., 1996) on the 

cytoplasmic face of Golgi (Coste et al., 1986) and subsequently, after translocation across the 

membrane on the luminal side of Golgi (Lannert et al., 1994), is converted to 

lactosylceramide (LacCer) through UDP-galactose:glucosylceramide galactosyltransferase 

(Gal-T1; EC 2.4.1.274), which transfers a galactose residue from UDP-Gal to GlcCer (Senn et 

al., 1983). Formed LacCer is a general precursor of most glycolipids. 

According to the amount of sialic acids coupled to the “inner” galactosyl residue, 

gangliosides of the ganglio-series are classified into four groups: 0-, a-, b-, and c-series; 

which only a- and b- described in mammalian cells. The derivatives from LacCer are 

produced by the action of specific enzymes catalysing formation of complex gangliosides 

GM3, GD3, and GT3. These gangliosides are potentially converted to more complex 

gangliosides of the 0-, a-, b- and c-series by sequential glycosylations catalysed by specific 

glycosyl- and sialyltransferases (Fig. 2) (Basu, 1991), (Furukawa, 2007), (Audry et al., 2011). 

Their glycan chains are oriented extracytoplasmatically. Transferases catalysing the first step 

in the biosynthesis of gangliosides show strong specificity towards their glycolipid substrates 
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and therefore the precursors (LacCer, GM3, GD3, and GT3) regulate the amount of 0-, a-, b-, 

and c-series of gangliosides.  

The subsequent steps in the biosynthetic pathway represented by glycosyl- and 

sialyltransferases transfer the carbohydrates to acceptors from all series. It is known that these 

enzymes form specialized functional complexes (Giraudo and Maccioni, 2003) and might be 

excluded from membrane domains of the Golgi apparatus, known as the GSL-enriched 

microdomains (GEM) (Crespo et al., 2004). Thus coupled enzymes reflect the functional state 

of the current cell (Uliana et al., 2006) and ganglioside profile vary between different cell 

type/development phase. Gangliosides leave the Golgi via the luminal surface of the transport 

vesicles after synthesis (Tettamanti and Riboni, 1993), (Sandhoff and van Echten, 1994). 

Biosynthesis of gangliosides is regulated by many factors at the transcriptional and 

post-transcriptional, translational and post-translational levels as well as by epigenetic 

modifications (Suzuki et al., 2011). The key factor seems to be the transcriptional regulation 

of transferase genes (Yu et al., 2004). But other factors play important role: spatial 

neighbourhood to other transferases, topological organization or kinetic parameters (Sandhoff 

and Harzer, 2013). As mentioned above, all these factors are influenced also by formation of 

functional complexes (Roseman, 1970) and are still intensively studied (Giraudo et al., 2001), 

(Giraudo and Maccioni, 2003), (Spessott et al., 2012). An additional level of regulation of 

ganglioside expression has been suggested - the plasma membrane-associated enzymes – 

sialidase called Neu3, and others with ß-hexosaminidase, ß-glucosidase and ß-galactosidase 

activities. All these enzymes are able to remodel the plasma membrane gangliosides (Sonnino 

et al., 2010). In summary, due to high degree of complexity of glycolipid pattern, a paradigm 

of combinatorial biosynthesis was supposed - complex ganglioside are generated by so called 

“combinatorial biosynthetic pathways” (Kolter et al., 2002), (Kolter, 2012). 
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Figure 2. Scheme of ganglioside biosynthesis.  

Transfer steps for synthesis of a-, b-, and c-series of gangliosides are shown. The relative 

amount of GM3, GD3 and GT3 represent the entry substrate for the biosynthesis  

of complex-type gangliosides. Further synthesis is regulated by transferases that catalyse the 

addition of various sugar residues to different ganglioside acceptor. These enzymes are 

identical for all branches. Ganglioside names are abbreviated according to Svennerholm. 

Abbreviations: Glc-T, UDP-Glc: ceramide glucosyltransferase; Gal-T1, UDP-Gal: 

glucosylceramide galactosyltransferase; Sial-T1, CMP-NeuAc: lactosylceramide sialyltransferase; 

Sial-T2, CMP-NeuAc: GM3 sialyltransferase; Sial-T3, CMP-NeuAc: GD3 sialyltransferase; GalNAc-

T, UDP-GalNAc: GM3/GD3/GT3 N-acetylgalactosaminyltransferase; Gal-T2, UDP-Gal: 

GM2/GD2/GT2 galactosyltransferase; Sial-T4, CMP-NeuAc: GM1/GD1b/GT1c sialyltransferase. 
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1.2.3 Degradation of gangliosides 

The degradation of gangliosides takes place in endosomes and lysosomes and starts after the 

receptor-mediated endocytosis of the certain part of the plasma membrane. This process 

requires a combination of appropriate conditions – pH, presence of matching glycosidase and 

suitable composition of the ganglioside-containing membrane (Kolter and Sandhoff, 2010). 

Two membranes (perimeter and luminal) are present in lysosomes with different structure and 

function (Furst and Sandhoff, 1992), but only the intralysosomal (luminal) one is the site of 

lipid degradation. Degradation of gangliosides begins with the activity of above mentioned 

water-soluble glycosidases, which sequentially cleave off the terminal monosaccharide units 

of GSL in the presence of other factors – typically for GSL with short oligosaccharide chain – 

(pro)saposins, activating proteins, and transporting proteins (Schulze et al., 2009). 

This process is sequential and defects in this pathway – in participating enzymes and 

other proteins – are related to inherited diseases called lysosomal storage diseases. They can 

be classified according to the accumulated lipid substance – gangliosidoses, sphingolipidoses, 

mucopolysaccharidoses etc. For details of pathogenesis and therapy please see reviews (Xu et 

al., 2010). (Schultz et al., 2011), (Sandhoff and Harzer, 2013). 

 

1.2.4 Functions of gangliosides 

Gangliosides are ubiquitously found in all tissues but predominantly in the nervous system 

(Yu et al., 2009), where their occurrence in grey matter is about 5-fold higher than in white 

matter. The total content of gangliosides seems to depend mainly on the proportions of grey 

and white matter. In adult human brain regions, the values range from 2 to 14 μg lipid-bound 

sialic acid/mg protein (Kracun et al., 1984). In the brain, ganglioside expression is connected 

to the cell proliferation, synaptogenesis, neurogenesis, and synaptic transmission (Rahmann, 

1995), (Wang, 2009).  
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 In cells, gangliosides are primarily concentrated in the outer layer of the plasmatic 

membrane (Hakomori, 2003). Due to high heterogeneity of the oligosaccharide part should 

allow specific interactions between the plasma membrane surface and many proteins (Regina 

Todeschini and Hakomori, 2008). In general, functional roles of gangliosides can be divided 

into two groups: a) interactions outside the cell (by many authors called “trans” interactions), 

and b) within the same membrane (“cis” interactions). The glycan part of ganglioside which 

participates in sugar code of cell surface is for “trans” interactions. Due to these properties, 

gangliosides have irreplaceable role in cell-cell recognition and membrane protein regulation 

(Schnaar, 2004), (Lopez and Schnaar, 2009). These carbohydrate-to-carbohydrate interactions 

or interactions with lectins and adhesins are the basis of cell recognition (and membrane 

organization as well as intracellular signalling pathways) (Hakomori, 2004), (Bucior and 

Burger, 2004). Gangliosides work also as receptors for toxins and microbial pathogens which 

use sugar-binding proteins to recognize and bind to host glycoconjugates with high affinity 

(Imberty and Varrot, 2008). The best known example is the GM1 as the receptor for cholera 

toxin produced by Vibrio cholerae. Cholera toxin is made up of six protein subunits – a single 

A-subunit and 5 copies of the B-subunit making a pentamer. The B-subunit ring of cholera 

toxin binds GM1 ganglioside on the surface cells (predominantly in lipid rafts). This binding 

is highly specific and widely used in imunohistochemical techniques. Once bound, the entire 

toxin (A- and B-subunit) is endocytosed and A-subunit is responsible for toxic effects leading 

to well-known life-threatening dehydration (Sanchez and Holmgren, 2011). 

“Cis” interactions are linked to membrane domains and gangliosides influence many 

pathways in this manner. Experimental data suggest that gangliosides are considered crucial 

molecules responsible for the rigidity of cell membranes (Pascher, 1976), (Harris et al., 1978), 

(Pascher et al., 1992). Gangliosides have unique physicochemical properties (geometry of the 

hydrophilic headgroups, hydrogen-bond network, carbohydrate–water linkage e.g.) and have 
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significant impact on membrane domain formation and organization (Sonnino et al., 2006). 

Existence of domains with special composition and physical-chemical properties different 

from the surrounding membrane is supported by many authors. These domains – often called 

as caveolae, lipid rafts or detergent resistant microdomains (DRM, due to their inability of 

some detergents to solubilize them) – are involved in cell-cell recognition and adhesion, 

signal transduction, and play a pivotal role in stabilization and formation of plasma membrane 

(Pike, 2006), (Brown, 2006), (Lingwood and Simons, 2010), (Simons and Sampaio, 2011). 

The size and lifetime of rafts are not yet completely understood, but it is believed that 

gangliosides are encased into these domains together with cholesterol, sphingomyelin and 

GPI-anchored proteins (Cantu et al., 2011). Gangliosides, respectively sialic and oligosialic 

acids are able to influence also membrane potentials (surface charge) and pH at the membrane 

surface (Salazar et al., 2004), (Janas and Janas, 2011). 

 

1.3 PATHOGENESIS OF CHOLESTASIS 

Cholestasis is an impairment of bile secretion and/or flow, followed by a lack of bile in the 

intestine, and the accumulation of potentially toxic bile acids (BA) in the liver and systemic 

circulation (Paumgartner, 2006). This may originate either from a functional defect in bile 

production in the hepatocytes (hepatocellular cholestasis) or from an impairment in bile 

secretion and flow at the level of biliary tree (ductular/ductal cholestasis) (Trauner et al., 

1999). The production of bile is one of the most important functions of the liver. Many 

endogenous and exogenous substances are eliminated from the body by hepatocyte uptake, 

metabolized to less toxic and more water-soluble compounds, and excreted into the bile. Bile 

removes endogenous (toxic) compounds e.g. excess cholesterol, bilirubin and by-products of 

metabolism of various xenobiotics from the body. It also delivers bile salts to the small 
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intestine where they participate in the digestion and absorption of ingested lipids (Boyer, 

2013). 

 

1.3.1 Bile acid metabolism, transport and functions 

BA are steroid acids with many physiological functions predominantly in the liver, biliary 

tree, and intestine. They are formed in the liver from cholesterol and their synthesis is a 

complex, multienzyme process. Uncharged and insoluble molecule of cholesterol is 

transformed to a bile acid molecule. This molecule, when ionized, is membrane dissolving, 

water-soluble detergent with amphipathic properties. This formation comprises enzymatic 

reactions localized in cytosol, microsomes, mitochondria, and peroxisomes. Two pathways 

are recognized – the classical and alternative one. In humans, the classical BA synthetic 

pathway is predominant, with only 10% of BA being produced via the alternative pathway 

(Axelson et al., 2000); for details see review (Kullak-Ublick et al., 2004). In the first step, two 

primary BA are synthesized – cholic and chenodeoxycholic acids. After their synthesis, BA 

are conjugated mostly with glycine or taurine. This conjugation makes them impermeable to 

cell membranes (in physiological pH), and allows high concentrations of BA in bile and 

intestine. (Monte et al., 2009), (Hofmann, 1999a). The transmembrane transport of BA 

requires specialized membrane transporters in hepatocytes, cholangiocytes and enterocytes 

(Kullak-Ublick et al., 2004). Under normal physiological conditions, monovalent BA are 

excreted into bile via the bile salt export pump (BSEP, ABCB11), an adenosine triphosphate 

(ATP)-binding cassette (ABC) transporter localized in the canalicular (apical) part of 

hepatocyte membrane (Meier and Stieger, 2002). Divalent (glucuronidated and sulphated) bile 

salts are transported by canalicular multidrug resistance-associated protein-2 (MRP2, ABCC2) 

(Akita et al., 2001). MRP2 mediates also export of multiple organic anions including 

conjugated bilirubin, for details see review (Alrefai and Gill, 2007).  
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After excretion by canalicular (apical) part of hepatocyte membrane into bile 

canaliculus, primary bile is modified by cholangiocytes during its passage through the biliary 

tree. Major role in this modification plays the Na
+
 dependent bile salt transporter (ASBT 

SLC10A2) (Lazaridis et al., 1997), (Benedetti et al., 1997). This first step of absorption of bile 

salts is called “cholehepatic shunt pathway” which has the regulatory effect of BA on cellular 

signalling mechanisms (Kullak-Ublick et al., 2004). 

 The crucial role in BA homeostasis plays their reabsorption in terminal ileum. BA are 

returned to the liver and repeatedly secreted into bile. This continuous cycle of secretion, 

absorption, and resecretion is called the enterohepatic circulation of BA (Hofmann, 1976). 

Reabsorption is a major determinant of the BA pool size and tightly regulates the expression 

of key synthesizing enzymes CYP9A1 and CYP27 (Xu et al., 2000). The reabsorption 

involves uptake into ileal epithelium via ileal bile acid transporter ASBT (SLC10A2), the shift 

to the basolateral membrane by intracellular ileal BA-binding protein (I-BABP) (Kramer et 

al., 2001), and efflux by MRP3 (ABCC3), and organic solute transporter α and β (OST; 

SLC51A and B) into portal blood (Rost et al., 2002). BA circulate tightly bound to albumin 

(Roda et al., 1982) and lipoproteins (Wolkoff and Cohen, 2003). The final step – the uptake 

of BA into hepatocytes by sinusoidal (basolateral) part of hepatocyte membrane is 

predominantly mediated by Na
+
 - taurocholate co-transporting polypeptide (NTCP, SLC10A1) 

(Hagenbuch and Meier, 1994), (Kullak-Ublick et al., 2004). Next to the sodium-dependent 

uptake system is Na
+
-independent hepatic uptake by the organic anion transporting 

polypeptides (OATPs) (Tirona and Kim, 2002) , in humans predominantly OATP-C 

(SLC21A6) and OATP8 (SLC21A8). (Hagenbuch and Meier, 2003). 

 In pathological conditions during cholestasis, BA are transported to the blood across 

the sinusoidal (basolateral) membrane of hepatocytes. This efflux is mediated by other 
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members of multidrug resistance-associated proteins, namely MRP3 (ABBC3) and MRP4 

(ABCC4) (Trauner and Boyer, 2003) (Geier et al., 2007). 

 

 

 

 

Figure 3. Scheme of transport of bile acids and bilirubin in the hepatocyte 

From the sinusoidal blood, bile acids are transported by NTCP. BSEP facilitate their 

transport to the bile canaliculus at the apical (canalicular) membrane of hepatocytes. 

Bilirubin is transported to the hepatocyte by OATP, then is conjugated in ER, and 

subsequently secreted into bile by MRP2. In addition, even under physiologic conditions, a 

fraction of bilirubin conjugates is secreted by MRP3 across the sinusoidal membrane into 

blood. 

So called “shifting” or “hopping” of many compounds (as well as bile acids) by other 

transporters (OATPs predominantly) from periportal to centrizonal hepatocytes may serve as 

a protection of the periportal hepatocytes. 
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 Many physiological functions of BA are well established. Best known is their 

participation in the digestion to help emulsification and absorption of dietary fats and 

liposoluble vitamins. Forming mixed micelles accelerate lipid absorption. The second role is 

the elimination of cholesterol from the body by its converting into BA and by micellar 

solubilization of cholesterol in bile, ultimately leading to elimination via faecal route. 

Additional functions of BA involve intestinal calcium uptake (Sanyal et al., 1994), 

modulation of pancreatic enzyme secretion and cholecystokinin release (Koop et al., 1996) 

and eliminating substances that cannot be efficiently excreted in urine because they are 

insoluble, or protein bound. Well known is also the antimicrobial action in the bowel that 

exerting differential antimicrobial activity against several strains and against fungi and 

preventing bacterial over-growth in the small intestine (Begley et al., 2005). One of the most 

important roles of BA is their negative feedback regulation of cholesterol biosynthesis. In the 

last few decades, the role of BA as signalling molecules with many paracrine and endocrine 

functions has become evident. The specific nuclear receptor “farnesoid X receptor” (Parks et 

al., 1999), (Wang et al., 1999)  and their membrane receptor TGR5 (Kawamata et al., 2003) 

(Houten et al., 2006) are responsible for regulation of their own hepatic synthesis and hepatic 

and intestinal transport (Chiang, 2002). BA are assumed in triggering the adaptive response to 

insults to the liver (cholestasis eg.). There are proofs that BA play an important role in 

energy-related metabolism, resp. in hepatic glucose homeostasis (Ma et al., 2006). 

BA homeostasis as well as other hepatobiliary mechanisms is controlled and regulated 

by nuclear receptors and their target genes, creating a complex regulatory network. Best 

known is farnesoid X receptor (FXR) which play crucial role in BA biosynthesis and transport 

(Matsubara et al., 2013). FXR can induce expression of bile salt export pump (Bsep) and 

prevents BA uptake into hepatocyte by down-regulating of Na+/taurocholate co-transporting 

polypeptide (Ntcp) (Cai and Boyer, 2006). The synthesis of BA is influenced by FXR due to 
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changes in expression of small heterodimer partner (Shp) and fibroblast growth factor (Fgf15) 

which lead to transcriptional repression of genes involved in BA metabolism (Denson et al., 

2001), (Kong et al., 2012). FXR plays role also in anti-bacterial defence in intestine, liver 

regeneration, and hepatocarcinogenesis (Wang et al., 2008). Therefore, FXR regulates 

synthesis and transport of BA and protects against BA-induced hepatotoxicity (Meng et al., 

2015). 

 

1.3.2 Disturbances in BA metabolism and BA-induced cell injury – role of oxidative 

stress and bile salt resistant microdomains: 

Disorders in BA metabolism leading to cholestasis can be caused by many reasons: 

disturbances in synthesis or defect in conjugation, defective membrane transport in the 

hepatocyte or ileal enterocyte, disorders in transport between organs, and/or disturbances in 

bacterial degradation during enterohepatic circulation (Hofmann, 1999b). 

A major consequence of cholestasis is the development of severe liver injury due to 

rapid accumulation of BA within hepatocytes (Gujral et al., 2003). Accumulated BA in the 

plasma and the liver alter the expression of various genes involved in phospholipid and 

cholesterol homeostasis resulting in inflammation, cell death (Rodrigues and Steer, 2000) and 

liver injury mainly through inducing the oxidative stress (Sokol et al., 2001), (Fuentes-Broto 

et al., 2009). The molecular mechanisms behind cholestatic liver injury have been intensively 

studied, but are still not well understood
 
(Woolbright and Jaeschke, 2012). In hepatocytes, BA 

operate as inflammagens and directly activate the signalling pathways leading to upregulation 

of production of proinflammatory mediators (Allen et al., 2011). Recent data support the 

hypothesis that liver injury associated with cholestasis may not occur through direct  

BA-induced apoptosis, but may mainly involve inflammatory cell-mediated liver cell necrosis 

(Woolbright and Jaeschke, 2012). Some authors also point to importance of the disruption of 
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phospholipid/sphingolipid homeostasis in the pathogenesis of cholestasis (Matsubara et al., 

2011). 

 

1.3.3 Cholestatic syndromes – obstructive cholestasis as the major cause of cholestasis 

Cholestasis can be classified as intra- and extrahepatic. Cholestatic syndromes are known due 

to their overlap - many of them encompass the injury of intra- and/or extrahepatic bile ducts 

(intra- / extrahepatic cholestasis). Mechanical or obstructive cholestasis is the most common 

cause of jaundice characterized by an absence of bile in the intestine. Two causes of a 

blockade to the free bile flow in bile duct are most frequent - lithiasis and tumours. With 

disease progression, alterations in biochemical cholestatic markers and clinical signs of 

cholestasis are typically present – jaundice, pruritus, abdominal pain, cholangitis etc. In 

contrast, intrahepatic cholestasis is caused by parenchymal injuries of various aetiology. Other 

types of cholestasis are rare – autoimmune liver diseases (primary sclerosing cholangitis, 

primary biliary cholangitis), or extrahepatic biliary atresia. Severe infections cause systemic 

as well as intrahepatic increase in production of proinflammatory cytokines which can result 

in so-called sepsis-induced cholestasis (Chand and Sanyal, 2007). In general, the 

inflammation worsens the development of cholestasis by impairment in bile flow due to 

decreased aquaporin channels and increased nitric oxide production (Bhogal and Sanyal, 

2013). Many reviews are focused on cholestasis of all these origins (Lee and Boyer, 2000), 

(Li and Crawford, 2004), (Boyer, 2007), (Wagner et al., 2009). 

Cholestasis is characterized by histopathological profound changes: dilated bile ducts 

(inspissated bile), portal tract oedema, bile ductular proliferation, neutrophilic infiltration with 

biliary piecemeal necrosis which includes cholate stasis (with feathery degeneration), ductular 

reaction, and fibrogenesis. Sometimes, the discrepancy between morphological and clinical 

cholestasis can be seen. 
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1.3.4 Intrahepatic cholestasis of pregnancy and estrogen-related cholestasis 

Also known as obstetric cholestasis, intrahepatic cholestasis of pregnancy (ICP) is liver 

disorder in pregnancy that is most commonly seen in the third trimester and it is the second 

most common cause of jaundice in pregnant women (after viral hepatitis) (Abedin et al., 

1999). Twin pregnancies have a higher incidence of cholestasis than single pregnancies 

(Gonzalez et al., 1989). ICP is characterized by a pruritus and elevated concentrations of 

maternal serum BA. Although most affected pregnant women have a mild form of the disease, 

ICP can be associated with spontaneous preterm childbirth, meconium staining, and 

intrapartum fetal distress, as well as low birth weight (Fisk and Storey, 1988), (Arrese and 

Reyes, 2006), (Heinonen and Kirkinen, 1999), (Wong et al., 2008). 

For a long time, estrogens have been known to cause ICP in susceptible women during 

pregnancy, during hormone replacement therapy, or after administration of oral 

contraceptives (Schreiber and Simon, 1983), (Yamamoto et al., 2006). The detailed etiology 

is still unknown, but hypersensitivity to estrogens and estrogen-sulfated metabolites is 

considered to be the major factor as well as the heterozygous non-sense mutation of the 

multidrug-resistance-associated protein-3 (MDR3) gene (Jacquemin et al., 1999). Estrogens 

are known to induce cholestasis in animal models (Lee and Boyer, 2000), (Stieger et al., 

2000). The pathophysiology is multifactorial and includes a) disorders in bile flow due to 

decreased sinusoidal uptake (downregulation of basolateral transporters NTCP, SCL10A1; and 

OATPs family) and reduced canalicular transport of BA (reduction of apical transporters 

MRP2, ABCC2; and BSEP, ABCB11), and b) factors which are more or less independent on 

BA. Almost 40 years ago, decreased fluidity of the cytoplasmic 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 
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membrane cholesterol and sphingomyelin contents were at least partially responsible for these 

changes (Smith and Gordon, 1988). Amphipathic BA could harm plasma membranes and 

induce structural and/or functional impairment of the hepatocyte membrane through their 

detergent action on lipid portion of plasma membranes. Another mechanism for the 

development of cholestatic liver injury arises from ultrastructural changes such as increased 

tight junctions permeability (Elias et al., 1983), altered cell polarity, disruption of cell-to-cell 

junctions, cytoskeletal changes and membrane fluidity (Trauner et al., 1999). It is known that 

above mentioned lipid rafts, tightly packed in a liquid ordered state, (Munro, 2003), 

(Rajendran and Simons, 2005) are needed to protect the membranes against the detergent 

action of BA (Guyot and Stieger, 2011). 

 The possible relationship between decreased membrane fluidity and changes in the 

content and localization of GSL in intrahepatic cholestasis was recently investigated 

(Jirkovska et al., 2007). Based on this study, the redistribution of gangliosides on the 

sinusoidal membrane of the hepatocyte seems to be a protective mechanism of hepatocytes 

against the harmful effects of BA accumulated during ethinylestradiol (EE)-induced 

cholestasis. A significant increase of total lipid sialic acid - the hallmark of gangliosides 

content - together with a high increase of gangliosides synthetized in the so-called  

b-biosynthetic pathway was found in EE-induced cholestasis in rats (Majer et al., 2007). 

These results suggest that changes in the localization and content of gangliosides may serve as 

a protective mechanism against cholestatic liver injury.  

 

1.4 HEME CATABOLIC PATHWAY AND HEME OXYGENASE 

Heme oxygenase (HMOX; EC 1.14.99.3) catalyzes the rate-limiting step in the oxidative 

degradation of heme, converting it into biliverdin IX which is subsequently metabolized to 

bilirubin IX by biliverdin reductase (EC 1.3.1.24) (Singleton and Laster, 1965), (Tenhunen 
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et al., 1970), carbon monoxide, and iron (Fig. 4) (Tenhunen et al., 1968), (Tenhunen et al., 

1969), (Yoshida and Kikuchi, 1978). This reaction proceeds through three successive 

oxygenation reactions (Kikuchi et al., 2005), (Matsui et al., 2010). Each step of oxidation 

requires reducing equivalents from NAPDH: cytochrome p450 reductase (EC 1.6.2.4) 

(Noguchi et al., 1979), (Sugishima et al., 2014). To date, two distinct HMOX isoforms are 

described – HMOX1 and HMOX2 (Maines et al., 1986), (Trakshel et al., 1986), which are 

coded by two different genes, but their amino acid sequences share about 40% similarity 

(Muller et al., 1987), (McCoubrey et al., 1992). HMOX1 is the inducible form known as heat 

shock protein (HSP), due to its molecular weight 32 kDa also called HSP32 (Keyse and 

Tyrrell, 1989), compared to 36 kDa for HMOX-2 (Trakshel et al., 1991). HMOX1 activity is 

highest in the spleen due to erythrocyte turnover. (Ewing and Maines, 1992). HMOX2 is 

expressed constitutively and under physiological condition is the major isoform found in 

mammalian tissues including spleen, testes, brain, liver, kidney and lung particularly (Maines, 

1988). 

 

Figure 4. Heme catabolic pathway. 
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1.4.1 Regulation of expression of HMOX1 

The major transcriptional regulator of HMOX1 gene is the nuclear factor erythroid 2-related 

factor-2 (Nrf2), which recognizes and binds to the StRE/ARE motif (stress-responsive 

element/antioxidant element) (Alam et al., 1999). Other factors also influence the 

transcription - Keap1 (Kelch-like ECH associated protein), which acts as an anchor for Nfr2 

(Itoh et al., 2003), and Bach1 (BTB and CNC homologue 1). Bach1 has been identified as a 

negative transcription factor, competing with Nrf2 for binding site at the StRE (Sun et al., 

2002). In the regulation of HMOX1 gene expression, microRNAs are also involved. These 

small non-coding RNAs decrease mRNA stability and modulate the expression of upstream 

regulatory factors (Nrf2/Keap1 and Bach1) (Cheng et al., 2013), (Pulkkinen et al., 2011). 

Expression of HMOX1 gene could be affected by microsatellite polymorphisms (which may 

result in the impaired transcriptional regulation) (Kramer et al., 2013). Activity of HMOX1 is 

upregulated by its substrate, heme (Porteri et al., 2009), (George et al., 2013), and 

downregulated by metaloporphyrins (Ndisang et al., 2010), (Zhong et al., 2010), (Muchova et 

al., 2011). In conclusion, all above mentioned elements confirmed the complexity of HMOX1 

regulation and many studies suggest associations between these elements and protection 

and/or risk of many pathological conditions/diseases (Ryter and Choi, 2016). 

 

Localization of HMOX 

HMOX1 is localized in the smooth ER and other intracellular membranes, including 

microsomes, inner mitochondrial membrane (Converso et al., 2006), and also to the plasma 

membrane caveolae, so called DRM (Kim et al., 2004). There is also evidence that caveolin-1 

interacts with and modulates HMOX activity and can act as a natural competitive inhibitor of 

HMOX1 with heme (Taira et al., 2011). 
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1.4.2 HMOX function 

HMOX operates as a “protective” enzyme possessing anti-inflammatory, anti-apoptotic and 

anti-proliferative actions, which are mediated predominantly by one or more active  

end-products of HMOX-catalysed degradation. HMOX could restore homeostasis in many 

situations and is speculated that HMOX, resp. HMOX1 functions as a “therapeutic funnel” 

(Otterbein et al., 2003a), (Bach, 2005). In general, HMOX plays a key role in the cellular and 

tissue defences against oxidative stress (Poss and Tonegawa, 1997b). Genetic deficiency of 

HMOX1 in humans as well as knockout animals (Hmox
-/-

) confirm the importance of 

HMOX1 in physiological processes (Yachie et al., 1999), (Poss and Tonegawa, 1997a). The 

studies with Hmox
-/-

 mice have demonstrated the tissue protective effects of HMOX1 in 

models of cardiac, pulmonary, skin, and other diseases (Ryter and Choi, 2016).  

The anti-inflammatory HMOX functions are mediated primarily by generation of its 

biologically active end-products, especially bilirubin and carbon monoxide (CO). Bilirubin, 

discovered by Rudolf Virchow in 1847 (referred as haematoidin), represents a major bile 

pigment. About 80% comes from degradation of erythrocyte haemoglobin, remaining 20% 

from other origin (other heme proteins degradation, inefficient erythropoiesis) (London et al., 

1950), (Berk et al., 1969). For many years, bilirubin was considered only a waste product of 

heme catabolism with no particular physiological function. In plasma, unconjugated bilirubin 

is bound to albumin. The uptake from plasma to the liver is mediated via passive 

transmembrane diffusion as well as active transport. Bilirubin is excreted from the organism 

after its conjugation by bilirubin UDP-glucuronosyltransferase (UGTA1, EC 2.4.1.17) 

(Schmid, 1956), (Schmid, 1957), (Gorski and Kasper, 1977) in hepatocytes, making it water-

soluble molecule which might be transported across apical membrane of hepatocyte to bile via 

ATP-dependent multidrug resistance-associated protein-2 (MRP2, ABCC2) (Paulusma et al., 
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1996), (Buchler et al., 1996). MRP2 is expressed predominantly in the apical (canalicular) 

membrane of hepatocyte, and, to a lesser extent, in the small bowel, kidney, brain, and 

placenta (Cherrington et al., 2002). Recent studies have revealed that a fraction of bilirubin 

conjugates is primarily secreted by MRP3 into the blood, from where is re-uptaken by 

sinusoidal membrane-bound organic anion transporting polypeptide (OATP1B1 and 

OATP1B3). This sinusoidal liver-to-blood cycle mediates shifting of bilirubin from periportal 

to centrizonal hepatocytes (van de Steeg et al., 2010), (Iusuf et al., 2012a), represents an 

enterohepatic circulation of bilirubin, and contributes to efficient hepatic detoxification (Iusuf 

et al., 2012b), (van de Steeg et al., 2012). 

Antioxidant properties of bilirubin were confirmed by many authors, for the first time 

in late eighties by prof. Stocker et al. (Stocker et al., 1987), (Dennery et al., 1995). Many 

studies have found that bilirubin has a lot of biochemical and biological actions. Up to date, 

there is a strong body of evidence confirming that bilirubin and biliverdin reductase form a 

complex network with important physiological consequences and provide a complex 

antioxidant system (Vitek and Schwertner, 2007), (O'Brien et al., 2015). 

CO, one of the end-products of heme catabolic pathway, is known to be toxic at high 

concentrations due to its combination with haemoglobin to produce carbonylhaemoglobin. 

However, low concentrations of CO are essential for the regulation of many biological 

systems (Verma et al., 1993), (Bilban et al., 2008). CO is fast signalling molecule – thanks to 

its ability to diffuse through membranes – and affects several intracellular signalling pathways 

including guanylate cyclase activation (Ingi et al., 1996), mitogen-activated protein kinases 

(MAPKs) (Otterbein et al., 2000), and/or modulation of nitric oxide synthase (Zuckerbraun et 

al., 2003). CO exhibits biological significance by its vasoregulatory, anti-inflammatory, anti-

apoptotic and anti-proliferative effects (Morita et al., 1997), (Otterbein et al., 2003b). CO 

inhibits LPS-inducible proinflammatory cytokine production by macrophages. Inhibits Toll-
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like receptor trafficking to the lipid rafts during LPS stimulation, through a mechanism 

involving the downregulation of NADPH:oxidase-dependent reactive oxygen species (ROS) 

production (Nakahira et al., 2006). CO has also anti-apoptotic effects, due to the inhibition of 

TNF-alpha-initiated apoptosis (Petrache et al., 2000), modulation of MAPK, and the 

upregulation of NF-κB-dependent antiapoptotic genes (Brouard et al., 2000), (Brouard et al., 

2002). In endothelial cell, CO can inhibit the initiation of the extrinsic apoptotic pathway 

through by downregulation of ERK1/2-dependent ROS production (Wang et al., 2007). 

Recent studies believe that CO might represent a novel therapeutic modality. The recently 

developed CO-releasing molecules, so called CO-RMs may provide new way of 

pharmacological delivery of CO (Motterlini et al., 2005). 

 

1.4.3 HMOX activity and liver diseases 

HMOX1 activity affects many physiological functions and plays key role in hepatic fat 

accumulation, fibrogenesis, and oxidative injury (Poss and Tonegawa, 1997b). The activation 

of inducible isoenzyme HMOX1 has been shown to protect the liver/hepatocytes from toxic, 

inflammatory, and oxidative insults. Contrary to it, lack of HMOX1 activity is associated with 

increased vulnerability to oxidative stress due to free radical formation and oxidative stress-

related cytotoxicity. It´s main causes are reduced antioxidant bilirubin and vasoactive carbon 

monoxide formation, disruption of iron homeostasis, and accumulation of pro-oxidative heme 

(Fraser et al., 2011). Under basal conditions, HMOX1 is expressed mainly in Kupffer cells 

and at low concentrations in hepatocytes (Abshagen et al., 2008). The up-regulation of 

HMOX1 is rapid not only in Kupffer cells, but also in hepatocytes in response to natural 

stimuli or many pathological conditions – hypoxia, ischemic/reperfusion injury, alcoholic 

liver disease, non-alcoholic fatty liver disease or viral hepatitis B and C (Jarvelainen et al., 

2000), (Li Volti et al., 2008), (Mandal et al., 2010), (Sass et al., 2012).  
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In the cholestatic liver disease, it has been shown that BA act as potent inhibitors of 

HMOX1 activity and expression (Muchova et al., 2011). The decreased HMOX1 activity 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 development of oxidative stress-mediated 

liver injury. In addition, Muchova et al. reported the anticholestatic effect of HMOX1 

induction (Muchova et al., 2015). 

There is also evidence that HMOX1 interacts with caveolin-1, an important 

component of caveolae or so-called DRM or rafts (Kim et al., 2004). Caveolin-1 modulates 

the activity of HMOX1 and can act as a natural competitive inhibitor of HMOX1 with heme 

(Taira et al., 2011). Despite the knowledge that gangliosides modulate ROS formation in 

human leukocytes (Gavella et al., 2010), neuronal cell (Avrova et al., 1998), and there are in 

close relationship to HMOX1 in caveolae, only few reports discussing the possible role of 

HMOX1 or oxidative stress in ganglioside metabolism are present. Moreover, there are only 

few data exploring the role of HMOX in the pathogenesis of the cholestatic liver disease, the 

connection between HMOX and ganglioside metabolism during cholestasis or possible 

underlying mechanisms are completely unknown. 
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1.5 NON-ALCOHOLIC FATTY LIVER DISEASE  

1.5.1. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is an increasingly diagnosed condition associated 

with obesity, hyperlipoproteinaemia, insulin resistance and metabolic syndrome first 

described by Ludwig et al. in 1980 (Ludwig et al., 1980). Definition of NAFLD comprise (a) 

evidence of hepatic steatosis, either by imaging or by histology and (b) lack of secondary 

causes of hepatic fat accumulation (such as significant alcohol consumption, hereditary 

disorders etc.) (Chalasani et al., 2018). NAFLD encompasses wide spectrum of potentially 

progressive liver disease that comprises of mere hepatic steatosis, hepatic necroinflammation 

(non-alcoholic steatohepatitis, NASH), which often leads to liver fibrosis and subsequent 

progress to cirrhosis with high risk of complications development – portal hypertension, 

hepatocellular carcinoma and liver failure (Fig. 5) (Angulo, 2002), (Schuppan and 

Schattenberg, 2013). Due to a dramatic increase of risk factors for NAFLD, that are obesity, 

metabolic syndrome and insulin resistance (diabetes mellitus type 2), NAFLD has become the 

most frequent chronic liver disease in Western/developed countries (Loomba and Sanyal, 

2013). The prevalence of NAFLD seems to be underreported and varies widely from 20 to 

30% in adult population (Vernon et al., 2011), (Fazel et al., 2016), (Younossi et al., 2016), 

(Bellentani, 2017). The development of NAFLD is not uniform, and only a small portion of 

patients (approximately 2-3%) progress to end-stage liver disease (White et al., 2012). 

 

1.5.2 Pathophysiology of NAFLD 

The basic pathophysiological mechanism common for metabolic syndrome and NAFLD is the 

imbalance between increased energy intake (mainly due to consumption of foods 

characterized by a high energy density) and decreased energy expenditure (mainly due to 

sedentary life style) (Zelber-Sagi et al., 2011) leading to excessive fat accumulation in the 
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adipose tissue and other organs (liver, pancreas, muscles, omentum). The severity of steatosis 

correlated with progression to NASH in humans (Wanless and Lentz, 1990) and many recent 

reports suggest that accumulation of lipids in the liver, and especially disturbances in the 

composition of hepatic FA, might play a causal role in the development of NASH (Day and 

James, 1998), (Araya et al., 2004), (Allard et al., 2008), (Gentile and Pagliassotti, 2008). Fat 

tissue acts as an endocrine organ producing free FA, adipokines (including TNF-α, IL-6, 

leptin, resistin, visfatin) and other compounds like retinol-binding protein-4 (Tilg, 2010). 

These metabolites are together with many epigenetic and genetic factors affecting the liver 

and together contributing to NASH development and progression of liver inflammation and 

fibrosis independent of insulin resistance and hepatic steatosis. Only small portion of patients 

with steatosis progress to NASH (Schuppan and Schattenberg, 2013), characterized by typical 

histopathological features: steatosis, ballooning and mixed acute and chronic lobular 

inflammation with zone 3 perisinusoidal fibrosis (Brunt et al., 1999). Factors leading to this 

progression probably include products of an intermediary metabolism of FA, oxidative stress 

due to increased oxidation of FA, cytokines produced both in the fat tissue and the liver, and 

bacterial toxins from gut. Predisposition to progression is also strongly influenced by genetic 

heritability (Dongiovanni et al., 2013), (Loomba et al., 2015). Two common genetic variants 

increasing liver fat content have been identified by genome wide association studies (Romeo 

et al., 2008), specifically the I148M variant of the Patatin-like phospholipase 

domaincontaining-3 gene (PNPLA3) and the E167K variant of Transmembrane 6 superfamily 

member 2 gene (TM6SF2) (Kozlitina et al., 2014). Both PNPLA3 and TM6SF2 variants were 

found to increase the susceptibility to NAFLD development (Valenti et al., 2010), (Liu et al., 

2014), (Dongiovanni et al., 2015) The PNPLA3 protein has hydrolase (lipase) activity 

towards triglycerides in hepatocytes and retinyl esters in hepatic stellate cells, while TM6SF2 

is involved in hepatic very-low density lipoproteins (VLDL) secretion and has a regulatory 
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functions in liver fat metabolism (Kozlitina et al., 2014), (Holmen et al., 2014), (Pirola and 

Sookoian, 2015). Recently, a genome wide association study identified the single nucleotide 

polymorphism (rs641738 C>T) in the Membrane bound O-acyltransferase domain containing 

7/Transmembrane Channel-Like 4 (MBOAT7/TMC4) locus that has been shown to 

predispose to cirrhosis development in alcohol abusers. The MBOAT7 polymorphism has 

been also reported as another disease modifier in NAFLD (Mancina et al., 2016), (Luukkonen 

et al., 2016).  

 

Figure 5. NAFLD development 

NAFLD encompasses wide spectrum of potentially progressive liver disease that comprises of 

mere hepatic steatosis, hepatic necroinflammation (non-alcoholic steatohepatitis, NASH), 

which often leads to liver fibrosis and subsequent progress to cirrhosis with high risk of 

complications development – portal hypertension, hepatocellular carcinoma and liver failure. 

Major risk factors for NAFLD development are sedentary lifestyle, inappropriate (Western 

type) diet, and genetic predisposition. Excess of free fatty acids with insulin resistance lead to 

a liver injury through lipotoxicity and oxidative stress, resulting in necroinflammatory 

changes (necroapoptosis) and subsequent fibrogenesis. 
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1.5.3 Role of lipids in NAFLD development 

Despite these findings, the detailed molecular mechanisms responsible for progression from 

simple steatosis to NASH have not been fully elucidated. Due to complexity of NAFLD 

pathogenesis, recently a “multiple parallel-hit theory” has been proposed to explain the 

mechanism of development and progression of NAFLD (Buzzetti et al., 2016). Lipid 

accumulation is considered the most important mechanism in liver damage and altered repair 

and regeneration. Few years ago, steatosis, the earliest and most prevalent stage of NAFLD, 

was referred as the “first hit” (Day and James, 1998) and predispose liver tissue to the 

inflammation, fibrosis and cellular death characteristic for NASH. It was believed that 

accumulation of TAG predisposes to further liver damage in NASH pathogenesis. Recent data 

provide convincing evidence that FA and their metabolites are the true lipotoxic agents 

(Neuschwander-Tetri, 2010) and TAG accumulation does not cause insulin resistance or 

cellular injury in the liver. Lipids accumulated in hepatocytes are derived from circulating FA 

(from diet and adipose tissue) and de novo lipogenesis and their accumulation lead to 

overproduction of ROS, ER-stress and lipotoxicity (Sanyal et al., 2001), (Fu et al., 2011). 

Under physiological conditions, FA are transported to mitochondria for ß-oxidation or 

esterified for either excretion in VLDL or storage as lipid droplets. Hepatic lipid metabolism 

is regulated by many factors, intracellular signalling pathways (Savage and Semple, 2010), 

and various nuclear receptors (PPARα, PPARγ, FXR) (Knight et al., 2005), (Schadinger et 

al., 2005), (Shen et al., 2011). Insulin also plays an important role in the regulation of FA 

metabolism – de novo lipogenesis is regulated by SREBP-1c, and Akt-regulated production of 

VLDLs. FA uptake (FA transport proteins) is regulated by signalling via PPARα as well as by 

hormonal regulation via insulin and leptin (Wierzbicki et al., 2009), (Ge et al., 2010). During 

fasting state, lysosomal pathway called “autophagy” recycles dispensable cellular parts into 

energy sources and represents important way in regulation of hepatic lipid homeostasis (Finn 
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and Dice, 2006), (Czaja, 2010). Animal studies shown that autophagy represents a key 

process in hepatic lipolysis and lipid droplet degradation (Singh et al., 2009), (Shibata et al., 

2009) and is altered in NAFLD (Jung et al., 2010). 

Another source of ROS overproduction caused by hepatic lipid accumulation is 

decreased hepatic blood flow by direct compression and systemic hypercatecholemia which 

are typical for NAFLD. FA increased production of TNFα, hepatic TNF receptor activation 

(Crespo et al., 2001) induces SREBP-1c overexpression, which promotes hepatic lipogenesis 

and lipid accumulation (Endo et al., 2007). Kupffer cells activation, mitochondrial stress and 

development of hepatic inflammation and apoptosis are logical consequence of ROS 

accumulation (Sato, 2007). Serum free FA levels correlate with hepatocyte apoptosis and 

interfere with nuclear receptors, which might additionally influence the extent of liver injury 

and pro-oxidative stress (Nolan and Larter, 2009). The predominant form of hepatocellular 

injury in NAFLD is apoptosis. Its activity correlates with disease severity and might be 

monitored by cytokeratin-18 fragments in serum, which is a surrogate marker of NAFLD 

progression (Feldstein et al., 2009). In conclusion, serum FA levels have been identified as 

supposed cause of lipotoxicity (Bechmann et al., 2012) and correlate with severity of 

NAFLD.  

FA-mediated lipotoxicity seems to be crucial factor for development of NASH due to 

overwhelming of the capacity of the liver to store and export FA (in the form of VLDL), 

typically due to increased influx from the periphery or hepatic de novo lipogenesis (Cohen et 

al., 2011), (Trauner et al., 2010). This concept highlights the role adipose tissue and enzymes 

involved in TAG hydrolysis (adipocyte TAG lipase; hormone-sensitive lipase; monoglycerol 

lipase) which catalyse the TAG breakdown (Haemmerle et al., 2006), (Zechner et al., 2012).  

There are also other factors contributed in the pathogenesis of NAFLD, NASH 

respectively. FXR and its signalization influences the metabolism of glucose and lipids in the 
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liver (Kim et al., 2016). BA, endogenous FXR and TGR5 plasma membrane bound G-

coupled receptor ligands, could activate several signalling pathways to regulate biological 

processes - liver gluconeogenesis, lipogenesis, metabolism of cholesterol, and even 

inflammation (Vitek and Haluzik, 2016). BA also exert protective effects via FXR-dependent 

action by the suppression of hepatic fatty acid and TAG gene expression.  

Choline is essential for de novo synthesis of phosphatidylcholine, required for VLDL 

packaging (TAG export) (Vance, 2008). Methionine, an essential amino acid, is affecting the 

protein synthesis and its deficiency predispose to the development of oxidative stress and 

inflammation (Caballero et al., 2010). Based on this knowledge, methionine- and choline-

deficient diet (or high fat methionine- and choline-deficient diet) is a widely used 

experimental dietary model of NASH (Jha et al., 2014), (Hebbard and George, 2011). 

Western style diet-induced obesity causes severe microbial dysbiosis which directly impacts 

hepatic metabolism. (Henao-Mejia et al., 2012). The action of metabolites produced by 

microbiome, and their actions on hepatic metabolism is called “gut-liver axis”. There are 

many signals suggesting that modification of microbiome might be a potential therapeutic 

approach combating the NAFLD (Boursier et al., 2016), (Panasevich et al., 2017). 

 

1.5.4 NAFLD and NASH diagnosis  

The majority of NAFLD patients have simple steatosis and do not have NASH, which has a 

significant liver-related adverse outcome (to cirrhosis and mortality). Liver biopsy together 

with non-invasive scoring systems and imaging techniques represent the most useful methods 

for the diagnosis of all NAFLD stages. The precise diagnosis of NASH still requires a liver 

biopsy that is suboptimal (Younossi et al., 2018). 

The role of ultrasound as a screening modality to identify the presence of abnormal 

liver morphology is undisputable. Despite its high sensitivity in detection of simple liver 
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steatosis, there is a growing need to quantify the liver steatosis and monitor the treatment 

efficacy. Best accuracy in quantifying of steatosis has magnetic resonance (MR) spectroscopy 

(Zhang et al., 2018). In the last few years new methods have been developed to detect liver 

fibrosis. Most data have MR elastography (Huwart et al., 2008), transient elastography (TE), 

followed by shear wave elastography (SWE) and acoustic radiation force impulse (ARFI) 

(Dietrich and Cantisani, 2014). TE (Fibroscan
®

) is the only non-imaging method, while ARFI 

and SWE are implanted in ultrasound device. The transient elastography with a special tool 

called Controlled Attenuation Parameter (CAP) is a useful for quantifying the liver steatosis 

(Sasso et al., 2012), (Myers et al., 2012), (Mikolasevic et al., 2016). 

For assessment of NASH as well as liver fibrosis, the liver biopsy has long been the 

only method for accurate diagnosis. The NAFLD activity score (NAS) based on histological 

findings (steatosis, inflammation, and ballooning) is widely used in the quantification of 

disease activity (NAS > 5 is associated with NASH diagnosis) (Brunt et al., 1999). Together 

with fibrosis stage are key features in liver biopsy evaluation in NAFLD patients (Kleiner et 

al., 2005).  

 Due to many potential problems with liver biopsy procedure as well as during its 

assessment (Machado and Cortez-Pinto, 2013), many non-invasive methods have been 

developed to predict NASH, or to quantify liver fibrosis. Many of these scores are listed 

below (see Discussion, Chapter 4.2.) and all of them together with new imaging techniques 

have a strong data background. Their specificity and sensitivity in NASH and/or liver fibrosis 

detection indicates that they might be at least as good as liver biopsy (Lurie et al., 2015), 

(Chalasani et al., 2018). Most of them are cheaper, safer, well tolerated, and good acceptable 

to the patient than liver biopsy, because they can be also repeated as often as necessary. 

Thanks to these modalities, we can screen the presence of advanced liver fibrosis in a risk 
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population (diabetes mellitus, metabolic syndrome etc.) and exclude patients with low-risk 

NAFLD in whom liver biopsy is not needed. 

 

1.5.5 NAFLD treatment 

Despite intensive effort, no established pharmacological treatment of NAFLD has been 

approved. Together with increased consumption of Western diet rich in processed sugars 

(fructose, sucrose) and fat, which has been directly implicated in the recent increase in the 

prevalence of NAFLD (Oddy et al., 2013), there is an imperative need for development of 

new effective treatment strategies. The lifestyle risk factors for NAFLD development and 

progression to NASH are inappropriate diet, sedentary behaviour, physical inactivity, and lack 

of exercise. Up to date, the first line treatment of NAFLD and NASH patients should be 

lifestyle change, including dietary habits modification and physical activity increase leading 

to weight reduction (Chalasani et al., 2012). Based on recent findings, the question is no 

longer whether lifestyle modification represents effective treatment of NAFLD/NASH, the 

question is now how to implement these methods as therapy in everyday practice (Romero-

Gomez et al., 2017). Other treatment strategies for NAFLD are focused on associated 

metabolic conditions such as diabetes, dyslipidaemia or pro-oxidative status of liver 

parenchyma. Pharmacological interventions to treat obesity-associated diseases require 

multiple agents and are often associated with adverse side effects (Beaton, 2012). Vitamin E 

and pioglitazone have been shown to benefit selected patients with biopsy-proven NASH. 

Other agents (statins or metformin) are not indicated for direct treatment of NASH. New 

treatment options are being developed and many studies are in advanced research phase 

(Fiorucci et al., 2018). There is lack of long-time prospective investigations describing the 

effect of reduction sedentary behaviour, increasing physical activity and/or diet modification 

on NAFLD incidence or development. Few recent studies have been mainly relatively short, 
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lasting in the main between 6 and 12 months (Zhang et al., 2017). One of the most important 

studies showing histologic regression of NASH/fibrosis during lifestyle change is not 

controlled (Vilar-Gomez et al., 2015); many other studies are very small, or based only on the 

evaluation of changes in liver enzymes, without any imaging technique. Further randomised, 

well controlled trials are needed to find out complex and effective treatment option for 

NAFLD patients. 
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2. AIMS 

The aim of this thesis was to elucidate the role lipids in the pathogenesis of selected liver 

diseases, focusing on cholestatic and non-alcoholic fatty liver disease. Specifically, our 

aims were:  

 

1. to define optimal conditions for the ganglioside detection using cholera toxin  

B subunit (reported in “Histochemical detection of GM1 ganglioside using cholera toxin  

B subunit. Evaluation of critical factors optimal for in situ detection with special emphasis to 

acetone pre-extraction” (Petr et al., 2010)). 

 

2. to assess changes in the composition and localization of gangliosides within 

hepatocytes in experimental EE-induced cholestasis following HMOX1 induction  

(reported in “The Effect of Heme Oxygenase on Ganglioside Redistribution Within 

Hepatocytes in Experimental Estrogen-Induced Cholestasis” (Petr et al., 2014)). 

 

3. to clarify the changes in liver ganglioside metabolism in obstructive cholestasis 

and to verify the described effects of HMOX1 modulation on both cholestatic liver 

injury and on ganglioside metabolism (reported in “Changes in Liver Ganglioside 

Metabolism in Obstructive Cholestasis - the Role of Oxidative Stress” (Smid et al., 2016)) 

 

4. to assess the role of Hmox1 knockout and associated oxidative stress on 

ganglioside metabolism and to identify the possible underlying mechanisms (reported in 

“Heme oxygenase-1 may affect cell signalling via modulation of ganglioside composition” 

(Smid et al., 2018)). 
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5. to clarify the relevance of serum non-invasive parameters and scoring systems 

in the staging of liver fibrosis and NASH in patients with NAFLD (reported in “Use of 

Non-Invasive Parameters of Non-Alcoholic Steatohepatitis and Liver Fibrosis in Daily 

Practice - An Exploratory Case-Control Study” (Dvorak et al., 2014)). 

 

6. to determine the effects of n-3 PUFA administration on NAFLD/NASH 

development in a rodent high fat methionine-choline deficient (HFMCD) dietary model 

(reported in manuscript “The effects of n-3 polyunsaturated fatty acids in a rodent nutritional 

model of non-alcoholic steatohepatitis”). 

 

7. to determine the effects of n-3 PUFA administration on NAFLD development 

in NAFLD patients with metabolic syndrome (reported in manuscript “Prague NAFLD 

Study: Non-alcoholic Fatty Liver Disease and n-3 Polyunsaturated Fatty Acids in Patients 

with Metabolic Syndrome”). 
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4. DISCUSSION 

4.1. Gangliosides and cholestatic liver disease 

In the presented studies, we have demonstrated the importance of lipids in the pathogenesis of 

selected liver diseases, particularly cholestasis and NAFLD.  

At first, in the paper entitled “Histochemical detection of GM1 ganglioside using 

cholera toxin-B subunit. Evaluation of critical factors optimal for in situ detection with 

special emphasis to acetone pre-extraction” we focused on the use of proper fixation 

technique of tissue sections, a crucial factor for immunohistological detection of gangliosides 

– one of major classes of complex lipids (Schwarz and Futerman, 1997). Detection of GSL is 

important to obtain information on their (sub)cellular localization and tissue distribution. Due 

to strong affinity with cholera toxin B-subunit, GM1 ganglioside is widely used for detection 

of gangliosides as well as so-called rafts or DRM (Chen et al., 2009). The optimal conditions 

for detection of GM1 ganglioside using cholera toxin B-subunit by comparing various types 

of pre-extraction and fixation techniques (formaldehyde fixation, acetone pre-extraction, or a 

combination of both) have never been defined before. Second crucial factor in GSL detection 

is polar lipid content of the tissue. There are signs that acetone fixation compared to 

formaldehyde provides better accessibility of bacterial ligands or antibodies to GSL.  

Acetone extraction is recommended for better in situ detection by many authors 

(Schwarz and Futerman, 1996), (Schwarz and Futerman, 2000) partly also due to 

improvement of permeabilization by cholesterol removal and so is widely used by many 

authors (Kotani et al., 1993), (Kotani et al., 1994), (Chark et al., 2004). There are two 

important issues which most of the published papers did not mention: i) if the water was 

excluded from the acetone during fixation; ii) the extent of water content in the studied 

sample, which might influence the extraction of polar lipids. We used liver and brain as 

representative tissues with different content of polar lipids The first report about the effect of 
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water in acetone on extraction of polar lipids was published by Elleder and Lojda in 1971 

(Elleder and Lojda, 1971). In our study, ganglioside extractability with acetone was tested by 

comparing anhydrous acetone with acetone containing admixture of water using TLC and 

photometric analysis. We have confirmed that acetone pre-treatment must be carried out with 

anhydrous acetone. Our results also bring for the first-time the evidence that both pre-

treatments (acetone and formaldehyde) give good and comparable information on GM1 

localization at the light microscopy level in the liver tissue.  

In the brain sections, acetone pre-treatment seems to be better for detection of GM1 

ganglioside, but optimal conditions may vary based on a lipid composition of the tissue. Very 

important factor seems to be also thawing and subsequent drying of the sections. In 

conclusion, in situ preservation of gangliosides (in tissue sections) has two key conditions: 

anhydrous acetone and dry cryostat sections.  

 

 Acquired knowledge about methodological aspects of GSL fixation was used in our 

further research focused on the role of gangliosides in the pathogenesis of cholestatic liver 

disease. Almost 40 years ago, a decreased fluidity of the liver plasma membrane was 

observed during cholestasis (Balistreri et al., 1981), (Smith and Gordon, 1988), when 

importance of gangliosides in membrane stabilization during oxidative stress of hepatocytes 

was proven repeatedly (Sergent et al., 2005), (Nourissat et al., 2008). Interestingly, few recent 

papers support the hypothesis that gangliosides may play and important role in pathogenesis 

of estrogen-induced cholestasis and protect hepatocytes against detergent effect of bile acids 

accumulated during this pathological condition (Jirkovska et al., 2007), (Majer et al., 2007), 

(Guyot and Stieger, 2011). In plasma membranes, gangliosides form DRM (or so-called rafts 

or caveolae) and participate in cell‑cell recognition, adhesion, proliferation, differentiation 

and signal transduction (Hakomori, 2003), (Pike, 2006), (Lingwood and Simons, 2010). 
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Moreover, gangliosides have been found to modulate ROS formation in human leukocytes 

(Gavella et al., 2010) and neuronal cells (Avrova et al., 1998), and also inhibit hydroxyl 

radical formation in vitro (Gavella et al., 2007). There is a convincing evidence that caveolin-

1, an important component of caveolae, interacts with HMOX1, highly induced protein in 

diseases arising as a result of inflammatory and pro-oxidative insults (Kim et al., 2004). 

Gangliosides modulate its activity and can act as a natural competitive inhibitor of HMOX1 

with heme (Taira et al., 2011). Despite the close topographic relationship of gangliosides and 

HMOX1 in DRM (Patel and Insel, 2009), there are missing data discussing this topic.  

In our next study, we used estrogen-induced model of cholestatic liver injury to 

answer the question whether modulation of HMOX1 pathway could influence ganglioside 

metabolism within hepatocytes. BA accumulated during cholestasis are responsible for 

increased oxidative stress which might lead to a hepatocyte injury and liver damage (Perez 

and Briz, 2009). On the other hand, activation of HMOX1 by its substrate, heme, is associated 

with strong antioxidant and cytoprotective actions via formation of its bioactive products and 

leads to a significant increase in the serum antioxidant capacity (Reyes and Simon, 1993) 

(Muchova et al., 2011), (Zelenka et al., 2012). Well known role of HMOX in defending 

against oxidative injury, regulation of inflammation (Vitek et al., 2002), and its close 

topological relationship to gangliosides in rafts/DRM (Kim et al., 2004), (Patel and Insel, 

2009) provide a theoretical basis for our hypothesis that there might exist a close relationship 

between HMOX and GSL metabolism. The results are recorded in the paper entitled “The 

Effect of Heme Oxygenase on Ganglioside Redistribution within Hepatocytes in 

Experimental Estrogen-Induced Cholestasis” (Petr et al., 2014). In accordance to our 

previous results on the protective action of gangliosides in cholestatic liver injury (Jirkovska 

et al., 2007), (Majer et al., 2007), we found an induction of ganglioside biosynthesis, as 

demonstrated by observed increase in total sialic acid content, and the activation of b-branch 
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of ganglioside biosynthetic pathway in cholestatic livers. These changes might be a logical 

response to stressful conditions during cholestasis. 

HMOX1 activation counteracted the pro-oxidative action of BA and affected 

ganglioside metabolism. Induction of HMOX1 activity by heme significantly increased the 

peroxyl radical scavenging capacity of sera of cholestatic animals. HMOX1 activation also 

prevented an increase of total ganglioside content, and an activation of b-branch of 

ganglioside synthesis in cholestatic liver. Moreover, while cholestasis led to a significant shift 

of GM1 ganglioside from cytoplasm to the sinusoidal membrane, these changes were 

completely reversed following HMOX1 activation. 

While changes in ganglioside content and distribution in cholestatic livers were 

described previously, we have shown that oxidative stress is a crucial factor triggering this 

adaptive response. These results are in accordance with recent data supporting the hypothesis 

that cholestatic liver injury may not occur through direct BA-induced apoptosis, but may 

mainly involve inflammatory cell-mediated liver cell necrosis (Woolbright and Jaeschke, 

2012). Despite the fact that BA act as an inflammation agent and directly activate the 

signalling pathways regulating production of proinflammatory mediators (Allen et al., 2011), 

an enhancement of the antioxidative defence mechanisms by HMOX1 induction might be a 

principal feature regulating ganglioside biosynthesis and membrane stabilization during 

cholestasis and represents a supportive therapeutic measure. 

 

 To investigate whether these changes are specific for estrogen-induced cholestasis or 

whether they represent more general mechanism, we aimed to assess the changes in liver 

ganglioside metabolism (synthesis and redistribution) during obstructive cholestasis and to 

describe the effects of HMOX1 activity modulation (activation and inhibition) on both 

cholestatic liver injury and ganglioside metabolism. The results of this study are reported in 
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the paper ”Changes in Liver Ganglioside Metabolism in Obstructive Cholestasis - the Role 

of Oxidative Stress“ (Smid et al., 2016). 

Modulation of HMOX1 activity was achieved using HMOX1 activator heme (Ndisang 

et al., 2010), (Zhong et al., 2010), (Muchova et al., 2015), or inhibitor tin mesoporphyrin. 

(Porteri et al., 2009), (George et al., 2013). Extrahepatic cholestasis was induced by 

microsurgical bile duct ligation (BDL) (Aller et al., 2004), which led to severe cholestasis 

with typical biochemical pattern and morphological features of obstructive cholestasis in the 

liver tissue (ductular proliferation, bile infarcts). 

In BDL animals, the activation of HMOX1 resulted in a significant decrease in 

ductular proliferation, the typical process following cholangiopathies and one of major 

pathological hallmarks of obstructive cholestasis. The neoformation of ductules is a logical 

response of the liver to BA accumulation following BDL, which increases the hepatic bile 

clearance capacity. However, in the case of obstructive cholestasis, these changes are 

ineffective because the location of biliary obstruction lies in the common bile duct. The 

proliferation of ductules has a destructive effect on the liver parenchyma by replacing the 

functional hepatocytes by ineffective tissue and can lead to the development of biliary 

cirrhosis (Munshi et al., 2011). Activation of HMOX1 leading to oxidative stress reduction 

and subsequent decrease in ductular proliferation has a hepatoprotective effect. Ductular 

proliferation of cholangiocytes is regulated through two main signalling pathways: the inositol 

1,4,5-trisphosphate/Ca
2+

 signalling pathway and cAMP (Alpini et al., 1998), (Glaser et al., 

2000), (Munshi et al., 2011). Interestingly, both pathways were found to be regulated by 

gangliosides in different cell culture models (Ravichandra and Joshi, 1999), (Kanda et al., 

2001). Contrary to it, HMOX1 inhibition and associated pro-oxidative state resulted in 

significant increase of amount of bile infarcts (typical biliary hepatocyte necrosis), and  

non-significant increase of ductular proliferation. 
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Changes in the synthesis and distribution of liver gangliosides following BDL were 

determined. Compared to controls, BDL resulted in a significant induction of ganglioside 

biosynthesis as demonstrated by observed increase in content of gangliosides (increase of 

GM1, GD1a, GD1b, GT1b), synthesis (ST3GalV) and redistribution of gangliosides. A similar 

effect compared to these results was seen in EE- induced cholestasis (Jirkovska et al., 2007), 

(Majer et al., 2007), (Petr et al., 2014). After HMOX1 activation, a significant decrease in 

complex gangliosides was detected. While monosialyl gangliosides have an anti-proliferative 

effect, complex gangliosides enhance proliferation and cell growth (Furukawa et al., 2012), 

suggesting that gangliosides might possess an important regulatory role in ductular 

proliferation in cholestatic liver. In the liver of BDL animals with HMOX1 inhibition, a 

significant increase in content and synthesis of complex gangliosides was observed (compared 

to control animals). We have also shown that HMOX1 inhibition significantly pronounced the 

shift of GM1 ganglioside from the intracellular compartment to the sinusoidal membrane of 

the hepatocyte in cholestatic animals. Contrary to it, HMOX1 activation prevented GM1 

trafficking to membranes. An analogous effect of HMOX1 induction on ganglioside 

redistribution was observed by our previous study (Petr et al., 2014) in the model of EE-

induced cholestasis related to reduction of oxidative stress. The results of mRNA expression 

of the key enzymes of the ganglioside biosynthesis pathway supported above described 

changes in ganglioside metabolism induced by BDL and HMOX1 modulation.  

To conclude, we have described changes in the ganglioside pattern during obstructive 

cholestasis, particularly in synthesis, distribution and localization of gangliosides protecting 

hepatocytes against deleterious effect of accumulated BA. We have observed the shift in liver 

ganglioside synthesis towards more complex gangliosides in various types of cholestatic liver 

injury. Loss of HMOX1 activity and subsequent pro-oxidative state of the liver tissue 

potentiate these changes. Contrary to it, HMOX1 activation has an opposite effect: decreases 
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ductular proliferation (reduction of biliary epithelia proliferation) and lowers BDL-induced 

ganglioside synthesis and redistribution. Thus, these changes appear to be a general 

mechanism independent on aetiology of a cholestatic liver disease and our findings support 

the concept of a general hepatoprotective mechanism of gangliosides against the harmful 

action of BA-induced oxidative stress. 

 

The apparent relationship between HMOX1 and GSL metabolism prompted us to 

analyse GSL pattern in Hmox1 knockout animals and identify possible underlying 

mechanisms. Results are presented in manuscript entitled “Heme oxygenase-1 may affect cell 

signalling via modulation of ganglioside composition“ (Smid et al., 2018). 

 We have measured changes in ganglioside composition in Hmox1 knockout mice liver 

as well as brain, the tissue with the highest glycolipid content in vivo. Hmox1 knockout led to 

a marked increase in concentrations of individual gangliosides in both the liver and brain, 

together with significant changes in the expression of mRNA of sialyltransferases. In 

accordance to our previous observations in rats with modulated HMOX1 activity (Smid et al., 

2016), Hmox1 knockout led to a marked shift of GM1 ganglioside to the hepatocyte 

membrane. These findings support the importance of ganglioside metabolism in oxidative 

stress regulation.  

 To find out the underlying mechanism, we investigated regulation of ganglioside 

biosynthesis using hepatoblastoma HepG2 and neuroblastoma SH-SY5Y cells rich in 

gangliosides. Inducer of ROS, chenodeoxycholic acid (CDCA) (Fuentes-Broto et al., 2009) 

accumulated during cholestasis, as well as bilirubin, a potent antioxidant and product of 

HMOX pathway (Vitek and Ostrow, 2009), (Zelenka et al., 2012), were used for in vitro 

experiments. Administration of CDCA resulted in a significant increase in major gangliosides 

of these cell lines, while addition of a potent antioxidant – bilirubin resulted in normalization 
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of ganglioside pattern. These observations correspond with data published by Muchova et al.  

(Muchova et al., 2011) that bilirubin may counteract pro-oxidative effect of BA on 

hepatocytes in the model of obstructive cholestasis in rats. The effect of oxidative stress on 

changes in ganglioside metabolism was further supported by determination of mRNA 

expressions of key glycosyltransferases. In particular, we focused on regulation of the main 

step in ganglioside biosynthetic pathway – GM3 synthase (ST3GalV). There is a convincing 

evidence that ganglioside metabolism is in tight connection to protein kinase C (PKC) activity 

(Kreutter et al., 1987), (Xia et al., 1989), (Aguilera et al., 1993) including also the action of 

glycosyltransferases (Yu and Bieberich, 2001). PKC appeared to be a logical candidate 

regulating the expression of GM3 synthase and our in vitro data strongly support this 

hypothesis. Induction of oxidative stress and PKC activators induced the mRNA expression of 

ST3GalV, antioxidants and PKC inhibitors completely abolished this effect.  

 Based on our results, we conclude that oxidative stress is an important factor 

modulating synthesis and distribution of gangliosides in vivo and in vitro. Lack of a key 

antioxidant enzyme HMOX1 and subsequent oxidative stress resulted in tissue-specific 

changes in ganglioside metabolism as demonstrated in Hmox1 knockout mice model. We 

have also demonstrated that these processes might be, at least partly, mediated through 

modulation of PKC activity. 
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4.2. Lipid dysregulation and NAFLD development – the role of n-3 PUFA 

Second part of this thesis is focused on the pathogenesis of NAFLD which represents the most 

common chronic liver disease in western countries (Marchesini et al., 2003) and it´s 

development is tightly connected to dysregulation of lipid metabolism. NAFLD is considered 

as the hepatic manifestation of a metabolic syndrome and hepatic steatosis is a major feature 

associated with NAFLD with prevalence of 25 – 75% in patients with obesity and type 2 

diabetes mellitus in Czech population (Dvorak et al., 2015). Whereas mere hepatic steatosis is 

regarded as a benign condition, NASH can lead to fibrosis and ultimately to liver cirrhosis 

with a substantial risk of development of portal hypertension and/or hepatocellular carcinoma 

(Chalasani et al., 2018). For a long time, the liver biopsy has been the only approach for 

diagnosis of NASH and for the staging of liver fibrosis. This invasive procedure has many 

limitations – sampling heterogeneity, variability during analysis (intra-/inter-observer 

variability) (Ratziu et al., 2005) (Merriman et al., 2006) and possible complications. Although 

liver biopsy is generally safe method, there is some unavoidable risk of major complication (1 

– 3% of patients) or even fatal ones (0.01% of patients) (Bravo et al., 2001). The use of liver 

biopsy for repeated evaluation of treatment efficacy is also inconceivable (Sumida et al., 

2014). Many non-invasive scoring systems have been developed to predict NASH, or to 

quantify liver fibrosis, but validation on large number of patients is lacking. In our 

prospective study we have compared the relevance of serum hyaluronic acid levels and other 

non-invasive scoring systems in the distinguishing of NASH, as well as the staging of liver 

fibrosis in 112 patients with NAFLD. The results are reported in paper “Use of Non-Invasive 

Parameters of Non-Alcoholic Steatohepatitis and Liver Fibrosis in Daily Practice - An 

Exploratory Case-Control Study” (Dvorak et al., 2014). 

We have used two groups of tests: 1) first based on routinely available biochemical 

markers: AST/ALT ratio (Shimada et al., 2002); BARD score (BMI, AST to ALT Ratio, 
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Diabetes mellitus) (Harrison et al., 2008); NAFLD Fibrosis Score (Angulo et al., 2007); 

APRI score (AST to Platelet Ratio Index); and FIB-4 score (based on age, AST/ALT 

activities and platelet count) (Vallet-Pichard et al., 2007), and 2) scoring systems requiring 

special laboratory analyses such as the determination of serum hyaluronic acid (HA) (Suzuki 

et al., 2005), aminoterminal peptide of pro-collagen III (PIIINP), and the tissue inhibitor of 

matrix metalloproteinase 1 (TIMP-1) levels required for both the OELF (Original European 

Liver Fibrosis) (Rosenberg et al., 2004) and ELF (Enhanced Liver Fibrosis) panels (Guha et 

al., 2008). These tests were applied to the group of 56 patients with a liver biopsy in order to 

evaluate their sensitivity and specificity for distinguishing NASH and advanced fibrosis, and 

to the group of 56 patients without a clinically clear indication to have a liver biopsy in order 

to evaluate the incidence of NASH and advanced fibrosis. 

The trend of using non-invasive parameters in the diagnosis of NASH/fibrosis instead 

of invasive liver biopsy has many reasons as mentioned above. The most promising non-

invasive parameter seems to be the cytokeratin-18, the marker of hepatocyte necrosis 

(fragment M65) and apoptosis (fragment M30) (Yilmaz et al., 2007), (Wieckowska et al., 

2006) (Feldstein et al., 2009) as demonstrated by meta-analysis (800 patients, 10 studies) 

(Chen et al., 2014). In our study, the relevance of cytokeratin-18 fragments was even higher. 

Also, the specificity and sensitivity in the discrimination between simple steatosis and NASH 

was higher. Based on our results, the assessment of M65, with a cut-off value 750 U/l, is the 

best simple non-invasive method with which to diagnose NASH. The differences between 

patients with NASH and controls were statistically significant using M30/M65 and we 

suggest that using of M30/M65 in NASH screening seems to be subsustained. 

Other non-invasive parameters pose an accurate diagnostic tool in patients with clearly 

defined NAFLD. For example, simple biochemical parameter HA was able to distinguish 
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between NAFLD patients with or without significant liver fibrosis. OELF and ELF scores 

provide comparable results regarding fibrosis detection. 

Next noteworthy result is the finding, that a substantial portion of those NAFLD 

patients not indicated for liver biopsy might have undiagnosed advanced fibrosis. In the group 

of patients not indicated for liver biopsy, the same percentage as in the biopsy group (35%) 

fulfilled the criteria for significant fibrosis based on HA levels. 

We conclude that our results support the effort to use non-invasive parameters in 

diagnosis of NASH/fibrosis in daily practice. For an individual patient, the stage of NAFLD 

(or the presence of NASH and/or fibrosis) is probably the most important prognostic factor. 

Only early recognition of patients with NASH and/or advanced fibrosis from those with 

simple steatosis enables the arrangement of appropriate follow-up and screening for further 

serious complications. 

 

The development of NAFLD is connected to dysregulation of lipid metabolism when 

especially FA play a pivotal role. There is convincing evidence indicating the importance of 

both quantitative and qualitative (saturated vs. unsaturated) changes in dietary FA as crucial 

mechanism in NAFLD progression both in vitro and in vivo (Wang et al., 2006), (Ricchi et 

al., 2009), (Juarez-Hernandez et al., 2016). In the last years growing interest has been focused 

on the potential role of n-3 PUFA on NAFLD development. Results of studies with n-3 PUFA 

supplementation in animal as well as clinical studies of NAFLD are inconclusive despite 

many papers had shown various positive effects of n-3 PUFA on NAFLD development (de 

Castro and Calder, 2018), (Scorletti and Byrne, 2018). The aim of our two studies was to 

investigate the impact of substituting n-3 PUFA on the development of NAFLD/NASH in 

patients as well as in murine model of NASH using high fat methionine- and choline-deficient 

(HFMCD) diet (Anstee and Goldin, 2006). The results of murine study are presented in 
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manuscript entitled “The effects of n-3 polyunsaturated fatty acids in a rodent nutritional 

model of non-alcoholic steatohepatitis”. 

Feeding with HFMCD diet resulted in histopathological changes typical for 

NAFLD/NASH and these changes were significantly ameliorated by simultaneous n-3 PUFA 

supplementation. n-3 PUFA administration significantly decreased plasma cholesterol levels 

and ALT as well as AST activity levels. Moreover, n-3 PUFA administration led to lower 

serum concentrations of saturated and monounsaturated free FA and to higher serum 

concentrations of polyunsaturated FA (mainly EPA and DHA).  

Detailed (liver and serum) lipidomic analysis was performed by using ultra high-

performance liquid chromatography coupled to high resolution mass spectrometry (UHPLC-

HRMS). Total serum lipid content and intensities of TAG were significantly lower after n-3 

PUFA administration. In the liver, mice fed only with HFMCD diet had the highest intensity 

of arachidonic acid. Contrary to it, livers of mice fed with HFMCD diet together with n-3 

PUFA contained higher amount of EPA and DHA together with higher content of TAGs with 

longer carbon chains in comparison to HFMCD diet only. n-3 PUFA normalize the n-6/n-3 

ratio and reduce the availability of FA for the synthesis of TAG in the liver. These changes 

lead to above-mentioned reduced plasma cholesterol and TAG levels, decreased 

proinflammatory status of the liver as demonstrated by real-time PCR analysis. We have 

observed significant decrease of mRNA expression of pro-inflammatory cytokines (IL-2, IL-

6, TNF-α) in the liver after n-3 PUFA supplementation compared to HFMCD diet. 

The n-6 and n-3 PUFA are functionally and metabolically distinct and are not 

interconvertible (Schmitz and Ecker, 2008). In the Western type of diet, the level of n-6 

PUFA is higher than the n-3 PUFA, which resulted in a shift of n-6/n-3 ratio from traditional 

2-4:1 to >10:1 (Kang, 2005). Hypolipidemic effects of n-3 PUFA depend on complex 

metabolic and gene expression changes, resulting in suppression of hepatic lipogenesis and 
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increased FA oxidation (Ferramosca et al., 2012). It has been reported that n-3 PUFA are able 

to limit fat deposition in the liver (Xin et al., 2008), (Di Minno et al., 2012), ameliorate 

hepatic steatosis and insulin resistance (Sekiya et al., 2003), (Kuda et al., 2009), whereas a 

diet deficient in n-3 PUFA with a high n-6/n-3 ratio could potentiate inflammatory processes, 

induce fatty liver (El-Badry et al., 2007) and chronic diseases including NAFLD 

(Simopoulos, 2008). n-3 PUFA show anti-inflammatory action in rodents (Kuda et al., 2009), 

(Rossmeisl et al., 2012) and in humans (Roche and Gibney, 2000), (Itariu et al., 2012) and 

improve dyslipidaemia (Nettleton and Katz, 2005). Our results support these hypotheses. 

Metabolic actions of n-3 PUFA are complex and are determined by tissue production of 

eicosanoids and other lipid mediators (Flachs et al., 2009), induction of adiponectin, and 

modulation of expression by master transcriptional regulators (Sanderson et al., 2008). 

Compared to n-6 and n-9 PUFA, eicosapentaenoic (EPA) and docosahexaenoic acids (DHA) 

are most potent inhibitors of Toll-like receptor activation. There is no doubt that disbalance in 

dietary consumption of n-6/n-3 PUFA is detrimental to human health and lead to immune 

responses towards a proinflammatory profile. 

In summary, n-3 PUFA have favourable effects on histopathological changes, serum 

markers of liver damage, FA and TAG compound and show anti-inflammatory properties. We 

suppose that n-3 PUFA may represent a promising way in prevention and treatment of 

NAFLD, this increasingly common disorder.  

 

Considering these findings, our next aim was to assess the effects of n-3 PUFA 

administration in development of NAFLD in patients during one-year follow-up. A double-

blind randomised placebo-controlled study with n-3 PUFA supplementation was done and 

results are presented in manuscript entitled “Prague NAFLD Study: Nonalcoholic Fatty 

Liver Disease and n-3 Polyunsaturated Fatty Acids in Patients with Metabolic Syndrome”. 
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Sixty patients with metabolic syndrome and NAFLD in different stage of disease 

(steatosis/NASH (n=55) / liver cirrhosis (n=5)) were enrolled in the study. Patients were 

randomized into two groups, first used n-3 PUFA (mixture of EPA and DHA in four divided 

doses); second group used placebo in the same scheme. During one-year follow-up were 

patients periodically examined - anthropometry, biochemistry, blood count, abdominal 

ultrasound, liver stiffness measurement using ARFI
®

, and nuclear magnetic resonance 

spectroscopy (MRS) at the start and end of follow-up. After one-year follow-up results were 

evaluated and statistically processed. 

Of the 60 patients enrolled in the study were 45 men and 15 women, the mean age was 

51.9 ± 12.2 years, the weight was 97.1 ± 15.2 kg and the mean BMI was 31.25 ± 4.25. There 

was no significant difference in any of these parameters among the monitored groups (n-3 

PUFA versus placebo) at the beginning of the study. Similarly, between both groups there 

was no significant difference in other key parameters - ALT, GGT, or the percentage of fat in 

the liver tissue determined by MRS. No side/adverse effects were registered during the study. 

After one-year follow-up, no significant changes in anthropometric data (weight, waist 

circumference, or BMI) were observed between groups. These results are in accordance with 

the objective/meaning of our study, where the goal was not to intervene any habits of patients, 

but only add n-3 PUFA supplementation. Most of the published papers concerned to simple  

n-3 PUFA supplementation without scheduled physical activity have comparable results (de 

Castro and Calder, 2018). On the other hand, we have observed a significant decrease in GGT 

activity in the n-3 PUFA group compared to the placebo group. Elevated activity of GGT is 

typical feature of NAFLD patients and has positive correlation with mortality in type 2 

diabetes (Williams et al., 2016). It is also associated with subclinical myocardial injury (Lazo 

et al., 2015), (Ndrepepa and Kastrati, 2016) and predict all-cause cardiovascular and liver 

mortality (Loomba et al., 2013), (Williams et al., 2016). The reduction of GGT activity may 
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represent important prognostic factor for patients with NAFLD. Other observed biochemical 

parameters remained unchanged in both groups. During the follow-up liver elastography did 

not change in either group. These results are in accordance with other published studies with 

n-3 PUFA (de Castro and Calder, 2018) and we can assume that one-year follow-up is a too 

short time period for the development or regression of liver fibrosis (and only small portion of 

patients enrolled in the study had significant liver fibrosis). 

MRS as a non-invasive gold-standard technique for assessing liver fat content 

(Szczepaniak et al., 2005), (Machann et al., 2006) (Hajek et al., 2011) was performed at the 

start and end of follow-up. After n-3 PUFA administration the percentage of fat in hepatic 

tissue measured by MRS in both groups stayed unchanged (respectively was lower in n-3 

PUFA group without significance). Possible explanations of this result is recent knowledge, 

that liver fat restriction during n-3 PUFA administration was shown especially when 

combined with dietary restrictions (Argo et al., 2015), (Boyraz et al., 2015). Also a higher 

percentage of DHA in relation to EPA seems to be favourable (Scorletti et al., 2014), 

(Pacifico et al., 2015) and evaluation of patient´s compliance is needed especially in those 

subjects with metabolic syndrome.  

Despite these facts, we conclude that n-3 PUFA could represent a potential agent in 

preventing the development of NAFLD in patients with metabolic syndrome and may play a 

causal role in the pathophysiology of NAFLD/NASH. We observed significant decrease in 

GGT serum activity after 12 months of n-3 PUFA administration and they seem to be 

effective especially when combined with dietary restriction and proper dose and treatment 

duration. 
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5. SUMMARY 

In presented thesis I have focused on the role of lipids in the pathogenesis of selected liver 

diseases, specifically in cholestatic liver disease and NAFLD. Many lipid molecules play a 

significant role in the development of liver injury and subsequent structural changes of liver 

parenchyma which are considered a crucial factor in liver-related mortality. 

The first major aim was to clarify the changes in liver ganglioside metabolism in 

various types of cholestasis and to elucidate the role of heme oxygenase-1 (HMOX1) and 

associated oxidative stress. High concentrations of BA and other bile components affect the 

plasma membrane and are responsible for hepatocyte damage during cholestasis. Stability of 

plasma membrane is determined primarily due to lipid rafts, which consist dominantly of 

gangliosides representing the cornerstone in mechanical and chemical resistance of whole 

plasma membrane. Well known is also their function in membrane stabilization during 

oxidative stress. Taken together, modulation of antioxidative mechanisms seems to be a 

logical response to cholestatic liver injury. A potent antioxidative defence mechanism 

represents HMOX1 induction, which might also regulate ganglioside biosynthesis and 

subsequent membrane stabilization. Despite these facts, detailed analysis of ganglioside 

metabolism during various types of cholestasis focusing on oxidative stress-related changes 

was missing. Firstly, we have defined optimal conditions for fixation techniques of 

gangliosides at the light microscopy level. Using this knowledge, we have determined the 

detailed pattern of ganglioside biosynthesis and re-distribution within the liver during various 

types of cholestasis with HMOX modulation. Our results suggest that increased ganglioside 

biosynthesis and their re-distribution during EE-induced as well as obstructive type of 

cholestasis might protect hepatocytes against deleterious effect of accumulated BA. The loss 

HMOX1 activity and subsequent pro-oxidative state of the liver tissue potentiates 

pathological changes in liver parenchyma as well as changes in metabolism and  



165 

 

re-distribution of gangliosides. Contrary to it, HMOX1 activation has an opposite effect and 

may represent a general hepatoprotective mechanism. The apparent relationship between 

HMOX1 and GSL metabolism prompted us to analyse GSL pattern in vivo (using Hmox1 

knockout animals) and in vitro (using hepatoblastoma HepG2 and neuroblastoma SH-SY5Y 

cells) with the aim of identifying possible underlying mechanisms. Lack of HMOX1 and 

subsequent oxidative stress resulted in tissue specific modulation of synthesis and distribution 

of gangliosides in both experimental models (in vivo and in vitro). We have proven that 

observed changes might be, at least partly, mediated through modulation of PKC activity. 

Based on our results, we conclude that an enhancement of the antioxidative defence 

mechanisms by HMOX1 induction might be a principal feature regulating ganglioside 

biosynthesis and membrane stabilization during cholestasis in vitro and in vivo and might 

represent a supportive therapeutic measure under cholestatic conditions. 

 

The most prevalent chronic liver disease of nowadays is NAFLD, a condition that 

increases risk of chronic liver disease, type 2 diabetes, and cardiovascular diseases. The basic 

pathophysiological mechanism common for NAFLD is the imbalance between increased 

energy intake and decreased energy expenditure. The hepatocellular injury is driven by an 

overload of primary metabolic substrates (FA, glucose and fructose) in the liver resulting in 

increased oxidative stress and lipid peroxidation. 

Liver biopsy is considered the gold-standard diagnostic tool especially in advanced 

form of NAFLD – NASH. It´s use has many disadvantages – limited risk of morbidity and 

mortality, sampling error and cost. Due to these facts, several non-invasive scoring systems 

have been developed to predict NASH, or to quantify liver fibrosis, but validation on large 

number of patients is lacking. In our prospective study we have compared the relevance of 

serum hyaluronic acid levels and other non-invasive scoring systems in the distinguishing of 
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NASH, as well as the staging of liver fibrosis in 112 patients with NAFLD. The most 

promising non-invasive parameter seems to be the cytokeratin-18. Also other tests (serum 

concentrations of hyaluronic acid, fibrosis scoring indexes) had very good outcome. Our 

results support the effort to use non-invasive parameters in diagnosis of NASH/fibrosis in 

daily practice. The stage of NAFLD as well as the presence of fibrosis is crucial prognostic 

factor and the major goal in the arrangement of appropriate follow-up and screening for 

further serious complications. 

Despite the high and still increasing prevalence of NAFLD, there is no licensed 

treatment. The aim of our further research was to investigate the impact of substituting n-3 

PUFA on the development of NAFLD in murine model of NAFLD using HFMCD diet as 

well as in patients with NAFLD. Existing studies with n-3 PUFA supplementation in both 

animal and clinical studies are inconclusive despite many papers have shown various positive 

effects of n-3 PUFA on NAFLD development. Our in vivo experiments revealed the 

favourable effects of n-3 PUFA on histopathological changes, serum markers of liver damage, 

FA compound of plasma and liver and show anti-inflammatory properties in the liver tissue. 

These findings might be related to complex influence of lipid metabolism by reduction of FA 

availability and normalization of n-6/n-3 plasma ratio. Our next goal was to determine effects 

of n-3 PUFA administration in development of NAFLD in patients. A double-blind 

randomised placebo-controlled study with n-3 PUFA supplementation was performed. After 

one-year follow-up of n-3 PUFA administration, we have observed significant decrease in 

GGT serum activity, which represents important prognostic factor of cardiovascular- and 

liver-related mortality. We conclude that n-3 PUFA can modulate FA metabolism, may play a 

causal role in the pathophysiology of NAFLD/NASH, and might be useful as a potential agent 

in preventing the development of NAFLD. 
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7. ABBREVIATIONS 

ABCB11/Abcb11, gene for BSEP/Bsep human/rat 

ABCC/Abcc 2/3/4 gene for MRP2/MRP3/MRP4 Mrp2/Mrp3/Mrp4 human/rat 

aBDL, BDL with HMOX activation 

aC, control with HMOX activation 

Akt, protein kinase B 

ALP, alkaline phosphatase 

ALT, alanine aminotransferase 

APRI score, AST to Platelet Ratio Index score  

ASBT, apical sodium-dependent bile acid transporter 

AST, aspartate aminotransferase 

BA, bile acids 

Bach1, BTB and CNC homology 1 or basic leucine zipper transcription 

BDL, bile duct ligation 

BSA, bovine serum albumin 

BSEP/Bsep bile salts export pump, human/rat 

cAMP, cyclic adenosine monophosphate 

C, control 

CO, carbon monoxide 

CTB, cholera toxin B-subunit 

CTB-biotin, cholera toxin B-subunit biotin labeled 

CTB-Px, cholera toxin B-subunit (CTB) peroxidase conjugated 

DHA, docosahexaenoic acid 

DRM, detergent-resistant membranes/microdomains 

EDTA, ethylenediaminetetraacetic acid 
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EE, 17α-ethinylestradiol 

ELF, Enhanced Liver Fibrosis score 

EPA, eicosapentaenoic acid 

ER, endoplasmic reticulum 

ERK, extracellular signal-regulated kinase 

FA, fatty acid(s) 

FW, fresh weight 

FXR, farnesoid X receptor 

GlcCer, glucosylceramide 

GSL, glycosphingolipids 

HA, hyaluronic acid 

HFMCD, high fat methionine- and choline-deficient 

HMOX/Hmox, heme oxygenase 

iBDL, BDL with HMOX inhibition 

iC, control with HMOX inhibition 

ICP, intrahepatic cholestasis of pregnancy 

iNOS, inducible nitric oxide synthase 

Keap1, Kelch-like ECH associating protein 1 

LacCer, lactosylceramide 

MAPK, mitogen-activated protein kinase 

MRP/Mrp, multidrug resistance-associated protein, human/rat 

MRS, magnetic resonance spectroscopy 

n-3 PUFA, n-3 polyunsaturated fatty acids 

NADPH, nicotinamide adenine dinucleotide phosphate 

NAFLD, non-alcoholic fatty liver disease 
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NAS, NASH activity score 

NASH, non-alcoholic steatohepatitis 

Nrf2, nuclear factor erythroid 2-related factor 2 

NF-κB, nuclear factor-kappa B 

NTCP/Ntcp, Na
+
-taurocholate cotransporting protein, human/rat 

OATP/Oatp, organic anion transporting polypeptide, human/rat 

OELF, Original European Liver Fibrosis 

PBS, phosphate buffer saline 

PI3K, phosphatidylinositol 3-kinase 

PKC, protein kinase C 

PNPLA3, patatin-like phospholipase domaincontaining-3 

PPAR (α, γ), peroxisome proliferator-activated receptors 

ROS, reactive oxygen species 

SnMP, tin-mesoporphyrin 

SREBP-1c, sterol regulatory element-binding transcription factor 1 

STAT, signal transducers and activators of transcription 

StRE, stress-responsive element 

TAG, triacylglycerols 

TBA, total bile acids 

TE, transient elastography 

TM6SF2, Transmembrane 6 superfamily member 2 

TNF, tumor necrosis factor 

VLDL, very-low density lipoprotein 
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 GSL are abbreviated according to recommendations of the IUPAC-IUB Commission 

on Biochemical Nomenclature (Chester, 1998). 

 Glycosyltransferases: GlcT (Glc-T), UDP-glucose ceramide glucosyltransferase; GalTI 

(Gal-T1), UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase; ST3GalV (Sial-T1), ST3 beta-

galactoside alpha-2,3-sialyltransferase 5; ST8SiaI (Sial-T2), ST8 alpha-N-acetyl-neuraminide 

alpha-2,8-sialyltransferase 1; B4GalNTI (GalNAc-T), beta-1,4-N-acetyl-galactosaminyl 

transferase 1; B3GalTIV (Gal-T2), UDP-Gal:betaGlcNAc beta 1,3-galactosyltransferase; Sial-

T3, CMP-NeuAc: GD3 sialyltransferase; Sial-T4, CMP-NeuAc: GM1/GD1b/GT1c 

sialyltransferase. 
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