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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 

The liver is a central hub for lipid metabolism and many lipid molecules play a significant role 

in development of liver injury. In this thesis I have focused on the role of lipids in the 

pathogenesis of cholestasis and non-alcoholic fatty liver disease (NAFLD). 

  

1.1. Ganglioside metabolism and cholestasis 

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 [1], [2].  

 Gangliosides are sialic acid-containing glycosphingolipids (GSL) that are ubiquitously 

expressed in all tissues, predominantly in the nervous system [3]. They are primarily, but not 

exclusively, concentrated in the outer layer of plasma membranes [4], and are involved in many 

functions under physiological as well as pathological conditions: cell-cell recognition, cell 

adhesion and signal transduction [5], [6]. For these functions are crucial specific cell surface 

microdomains called “lipid rafts” or “caveolae”. These glycolipid-enriched domains are also 

called “detergent-resistant microdomains” (DRM) due to their inability of some detergents to 

solubilize them. They are crucial features responsible for the rigidity, stabilization and formation 

of plasma membranes [7], and provide unique physical-chemical properties distinct from the 

surrounding membrane environment [8]. 

 Cholestasis is defined as 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 [9]. A major consequence of cholestasis is the development of severe liver 

injury due to rapid accumulation of BA within the hepatocyte [10] resulting in inflammation, 

cell death [11], and liver injury mainly through inducing the oxidative stress [12]. The molecular 

mechanisms behind cholestatic liver injury have been intensively studied but are still not well 

understood [13]. BA could disrupt cell membranes and cause structural and/or functional 

damage of the hepatocyte membrane through their detergent action on lipid components 

resulting in ultrastructural changes such as increased tight junctions permeability [14], altered 
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cell polarity, disruption of cell-to-cell junctions, cytoskeletal changes and membrane fluidity 

[15]. Some authors point to importance of the disruption of phospholipid/sphingolipid 

homeostasis in the pathogenesis of cholestasis [16]. It is known that above mentioned lipid rafts, 

tightly packed in a liquid ordered state, [17] are needed to protect the membranes against the 

detergent action of BA [18]. Only few papers concerning this topic were recently published and 

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

protective mechanism against cholestatic liver injury [19], [20]. 

 Heme oxygenase (HMOX) catalyzes the rate-limiting step in the oxidative degradation 

of heme, converting it into biliverdin IXα which is subsequently metabolized to bilirubin IXα 

by biliverdin reductase, carbon monoxide, and iron. HMOX operates as a “protective” enzyme 

including anti-apoptotic, antiproliferative, vasoactive, anti-oxidative and anti-inflammatory 

effects [21], which are mediated predominantly by one or more active end-products of HMOX-

catalysed degradation [22]. Under basal conditions, inducible isoform – HMOX1 (HMOX2 is 

expressed constitutively) is expressed mainly in Kupffer cells and at low concentrations in 

hepatocytes [23]. The up-regulation of HMOX1 is rapid in response to natural stimuli or many 

pathological conditions. HMOX1 activity affects many physiological functions and plays key 

role in hepatic fat accumulation, fibrogenesis, and oxidative injury. Lack of HMOX1 activity is 

associated with increased vulnerability to oxidative stress due to free radical formation and 

oxidative stress-related cytotoxicity [24].  

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

DRM (or so-called lipid rafts) [25]. Caveolin-1 modulates the activity of HMOX1 and can act 

as a natural competitive inhibitor of HMOX1 with heme [26]. Despite the knowledge that 

gangliosides modulate ROS formation in human leukocytes [27], neuronal cell [28], 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. 
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1.2. Non-alcoholic fatty liver disease 

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

alcoholic fatty liver disease (NAFLD), considered the most frequent chronic liver disease of the 

present [29] associated with obesity, hyperlipoproteinemia, insulin resistance and metabolic 

syndrome. NAFLD encompasses wide spectrum of potentially progressive liver diseases 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/or liver 

failure [30]. The basic pathophysiological mechanism common for 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) [31] 

leading to excessive fat accumulation in the adipose tissue and other organs (liver, pancreas, 

muscles, omentum). Data from animal and human studies supports the concept that the 

hepatocellular injury that characterizes NAFLD is driven by an overload of primary metabolic 

substrates (fatty acids (FA), glucose and fructose) in the liver resulting in diversion of FA into 

pathways that promote hepatocellular injury and a dysfunctional response to that injury [32]. By 

many authors, FA might play a causal role in the development of NASH, [33], [34]. 

First “stage” of NAFLD, simple steatosis, can be diagnosed using imaging studies such 

as abdominal ultrasound, computed tomography, or magnetic resonance imaging. Contrary to it, 

the presence of NASH still requires a liver biopsy. Because of the invasive nature and cost of a 

biopsy, non-invasive approaches for detecting NASH and various stages of liver fibrosis are 

needed. Non-invasively assessing of fibrosis is the other major unmet need in NASH diagnostics. 

Effective treatment of NAFLD patients is another unmet goal. Lifestyle modification with 

a focus on healthy eating, weight loss, regular exercise and reduction of the sedentary lifestyle 

remain the cornerstone of therapy in adults. Despite intensive effort, there is no approved 

pharmacological treatment of NAFLD. The favourable effects of long-chain n-3 polyunsaturated 

fatty acids (n-3 PUFA) on lipid metabolism as well as on inflammation [35] provide a 

hypothetical basis for research on patients with NAFLD. 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 [36]. , [37].  
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2. HYPOTHESIS AND 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”) [38]. 

 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”) [39]. 

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”) [40]. 

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

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

“HMOX1 may affect cell signalling via modulation of ganglioside composition”) [41]. 

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”) [42]. 

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: 

Nonalcoholic Fatty Liver Disease and n-3 Polyunsaturated Fatty Acids in Patients with 

Metabolic Syndrome”)  



10 

 

3. MATERIALS AND METHODS 

Detailed records of “Materials and Methods” are presented in published papers (page 24). 

 

Animals and treatments 

All animals (female Wistar rats, female mice C51Bl) (Anlab, Prague, Czech Republic) and Hmox1-/- mice 

(knockout) and Hmox1+/+ littermates (C57Bl/6xFVB, 8 week-old males) were housed under controlled 

temperature and a natural light-dark cycle. Estrogen-induced and obstructive cholestasis as well as HMOX1 

modulation were induced as described previously.  

Analysis of plasma markers of cholestasis in animals 

In order to determine the degree of cholestasis and liver injury, the following plasma levels were assessed: total 

bile acids (TBA), total bilirubin, alkaline phosphatase (ALP), aspartate aminotransferase (AST), and alanine 

aminotransferase (ALT). TBA were determined spectrophotometrically using a Bile Acids Kit (Trinity Biotech, 

Jamestown, NY, USA), while all other markers were quantified on an automatic analyzer (Model 717, Hitachi, 

Tokyo, Japan). 

HMOX activity measurement 

Twenty microlitres of 10% liver sonicate (2 mg fresh weight [FW]) was incubated for 15 min at 37°C in carbon 

monoxide (CO)-free septum-sealed vials containing 20 µl of 150 µM methemalbumin and 20 µl of 4.5 mM 

NADPH as previously described [43], quantitated by gas chromatography with a reduction gas analyser (Trace 

Analytical, Menlo Park, CA, USA). HMOX activity was calculated as pmol CO/hr/mg FW. 

Isolation and TLC analysis of liver gangliosides 

Gangliosides were isolated using the procedure previously described [20] and finally purified on a small silica gel 

column [44]. Gangliosides were separated in a solvent system (chloroform/methanol/0.2% aqueous CaCl2, 

55/45/10, v/v/v), and detected with resorcinol-HCl reagent. The densitometry was performed according to Majer 

[20]. Part of the extract was used for the determination of the total sialic acid (total gangliosides) by the 

photometric method with resorcinol reagent [45]. 

Light microscopy 

Small tissue blocks (about 1 cm3) were fixed in 4% paraformaldehyde followed by the standard procedure for 

paraffin embedding. Serial sections were cut and stained with haematoxylin and eosin. Each slide was viewed 

using standard light microscopy. 

GM1 histochemistry and densitometry 

GM1 was determined using a modified procedure according to Jirkovska [19]. Densitometric analysis of GM1 

ganglioside in sinusoidal membrane and adjacent cytoplasm areas was performed using a stratified random 

sampling method [46] and densitometric program ACC 6.0, SOFO, Czech Republic as described previously. 

Cell culture experiments 

Human neuroblastoma cell line SH-SY5Y (ATCC, Manassas, VA, USA) and human hepatoblastoma cell line 

HepG2 (ATCC, Manassas, VA, USA) were cultured according to the manufacturer´s protocol. 
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 Cells were seeded onto 6-well plates (Corning, NY, USA) at a concentration of 50,000 cells per 1 cm2 

and treated with CDCA, bilirubin for 4h. SH-SY5Y cells were also treated with protein kinase C (PKC) activator 

(phorbol 12-myristate 13-acetate) or PKC inhibitor (Ro 31-0432) for 4 h. After the incubation period, cells were 

harvested into the lysis buffer and stored at -80 °C for further experiments. 

Measurement of intracellular ROS production 

ROS production was determined using a fluorescent probe 5 (and 6)-chloromethyl-2′,7′-

dichlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA, Life Technologies, USA).  

Lipid peroxidation 

Lipid peroxidation was measured according to the method by Vreman et al. [47]. 

Quantitative real-time PCR 

The liver samples were stored frozen at -80°C in RNAlater (Sigma Aldrich, St. Louis, USA), and total RNA was 

isolated using a Qiagen RNAeasy plus kit and QIA shredder (Qiagen, USA). A High-Capacity cDNA Reverse 

Transcription Kit (Life Technologies, Carlsbad, CA, USA) was used to generate cDNA. Quantitative real-time 

PCR was performed using TaqMan® Gene Expression Assay Kit (Life Technologies, Carlsbad, CA, USA) for 

chosen genes (all provided by Life Technologies Carlsbad, CA, USA). The data were normalized to β-actin and 

expressed as percent of control levels.  

Statistical analysis: 

Normally distributed data are presented as the mean ± SD and analysed by the Student t-test. Medians (25 - 75%) 

and the Mann-Whitney U test or Kruskall-Wallis test were used in skewed data. Differences with p < 0.05 were 

considered significant. 

Patients study design (NAFLD) 

The study was a single-center, double-blind, randomized trial of 12 months of n-3 PUFA versus placebo in patients 

with NAFLD and metabolic syndrome (www.clinicalTrials.gov registration number NCT02647294).  

n-3 PUFA administration 

Patients with metabolic syndrome and NAFLD were randomly allocated for the treatment with n-3 PUFA (3.6 

g/day) or placebo for 12 months. The study medication was supplied by SVUS Pharma a.s. Hradec Kralove, Czech 

Republic (all expenses of the study including the manufacturing of study medication were funded by the Czech 

health research council). One tablet with active substance contained 450 mg n-3 PUFA (the main components: 

eicosapentaenoic acid (EPA) 215 mg and docosahexaenoic acid (DHA) 155 mg). The dosage was 2 tablets four 

times a day. Placebo capsules with the same dosage contained 450 mg of soya oil and had the same appearance 

as capsules with active substance. Patients, physicians, nurses, and technicians performing imaging techniques 

(1H MRS) were masked to treatment assignment throughout the study. Adverse events were recorded on all 

follow-up visits. 
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4. RESULTS AND DISCUSSION 

In presented papers, we have demonstrated the role of lipids in the pathogenesis of selected liver 

diseases, particularly cholestasis and NAFLD. 

 In the first 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 

immunohistochemical detection of gangliosides. Our results confirmed that acetone pre-treatment must 

be carried out with anhydrous acetone and we brought 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. These results have been used in our subsequent studies.  

 In our next study, we used the estrogen-induced model of cholestatic liver injury to answer the 

question whether modulation of HMOX1 pathway could influence ganglioside metabolism within 

hepatocytes. The results are recorded in the paper entitled “The Effect of Heme Oxygenase on 

Ganglioside Redistribution within Hepatocytes in Experimental Estrogen-Induced Cholestasis”. BA 

accumulated during cholestasis are responsible for increased oxidative stress which might lead to a 

hepatocyte injury and liver damage [48]. On the other hand, activation of HMOX1 is associated with 

strong antioxidant and cytoprotective actions and leads to a significant increase in the serum antioxidant 

capacity [49], [50]. Well known role of HMOX in defending against oxidative injury, regulation of 

inflammation [51], and its close topological relationship to gangliosides in rafts/DRM [25], [52] provide 

a theoretical basis for our hypothesis that there might exist a close relationship between HMOX and 

GSL metabolism. We found an increase of ganglioside biosynthesis, which might be a logical response 

to stressful conditions during cholestasis. HMOX1 activation counteracted the pro-oxidative action of 

BA, significantly increased the peroxyl radical scavenging capacity of sera of cholestatic animals and 

affected ganglioside metabolism – 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 to the sinusoidal membrane, these changes were completely reversed following 

HMOX1 activation. We suppose that enhancement of the antioxidative defence mechanisms by HMOX1 

induction might be a principal feature regulating ganglioside biosynthesis and membrane stabilization 

during cholestasis.  



13 

 

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 (bile duct ligation; BDL) and to describe the 

effects of HMOX1 activity modulation (activation and inhibition) on both cholestatic liver injury and 

ganglioside metabolism. The results are reported in the paper entitled ”Changes in Liver Ganglioside 

Metabolism in Obstructive Cholestasis - the Role of Oxidative Stress“. BDL-induced obstructive 

cholestasis resulted in typical pathological hallmarks (ductular proliferation, bile infarcts) as well as in 

significant changes in synthesis, distribution and localization of gangliosides. 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 ductular proliferation, 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 high plasma levels of BA. 

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”. 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. 

Using hepatoblastoma HepG2 and neuroblastoma SH-SY5Y cells rich in gangliosides, we have also 

demonstrated that these processes might be, at least partly, mediated through modulation of PKC 

activity. We conclude that oxidative stress is an important factor modulating synthesis and distribution 

of gangliosides in vivo and in vitro. 

 

Second part of my thesis is focused on the pathogenesis of NAFLD which represents the most 

common chronic liver disease in western countries [53] and it´s development is tightly connected to 

dysregulation of lipid metabolism. Diagnostics of advanced stage of NAFLD – NASH – still requires a 

liver biopsy, and so there is emerging need of non-invasive approaches for detecting NASH and for the 

staging of liver fibrosis. 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 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. We have 

demonstrated that in patients with NAFLD, non-invasive serum parameters with a high accuracy can 
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differentiate those patients with NASH and/or advanced fibrosis from those with simple steatosis. Most 

promising parameters are M30 and M65 cytokeratin-18 fragments and hyaluronic acid. Based on our 

results, a substantial portion of those patients not indicated for liver biopsy might have undiagnosed 

advanced fibrosis and we support the effort to use non-invasive parameters in diagnosis of 

NASH/fibrosis in daily practice. 

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 [54], [55]. The aim of our two further 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-choline-deficient diet (HFMCD). The results of murine study 

are presented in manuscript entitled “The effects of n-3 polyunsaturated fatty acids in a rodent 

nutritional model of non-alcoholic steatohepatitis”. 

HFMCD diet resulted in biochemical and histopathological changes typical for NAFLD/NASH 

and these changes were significantly ameliorated by simultaneous n-3 PUFA supplementation – 

significantly decreased plasma cholesterol levels and ALT as well as AST activity levels. Moreover,  

n-3 PUFA administration led to significant changes in plasma as well as liver lipidome. We have also 

observed a significant decrease of mRNA expression of pro-inflammatory cytokines after n-3 PUFA 

supplementation compared to HFMCD diet. In summary, n-3 PUFA have favourable effects on 

histopathological changes, serum markers of liver damage, FA and TAG compound (in the plasma as 

well as in the liver) and show anti-inflammatory properties. 

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 

done and results are presented in manuscript entitled “Prague NAFLD Study: Non-alcoholic Fatty 

Liver Disease and n-3 Polyunsaturated Fatty Acids in Patients with Metabolic Syndrome”. 

Sixty patients with metabolic syndrome and NAFLD in different stage were enrolled in the study. 

After 12 months of n-3 PUFA administration, we have observed significant decrease in GGT serum 

activity. Other monitored parameters (anthropometry, biochemistry, blood count, abdominal ultrasound, 

liver stiffness measurement, and nuclear magnetic resonance spectroscopy) stayed unchanged in both 

groups. Despite this fact, reduction of GGT activity may represent important prognostic factor. Elevated 

GGT activity is typical feature of NAFLD patients and is associated with subclinical myocardial injury 

[56], [57] and predict all-cause cardiovascular and liver mortality [58].  
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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. n-3 PUFA administration in NAFLD seem to be effective especially when combined 

with dietary restriction and proper dose and treatment duration as reported in recent meta-analyses.  

 

5. SUMMARY 

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 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. 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 HMOX1 modulation. Our 

results suggest that changes in ganglioside metabolism during estrogen-induced as well as 

obstructive type of cholestasis might protect hepatocytes against deleterious effect of 

accumulated bile acids. The increase of ganglioside biosynthesis and their re-distribution could 

be responsible for protection of hepatocytes under cholestatic conditions. 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 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 ganglioside metabolism prompted us  

to analyse ganglioside 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 
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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. 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 NASH, as well as the staging of liver 

fibrosis in patients with NAFLD. The most promising non-invasive parameter seems  

to be the M30 and M65 cytokeratin-18 fragments. But 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.  

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. 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. We conclude that n-3 PUFA may play a causal role  

in the pathophysiology of NAFLD/NASH.  

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 done. 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 all-cause cardiovascular and liver related mortality. We conclude that n-3 PUFA may 

be useful as a potential agent in preventing the development of NAFLD in patients with 

metabolic syndrome and represent a promising way in prevention and treatment of this 

increasingly common disorder.  
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